









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































KEY ADDRESSING OF RANDOM ACCESS MEMORIES BY RADIX TRANSFORMATION 359

erably by the simple operation of truncation
by -the physical bounds of the device itself.

To evolve our transformation algorithm, we
start with the hypothesis that the principal
phenomenon of- key sets is the tendency to
cluster in various ways and that this is the
only significant reason which causes key sets
to deviate from randomness.

We observe that a sequence of keys may
occur for which all but a few bits of its coded
representations remain constant. Such a group
we call a cluster. The allowable range of a key
set may be thought of as an n-dimensional hy-
percube whose 2" vertices represent permissible
n-bit keys. A typical key set is some subset
of these vertices. As a simplified example, a
vertex in a 5-dimensional space may be written
as 10111. An immediately adjacent vertex
would differ in only one bit position and we
say it is one Hamming distance* away. For
example, 10101 is adjacent to 10111. The vertex
11101 would be two distances away from 10111,
and so forth. A cluster in this concept would be
a collection of vertices relatively close to each
other. Keys belonging to such a cluster are
identical in most of their bit positions while
the rest are variable. The variable bits are, of
course, not necessarily in adjacent positions in
the key nor at the low-order end. Two examples
of clusters in human readable language are
shown in Figure 1.

1] ] 11
AF 906-2|Z]-JAN- SCHMI[D A.[H.
AF 906—23[Y-JAN- SCHMID B.JL.
AF 906-23|Y~JAN-
AF 906-23]ZFJAN- SCHMIID| W.|E.
AF 906-2/4/Q-J AN- SCHMIDIT T.M.
AF 906-2|SR-JAN- SCHMI[D|T R
AF 906-2/6{ZI-FJAN- SCHMIDIT| .| W,
AF SOG-ZLEﬂAN- SCHMITIT JJE.
SCHMITZ F.JL.

Figure 1. Examples of Clusters.

We propose the criterion that a good address
mapping must destroy clusters. This is to say
that clustermates (members of the same clus-
ter) should tend not to be bucketmates (mem-
bers of the same bucket). In other words, buck-
etmates should not have their inverse images
in the same cluster. We now offer an address
mapping using radix transformation to destroy
these clusters and to satisfy the solution re-
quirements previously mentioned. The theo-
retical justification is developed below.

Suppose that a given memory is addressed
with a radix ¢q. Usually ¢ will be either 2 or
10. The number of buckets, K, is equal to ¢*
where m is most naturally an integer. The
amorphous binary array is now treated as a
number expressed in binary-coded p-radix
digits where p is prime to ¢q. Radix transfor-
mation is then performed on the key to convert
it from base p to base ¢ using the familiar
formula:

n—1
where n = the number of p-radix digits in the
key array

d; = value of ¢ digit

The result is a randomly distributed set of
transformations in g¢-radix representation,
which upon truncation by modulus K, yields
the desired addresses 4 ; i.e.:

4=F5 dpmod K
7=0
For example, let p = 11, ¢ = 10, m = 4, the
key be Smith and the machine language be
binary-coded decimal (bed). Suppose 3 bits
at a time atre grouped to form 1l-ary digits.
Then the steps a, b, ¢, d, would ensue.

S M T T H
a. 010010 100100 111001 010011 111000
b. 010 010 100 100 111 001 010 011 111 000
2 2 4 4 7 1 2 3 7 0
c. (2,244,712,370),, = (5,230,793,172)10
d. Address = 5,230,793,172 mod 10
= 3172

When will any two keys X and ¥ map into the
same bucket? Only when they are congruent
q™. We may express this as

X =Y mod ¢™
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which implies X = Y =+ a ¢™ for some positive
integer, a¢. If this is true when X, Y, and ¢q™ are
simply magnitudes without radix representa-
tion, then the equation holds also for any radix
subsequently chosen to express it.

For example, let:

X = |123], Y = |23], a ¢g= = |100],
where || means the magnitude, regard-
less of what radix is used to express it.

Then:
[123] = |23} + |100]
(123)10 = (23)10 + (100)10
(146)y = (25)9 + (121)y

However, consider the difference when X and
Y are considered initially as amorphous binary
arrays which have no attribute of measure untii
quantified by choosing a radix p as basis for
interpretation. Note now that two arrays
quantified in p-radix, (X), and (Y), (bucket-
mates), which differ by a magnitude ag™ are
not usually congruent when evaluated in a
radix p, where p +# q. For example, if two
arrays are 123 and 023, it can be seen that:

Quantified in radix 10: (123),, = (23);o mod |100]
Quantified in radix 9: (123), # (23)y mod |100|

We choose radix » relatively prime to ¢ be-
cause aq™, when expressed in p, has a high per-
centage of nonzero, non (p—1) digits. (In con-
trast, when aq™ is expressed in g¢-radix, its
representation is (a) followed by all (m)
zeros.) This indicates that bucketmates ex-
pressed in base p will differ in many digital
positions, which implies that they will differ
in many bit positions. In the n-dimensional
space concept, it follows that the inverse images
of bucketmates in the key set are relatively
distant from each other and hence do not come
from the same cluster.

To make this argument more precise, con-
sider the digital configuration of two keys that
are made bucketmates by this method. Let z;
be the " digit of X, y; the i™ digit of Y, and
2; the ¢ digit of the magnitude ag™ expressed
in p-radix. Then, from the addition:

Y5 4i—1 -+ Yi.. . YsY2 Y1
+ 2. 2. .. 2322
= TjiZTji—1...%;...T3%22%1

What are the conditions under which #; and v,
differ? In general, they are different if z; is
nonzero or non (p—1). In particular, lowest

order x, and y; would be different for all nonzero
values of 2, since no carry is possible from the
right. It may be noted further that, if value
(p—1) can never occur in z; or ¥;, an added con-
dition is assured when z; and z;_; are consecu-
tively 0 and p—1, or p—1 and 0. This suggests
then that in interpreting the binary array of
the key, the relationship of p to ¢ may advan-
tageously be p = ¢ + 1. It will be seen later
how this relationship is also of benefit in im-
plementation. Examples of p-¢ combinations
are 3-2, 5-4, 9-8, 11-10, 17-16, and so forth.

To illustrate that ag™ in p-radix does indeed
have a high percentage of nonzero, non (p—1)
digits, an investigation was made of the num-
bers a2'® expressed in base 3. For each value
of (a), a function d (a) was computed such that
X = a2 + Y. Then X differs from Y in at
least d(a) digital positions in their radix-3
representation. A frequency tabulation of this
function for a = 1, 2 . .. 10,000 is shown in
Table 1. :

Table 1—Frequency Distribution of Minimal Dis-
tances for a21® Expressed in Radix 3.

d(a) Freq. Cum. Freq.
3 7 100.00%
4 6 99.93
5 197 99.87
6 179 97.90
7 1046 96.11
8 782 85.65
9 2573 77.83

10 1503 57.10

11 2146 .37.07

12 911 15.61

13 510 6.50

14 123 1.40

15 17 0.17
10000

This table shows that the radix transforma-
tion at least does not map into the same bucket
two keys differing only in two bit positions; i.e.,
having a “distance” of two. In general, how-
ever, pair-wise relationships of this sort gen-
erally result in stronger affirmation of our
thesis for larger key sets, each pair of the set
having this relationship. For example, a set
of three bucketmates, each pair of which differs



in at least two bit-positions, cannot as a set
vary only in two bit-positions.

Table 1 assumes that (a) takes on the values
1, 2...10,000 with equal likelihood. It is not
presumed that every subtle condition which
contributes to x; and ¥, being different has been
reflected in the tabulation. The table, therefore,
confirms conservatively but strongly the cluster-
destroying capabilities of this method of inter-
preting a key in p-radix and of transforming
it from base p to base ¢ to generate an address
for a ¢-radix memory.

Hardware Implementation

To incorporate the proposed algorithm into
hardware, one might elect a value for the p-
radix which makes the hardware requirements
simple and light. The g¢-radix, obviously, will
either be 2 or 10, since random access bulk mem-
ories are, and most likely will be, addressed in
either pure binary or binary-coded-decimal.

It has been noted why p must be relatively
prime to ¢. Additionally, if p is chosen equal
to ¢ + 1, then conversion from p to ¢ may be
performed by the elementary operations of
shifting and adding. For example, given a g¢-
radix address register and a p-digit (d), to be
converted into base ¢, we would multiply d by
g + 1. We would implement this in a shift
register by adding d to one register position,
then shifting (in effect, multiplying by ¢) to
the next higher-order position and adding d
again.

We wish to standardize the input so that a
high proportion of common hardware may be
used whether the device is to be designed for
binary address output, for decimal address out-
put, or for both. Partitioning the binary array
of the key into 4-bit bytes would be suitable for
reasons already explained.

Figure 2 shows a device which would imple-
ment the above. It consists of a circulating
shift register of m digital positions D,, . . .D,,
a single-digit load register D,, a single-digit
adder H, and associated logic. The incoming
key enters as a serialized train of standardized
4-bit bytes. A byte at a time is loaded into D,.
Between bytes, the following occurs: The con-
tents of D, and D, are added; the sum is cir-
culated back to D,, and if necessary, the carry
trigger is set. A right shift follows and another
add-shift cycle ensues. This cycle is performed

BINARY ARRAY OF KEY
101 {ol1o it |
T L ee——— T

aBYTE

H ADDER

Y;=INPUT BYTE(p-digit)

Sj=SUM OUTPUT OF ADDER(q-digit)

Do=LOAD TRIGGERS

Dm...D; =ADDRESS REGISTER,m DIGITAL POSITIONS,4 BITS EACH
H =SINGLE - DIGIT ADDER

Figure 2. Universal Address—Generating Device.
m times for each byte. The next byte then
enters D, and the sequence of operations is
repeated. The process ceases when the key
array is exhausted.

The finite length, m, of the register auto-
matically truncates the cumulative sum of prod-
ucts at the conclusion of the processing of
each byte. The final residue is the desired ad-
dress. Truncation is valid since the following
relation holds:

[{a mod K + b} mod K + ¢] mod K
= (a+ b+ ¢)mod K

where q, b, ¢ typically are successive bytes and
K = qm. 1t is apparent that the conversion to
any address A is expressible as:

n—1
A =3 dpimod K
=0

where, for a binary array of n bytes, ¢ equals
0,1,2,... (n—1); and d is the digital value of
the byte.

In the device, the above formula (less mod

_K ) is advantageously restated in iterative form
and implemented as follows:

A = plpiplpf. . . p({p(da)} + dacr) .. .}
+ da] + do} + di] + do

This nesting arrangement suggests that the
bytes, d, be processed in decreasing order of
significance as each byte comes in from the
binary array. To generate the address, the for-
mula is evaluated progressively by working
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from the innermost nest towards the outermost
nest. Within each nest, the following occurs:
a byte d; is brought into D, and added to the
product of the radix p and the current contents
of the address register. Since p = ¢ + 1, this
product may be generated digit-by-digit by
adding the current contents of D, into both the
present and the next higher-order positions.
Thus, the contents of D, participate in two suc-
cessive add cycles: first when it is in D; and
next when it is shifted to D,. For example, in
an 11-to-10*conversion, if the input byte is 3
and the current contents of the address register
are 024, this happens:

3
44
22

267

For choice of output addresses in either binary
or decimal form, logic may be provided as
shown in Figure 8. The binary form is, of
course, quite straightforward. However, the
decimal form requires that the input byte, if it
exceeds 10 in value, be decomposed into a carry
and a modulo 11 digit. Furthermore, the influ-

J[Yi OR S
X O oor
L

RESIDUE
Y, TO Y,

NORMALIZE
BINARY TO
DECIMAL

LEGEND
~LORD Y, = INCOMING BYTE
o= REGISTER §, = OUTPUT DIGIT
o, = ADDRESS €| = CARRY TRIGGER
i © REGISTER €= CARRY TRIGGER
-LOW ORDER Ts= SWITCH
DIGIT

X; =CURRENT DIGIT IN D,

Figure 3. Block Diagram for Binary/Decimal Ad-
dress-Generating Device.

ence of the carry must be sustained for the first
two add/shift cycles to correct the cumulative
results in the address register. For brevity, the
detailed logic will not be shown.

An example is presented in Table 2 to illus-
trate how the binary array of a key having suc-
cessive byte values of 1, 7, 1, 15 is converted
from 11-radix to 10-radix representation; i.e.,
from (1724),; to (2204),,.

It may be noted that if the incoming byte
rate of the using system is J, the transforma-
.
@Cm+ 1)r
7 is the ratio of the speed of the circuit family
employed in the address transformation device
and the speed of the circuit family in the using
system.

tion rate per byte would be where

Empirical Verification

An extensive empirical testing program was
performed on a IBM 704 computer to test the
cluster hypothesis and the mapping perform-
ance of the radix transformation algorithm.
Seven customer key sets were used. In addition,
three generated sets of random alphameric pat-
terns were processed. Table 3 shows their char-
acteristics. Finally, a set of values were com-
puted from the theoreticai Poisson distribution
to serve as criteria of performance. The several
test objectives and their results are as follows:

The following notations will be used:

k — number of binary positions in
memory address register

K — number of buckets in the mem-
ory = 2%

C — bucket capacity in records

N — number of keys in key set

b — bucket occupancy level (stochas-
tic variable in frequency distri-
bution)

Xl =

b—average number of records per bucket =
M—number of record spaces in memory
N N b

L—Iload factor = M-RKC-C
R—percent of N lodged.in home buckets
e—underflow or overflow in ¢** bucket
—net undisposed overflow at #** bucket
f—number of buckets having occupancy b
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TABLE 2
Example of 11-to-10 Conversion, Key to Decimal Address
D, D; D: D; Do C: G Binary array of key
0 0 0 0 1 I 0 0 [0001/0111/0001|1111]
1 0 0 0 0 S 0 0 1 7 1 15
1 0 0 0 0 A 0 0
0 1 0 0 0 S 0 0
0 1 0 0 0 A 0 0
0 0 1 0 0 S 0 0
0 0 1 0 0 A 0 0
0 0 0 1 0 S 0 0
(1724)11 = (2204)10
0 0 0 1 7 I 0 0
0 0 0 1 8 A 0 0
8 0 0 0 1 S 0O 0
8 0 0 0 1 A 0 0
1 8 0 0 0 S 0 0
1 8 0 0 0 A 0 0 I—New Input Byte
0 1 8 0 0 S 0 0
0 1 8 0 0 A 0 0 A—Add
0 0 1 8 0 S 0 0
S—Right Shift 1
0 0 1 8 1 I 0 0
0 0 1 8 9 A 0 0
9 0 0 1 8 S 0 0
9 0 0 1 9 A 0 0
9 9 0 0 1 S 0 0
9 9 0 0 1 A 0 0
1 9 9 0 0 S 0 0
1 9 9 0 0 A 0 0
0 1 9 9 0 S 0 0
0 1 9 9 4 I 0 1
0 1 9 9 4 A 1 0
4 0 1 9 9 S 1 0
4 0 1 9 0 A 1 0
0 4 0 1 9 S 1 0
0 4 0 1 2 A 0 1
2 0 4 0 1 S 0 1
2 0 4 0 2 A 0 0
2 2 0 4 0 S 0 0

A basic test is that the transformation maps
a typical key set into an address set essentially
as evenly as a randomly distributed key set.

+
This would affirm the cluster-destroying effect

of the algorithm. The basic test is extended by
determining whether the technique results in
an efficient seek factor. This factor is the num-
ber of separate access-mechanism movements
required to locate a record, averaged over the
total number of records in an application. It
measures the combined performance of the
mapping algorithm and of the overflow tech-
nique, and should be closely comparable to that

of a randomly distributed set using the same
overflow procedure. The overflow technique is
of secondary interest here but, since one has

acaitraad to Aawala aanls

to be assumed to ucvcwy the values for the seek
factor, the “consecutive spill” routine was used.
If a record is not found in its home bucket,
consecutively higher-numbered locations are
searched until it is found.

To establish universality, the algorithm
should map key sets of widely divergent struc-
tural characteristics into a given memory con-
figuration with essentially equal effectiveness.
A given memory configuration is one in which
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TABLE 3
Key Sets Used in 704 Simulation

Key Set Records
Number Identi- Description Code - Sym- in Test
fication bolism* Set
1 A Electrical Equipment Mfr. bed B 8192
—part numbers
2 B Military Establishment, bed N 8192
—part numbers
3 C Business Machines Mfr. bed N 8192
—part numbers
4 D1 Electrical Controls Mifr. bed B 8192
—part numbers
5 D2 Electrical Controls Mir. 2/5 B 8192
—part numbers
6 E State Motor Vehicle Dept. bed A 8192
—drivers’ names
7 F1 Farm Equipment Mfr. bed B 8192
—part numbers
8 F2 Farm Equipment Mfr. 2/5 B 8192
—part numbers
9 G High School bed A 4096
—student names
10 Hi  Random Alphanumeric bed B 8192
Patterns
11 H2  Random Alphanumeric 2/5 B 8192
Patterns
12 I Random Numeric Binary N 8192

Patterns

*N—numeric A—alphabetic

the relevant parameters are pegged at certain
values. These parameters are average pbucket
occupancy, b(i.e., N/K), and load factor, L.
“Equal effectiveness” means that essentially the
same percentage, R, of the entire key set gets
housed in home buckets. For example, for b
= 64, and L = 95%, a large data file using this
algorithm can expect to have, say, 97% of its
members housed in home buckets. This yard-
stick is meaningful and directly useful to the
application planner. :

To affirm code independence, the addressing
algorithm must map essentially the same per-
centage of a key set into home buckets when
the key set is expressed in different binary-base
codes. On Table 3, three of the sets, D, F, and
H, are expressed in both binary-coded-decimal

B—alphanumeric

and 2-out-of-5 notation to test this independ-
ence.

A 17-16 radix transformation was performed
on all twelve sets. For each key set, the value
of K was assigned seven different values:

K =2 wherek=1,2...7;ie, K-values
of 128, 256, 512, 1024, 2048, 4096, and 8192.

A frequency distribution was tabulated re-
lating f to b for each K. From this distribu-
tion, B was determined for a load factor of
100%, by choosing C = b. Other values of R
were computed for lower load factors. The
latter were obtained by successively increasing
the value of C, since

Q| o

T —
i =
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The results from the IBM 704 computer simu-
lation were plotted in Figure 4 as a curve with
R against L. A family of curves was thus gen-
erated with the parameter b taking on different
values. The results for R for a given b and L
were so nearly identical (root mean square
deviation less than 1% ) for all nine data key
sets that only one curve representing their
average was plotted for each value of b. The
R values for b of 4, 2, and 1 were similarly
uniform for all nine sets but are not shown
in the graph because they offer only two or
fewer points in our range of interest of the
load factor; i.e., 809 to 100%.

The results for the three originally random
key sets were also averaged and plotted as a
separate group in Figure 4. These R values
also show an rms deviation of less than 1%
related to its own group and to the entire twelve
sets.

The results for three random key sets whose
address mapping was performed by k-bit trun-
cation rather than by our algorithm are also
plotted in Figure 4. Again the rms deviation,
among themselves and related to the twelve-
key-set average, is less than 1%.

A set of theoretical values for R were com-
puted from Poisson Distribution Tables,? using
the same values for b. and L as in the empirical
runs. The relationship which yields R is simply:

o)
o)

e =
———
—

(o]

[}

u— 9 DATA SETS, AVERAGED.
RADIX TRANSFORMATION

v——— 3 RANDOM SETS, AVERAGED..
RADIX TRANSFORMATION

w—-— 3 RANDOM SETS, AVERAGED.

TRUNCATION

NUMBER OF RECORDS

T

R, PER CENT OF KEY SET IN HOME BUCKETS

i b= NUMBER OF BUCKETS

r o= POISSON REFERENCE POINTS
0 . I T S l R I N
8 100 95 90 85 80

L, LOAD FACTOR IN PER CENT

Figure 4. Comparative Mapping Efficiency of Radix
Transformation Algorithm.

fod ©
é}pb'b'FCZ Do

b=C+1

R

b

where p, is the Poisson probability for an
occupancy level of b records per bucket, and
C is the capacity of a bucket adjusted to get
a specific load factor L = b/C.

Since all curves were quite close together, it
was decided for clarity to graph only the curves
for the empirical results without depicting their
points. For comparison purposes, the theoreti-
cal Poisson points were shown but without their
curves.

The average seek factors, S, were calculated
for the nine data key sets; their arithmetic
means for a given pair of parameters (bucket
capacity and load factor) are plotted in Figure
5. The same operations were performed on the
three random key sets.

The seek factor was arrived at thus:

821{_[_29’

K

'CONCLUSIONS

The empirical results and the hardware im-
plementation indicate that the functional ob-
jectives sought have indeed been met.

The empirical results show that for a given
set of parameters b and L, the percent R of the
data set lodged into home buckets tends towards
a central value with narrow deviation. These

8

K =512

~
T

)
T

LEGEND
—— 9 DATA SETS, AVERAGED
—--— 3 RANDOM SETS, AVERAGED
C= BUCKET CAPACITY c=

S, SEEK FACTOR
N
I I

o
I

N
]

e e

'o 10 20 30 40 50 60 70
L, LOAD FACTOR IN PER CENT

Figure 5. Comparative Seek Factor Efficiency of
Radix Transformation Algorithm (using consecutive
spill overflow technique).
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central values were shown to be quite close to
the theoretical Poisson values. This suggests
then that a comprehensive table of theoretical
values of R as related to b and L may be set up
for the use of the application planner. Using
this table to make reasonable predictions for
the mapping performance of the radix trans-
formation algorithm, he could attempt sys-
tematic trade-offs between the parameters and
the performance until he is satisfied with the
combination. '

The simulation effort with widely differing
key sets shows this algorithm to be a directly
usable method that is independent of key length,
source language and machine code.

Key addressing by radix transformation meets
its optimal fulfillment when implemented as
independent hardware with a binary address
output. Augmented to provide the added option
of decimal address output, it is slightly less
simple but offers wider flexibility in system
applications.
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INTRODUCTION

Digital computers have evolved in their own
technical environment, and to a large degree
independently of the problem environment.
Thus it was necessary to have computing cen-
ters with staffs of programmers as intermedi-
aries between machines and users. As the in-
adequacy of the arrangement became apparent,
problem-oriented languages were written, with
compiler programs to allow the machines them-
selves to do the conversion to their own (ma-
chine) language. Accommodating to the nature
of the computer in this way still was not the
answer from the scientist’s or experimenter’s
point of view, for there remained an enormous
commitment of processing (compiling) and de-
bugging prior to the first feedback of results.
Furthermore, it proved necessary to write com-
pilers for many problem fields, which gave this
mode of solution a patchwork look. For these
reasons, we decided to attack the problem at its
roots by changing the fundamental nature, i.e.,
the organization of the computer itself. We
took it as the aim of our work to allow the
experimenter to use the computer as directly
as possible as an experimental tool.

We reasoned that “data” upon which ma-
chines operated have certain similar character-

istics even though problems in which the data
are used vary. We thérefore began by making
a study of the nature of data. In general, data
is not just of the form acceptable by most pres-
ent day computers—a contiguous string of fixed
length, fixed point data, but is variable field
length, variable format, structured, and not
necessarily contiguous. For example, a three-
by-three matrix is a string of nine data sym-
bols. But more than just a string of symbols,
a hierarchy or grouping is usually imposed on
the string. In this matrix example, the group-
ing consists of symbols which are contained in
rows in a matrix. This is a simple grouping.
The English language, considered as data, is
grouped as words in phrases, in sentences, in
paragraphs, in chapters, in books, and in li-
braries. No matter what one calls these group-
ings, the structure they indicate does exist in
data. Clearly each symbol in a string of data
could contain any number of characters.

Further, a string of data need not be con-
tiguous. In text, for example, a footnote is part
of a string, linked (by a symbol) but physically
removed. It is necessary to have a way of
storing non-contiguous data in the computer
and of providing linkages. Where such data
applies to many strings, it should be stored once

The research reported in this paper was sponsored in part by the Air Force Cambridge Research Laboratories,
Office of Aerospace Research, under Contract AF 19(628)-1621.
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and linked as necessary. An analogy is a refer-
ence in text cited frequently though given only
once. Insert procedures involving the move-
ment of entire strings of data are inefficient and
should be unnecessary.

If the data to be processed has variable field
length, variable format, structure, and is not
necessarily contiguous, any language or nota-
tion to describe the data or operations on it
must not restrict but take advantage of this
form. This leads to the following implications
concerning the language and the system:

1. That it be able to handle variable field
length data and instructions.

2. That it be able to maintain the structure
of the data internally.

3. That it be able to use and operate on this
structure.

4. That it be able to handle symbolic ad-
dressing of the data.

5. That it be able to interpret links in the
data correctly.

6. That it be able to insert links in the data
when necessary.

In addition, in order to be as general as pos-
sible, the machine system should not impose
limits on the number of levels of links, the
number of names in the data, the size of the
data or instruction fields, etc.

The language must include operators to per-
mit the three basic data operations—creation,
movement, and destruction. The methods by
which data can be created are limitless. Some,
however, are more commonly used than others.
These include: Add, Subtract, Multiply, Divide,
AND, OR, NOT, and Reproduce. Basic data
movement operations include Insert, Separate,
and Join. Data destruction is accomplished
with a Delete operation. All of these operators
must be defined for sets or strings of data as
well as single fields. Probably the most impor-
tant feature of such a high-level language is
the ability to easily define new operators. This
ability to define operators must be simple and
flexible, and the execution of the resulting siib-
routines must be fast and efficient. There should
be no limit on the number of levels or subrou-
tines; that is, subroutines must be able to con-
tain other subroutines which can contain other
subroutines, etc.

The use of the language should reduce the
need of a program controlled housekeeping to
a minimum. As examples, the-assignment of
storage space should be completely automatic,
and data operations should be independent of
data format; that is, if the data is not in the
proper format for any given operation, machine
control will do the necessary conversion from
any permissible format to the desired one.

In order to implement this language effici-
ently, a completely new machine organization
has been evolved. This organization has been
determined only by the above goals. This has
meant new concepts in the organization of the
storage, of the process unit, of the input-output,
of instruction and data flow paths, of controls,
etc.

The following sections describe the charac-
teristics of the data, of the language, and of the
resultant machine organization.

DATA

It was indicated in the introduction that data
has structure. It may be a simple structure
such as rows and symbols for a matrix or it
may be the complex structure such as that in
the English language. In any case the symbol
is the lowest meaningful grouping—e.g., the
character “b” has no meaning, but the char-
acters “ball” do represent something and, there-
fore, make up a symbol. The four characters
b-a-1-1 are a symbol for the physical object, a
ball.

No matter what these groupings may be
called, they do exist within the data and are
indicated by identifiers. These identifiers are
usually special symbols which indicate the end
of a group and the start of a new group. For
example, a record mark  indicates a boundary
between two records. Many different such
marks have been used, depending upon the
names which have been given to the grouping.
In order to avoid unnecessary confusion, the
groups

Character Paragraph
Svmbol Chapter
Phrase Book
Sentence Library

shall be used throughout. The identifiers asso-
ciated with each group shall be as follows:
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Identifier
Use Mention

(Implied)

Group

Character
Symbol
Phrase
Sentence
Paragraph
Chapter
Book

Lihrary

1ES2 N1

DEO®EEG
PIPIIOIIEIBIG

When the structure of a string of data or
instructions is to be identified, then the “USE”
identifiers are used. If some group of data is
being referred to in the instructions, then the
“MENTION” identifiers are used. The (@) iden-
tifier will indicate the end of a symbol and the
start of a new symbol. These identifiers form
a hierarchy in that a @) also implies a @), a ®
implies a @), and a (@, etc. If more than one
identifier ever appear together with no other
characters separating them, all but the highest
identifier will be neglected and dropped. Each
symbol many contain any number of any char-
acters. Each phrase may contain any humber
of symbols, etc.

The names of data will appear with the data
itself. A name can be given to any string of
data at any level from Symbol to Library. This
string may also contain named groups of data.
Thus, named groups within named groups are
allowed. The name character n will surround
the name when it appears with the data. The
first character following the second n will be a
“MENTION” identifier which will indicate the
level of the data being named. If this mention
identifier does not appear with the name, then
the name is assumed to name data at a level
indicated by the first following “USE” identi-
fier. For example, a data string will appear in
the data storage as

n ADAM » @ ABELn @ EVE p 17 ® @

- NEVEPI N @@ e @-nn- @

Here ADAM will name the complete para-
graph; ABEL will name the first sentence in

]
that paragraph; EVE p I will name the first

. s
phrase in the first sentence; EVE p II will name
the second phrase in the first sentence. The

names themselves may be formed from any
combination of any number of the general char-
acters A-Z,a-z,0-9,,_, ete.

Certain operations require numeric data.
Numeric data may contain any number of the
digits 0 through 9 and may contain at most one
of each of the characters +, —, . (decimal
point), and exponent. Together these represent
a unique number. However, such a number
can be expressed in many ways. Examples of
permissible data format external to the ma-
chine are as follows:

®10O
® —19.76 @
® ex + 02 + .1976 @

In such numeric data, the decimal point is
assumed to be at the right unless it is written
elsewhere. A decimal point can occur any place
in a number if the number does not also have
an exponent. If the number is written with an
exponent, then it must be expressed so that the
mantissa is greater than or equals 0.1 and less
than 1.0—the decimal point must be at the left.
The number is assumed to be positive unless
otherwise indicated. If, however, the number
is written in exponential form with the expo-
nent preceding the mantissa, the sign of the
number must be written.

Some operations require binary data. Such
data may contain any number of the characters
0 and 1. Each symbol of binary data should
begin with the base 2 indicator L.

A data string may be linked to another data
string by means of a ® link character. When-
ever a is met in a string of data, the data
indicated by the name following the ® will, in
effect, be considered to be part of the original
string. A given string of data can be so linked
to many data strings. For example, in the data
strings

n An® Brown @ is @ a ® Des @ school

@ with @ many ® Des @) students @

n Des n 2 very (D good (®
the fourth and ninth symbols of A are both
“very.” Thus, the data string called A is, in
effect,

nAn® Brown @ is @ a @ very @ good @

school @O with @) many @) very (O good @

students @
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PROPERTIES OF THE LANGUAGE

The language will consist of verbs, nouns,
and modifiers, and rules for their use. These
rules are the syntax of the language. Much of
the power of the language depends on the syn-
tax. This syntax should be simple and direct
but should allow a great flexibility of use. These
rules for use should be generally applicable.

An English-like structure is used. The oper-
ators are classified as nouns, verbs, adverbs,
and adjectives. A noun with any number of
adjectives modifying it will make up a noun
phrase. The noun phrase must always indicate
data contained within the extent of the name
used. A verb and any number of adverbs modi-
fying it will make up a verb phrase. An opera-
tion is a combination of at least one verb phrase
and one noun phrase which accomplishes some
process (for example, A + B is an operation).
A sentence will consist of at least one operation.
All operations in the sentence are dependent
on the result of other operations in the sentence
and are syntactically independent of operations
in other sentences. In general, the process to
be performed and where to place the result, if
any, must be specified in a sentence.

Some verbs require only an object. Other
verbs require both a subject and an object. Still
others require any number of objects. A subject
or object can be a noun phrase, an operation,
or a group of operations. The subject of a verb
is assumed to be the result of all operations
which preceded the verb in the sentence. If a
parenthetical phrase precedes the verb, then
only this phrase is the subject of the verb. Ex-
ceptions to this are verbs such as *, /, and
AND. Here normal rules of precedence apply.
Any number of parenthetical phrases may be
used, both with algebraic and non-algebraic
operations.

The object of a verb phrase is the following
noun phrase only. Again, if a parenthetical
phrase follows the verb, then this parenthetical
phrase is the object. If several objects are re-
quired, each object should be separated by a
comma (separator). Each of these objects may
be a noun phrase, an operation, or a group of
operations.

All adjectives will follow the modified noun.
A given noun, however, may have any number
of adjectives modifying it. An adjective is con-
sidered to modify not just the noun, but the

noun as modified by any adjective preceding
the particular adjective. An adverb will precede
the modified verb. Again, a verb can have any
number of adverbs modifying it.

A name may be given to a sentence or group
of sentences at any level. A name may not be
given to a part of a sentence in instructions.
Named sentences or groups of sentences may
be contained within other, larger, named groups
of sentences. A name of an instruction or group
of instructions must be defined as a verb. For
example, an instruction might be written as
follows:

v Start v @ A
A named verb contained within another verb

is considered to extend to the end of the highest
named verb in which it is contained.

NAMES AND SYMBOLIC ADDRESSING

Names of data and instructions may contain
any combination of any number of the general
characters. In the machine language all data
and instructions are referenced by their names.

-A character combination in the instructions

can be operated upon only if it is interpreted
as a literal. An absolute address, direct or in-
direct, will never appear in a program. The
machine itself will assign locations in storage
to named sequences of data and instructions.
In order to accomplish this, a fixed length table
with two characters (16 bits) per entry is pro-
vided. The address of a location in this table
is derived from a name. This mapping may be
simple. For example, if 4096 locations are pro-
vided, then the middle six bits of each of the
first two characters of a name may be used to
obtain a location in the table. Of course, any
other mapping. technique may be used; a hash
address scheme using every character of a
name, for example, may be more efficient. All
names that are being used and which map to
the same location in the table will be contained
in a closed, linked loop in the main memory.
The address in a location in the map table will
be that of the name last used in the correspond-
ing loop. Fig. 1 demonstrates the construction
of such a loop. In this example, the first two
characters are used to derive a location in the
table. Thus, all names starting with a particu-
lar pair of characters will be contained within
a loop. The “MA” loop containing the names



PTA MO

WA S alafed
PROBLEM-ORIENTED SYMBOL PROCESSOR

MA TRIX
~—~—

MAP

ENI

n MATRIX n @ 2z CADS
xx

’
—»n MAUD n (D yy CA DS
Iz

Figure 1. Symbolic Addressing Map and Name Loop.

MAD, MATRIX, and MAUD is shown. The
name MAD is stored at location yy. With the
name MAD, is a link address to the next name
in the loop, MATRIX. Two addresses follow
the name MAD to indicate the location of the
“current’” item and beginning of the data spec-
ified by MAD. Similarly, at location xx, the
name MATRIX is followed by the link zz which
is the location of the next item in the loop,
MAUD. Following MAUD is a link yy, which
closes the loop. In the table location is the
address zz, of MAUD, which happened to be the
last name used of this loop. In the example, the
noun MATRIX is to be found. This name maps
to the “MA” location in the table which gives
the address xx. At zz, the name MAUD and
MATRIX are compared. These are not equal.
The name at yy is next compared with
MATRIX. Since the comparison again fails,
xx is accessed and the names compared. The
successful comparison locates data whose name
is MATRIX. If a name which is not contained
in the loop, MATE, for example, is defined,
every name in the loop will be compared with

MATE. After going completely through the
loop with no successful name comparison, the
new name is placed in some available location,
say ww, and a new string created. The link
address associated with the first item in the
loop—here zz with MATRIX—is placed with
MATE and the address ww stored with
MATRIX. The resulting name loop is shown
in Fig. 2. Similarly, when a name is being
deleted, the link addresses of the preceding and
following names are adjusted to again form a
closed loop. The novel feature of this symbolic
addressing system is that the size and number
of names is limited only by the capacity of main
storage. There may be any number of names
of any size in a loop. The number of loops is
limited by the size of the table and determined
by the names in use.

SPECIFICATION OF DATA WITHIN
STRUCTURED STRINGS

Particular items within a named data se-
quence are indicated by means of the @ T3,
@ }j,and @ ¢ adjectives. In the data string

NAND---D---@---D---@

o MaDn (3 xx CA DS
¥y

n MATRIX n (3) ww CA DS
XX

nmauon(@yy ca os
zz

.
n MATEn (3 2z cA DS
ww

Figure 2. Modified Name Loop,
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A names the whole sentence. The first phrase
in this sentence is indicated by the noun phrase
A ® 1 0. The second symbol of the second
phrase is indicated by A @11 O T 1. Ina
similar manner, every part of a named string
of data can be indicated. Thus, an adjective
@1 j will indicate the jth item at level @
from the point previously specified. The ® $
j adjective has the same effect except that it
will also set a “current” indicator at the item
referenced. Thus, the noun phrase A@ 1T 1®
$ 0 will specify the first symbol of the second
phrase of A and mark this symbol current item
of the data sequence named A. The adjective
@ ¢ j will find the jth item at the (@ th level
following the “current” item and set this new
item as the “current” item. If, for example,
succeeding symbols in a string are required,
these may be indicated by the noun phrase A
® $ 1. Each time this noun is interpreted, the
next item in A will be indicated without any
indexing or other change to the program. In
order to perform this type of addressing, the
general form of memory organization shown in
Fig. 3 will be used.

f( R Y e 4

‘“»NQQ-
NSRS
ENCIN R R AN

_] BUFFER | BUFFER

f

=] ===

4

STORAGE

Figure 3. Special Memory Organization.

As data or program is input into the machine,
it will pass through the input control. The input
control will break up the information into ma-
chine words for storage in the machine. The
beginning of each new classification of data,
or every data identifier, will always begin a new
machine word. The input control will scan the
input for data identifiers and form the variable
length block into machine words for storage.
The input control will also have partial con-
trol over the special control planes associated
with the memory. There will be one control
plane associated with each data identifier to be
used in the system. Whenever an identifier is
detected in the input information, a core will
be set in the plane identified with this character
in a position equivalent to the address in which
the machine word containing this character is
being stored. Similarly, a core will be set in
the same position in all lower levels of identi-
fiers explicitly stating what is implied in the
data. If an identifier is detected before the
storage buffer register is filled, null characters
will be inserted to fill out the machine word,
and then the word is stored. The identifier will
be held by the input control until the storage
buffer register is again ready to accept data
and will be inserted as the first character of
the machine word being formed. When this
word is ready for storage, the appropriate re-
lated cores will be set in the special ‘control
planes. All information will be input in this
manner.

The name symbol, verb symbol, and key sym-
bol vill also start new machine words when
detec :.ed by the input control, and marks are
set irto a speciai core piane. The use of this
mark will be discussed later.

Normally data will be stored in 8-bits and
parity outside of the machine whenever possi-
ble. This same representation will carry over
to internal storage for all alpha-numeric sym-
bols. Certain symbols—those marked as nu-
meric or logic—will be packed for more efficient
operation. The input control must detect a
numeric field as defined in a previous section
and set up the normalization operation. Packing
will occur during this latter operation. Logic
data will be indicated by a special character.
An operation similar to"the normalization pro-
cedure will be initiated by the detection of this
special character by the input control.
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With this structure of data stored in the
memory, it is possible to find any particular
item in a string relatively quickly. Let us say
we are looking for

A12@11@®12:

The machine will first find the beginning of
the string named A in the manner described
previously. Before attempting to describe the
search for the specified part of A, consider the
organization of the special core planes. There
will be one core plane for each data identifier
indicating one level of classification. Each core
in this plane will represent one machine word
in the main store. The special core planes will
be used in a 2-D memory organization so that
it will be possible to gate out the contents. of
128 cores in one read-write eycle. If a core has
been set to a “1,” this implies that that level
identifier or one higher occurs in the associated
machine word. Therefore, by using appropriate
circuitry, one is able to scan the contents of a
row of one of the special planes from either
right or left to determine which of the 128 ma-
chine words contain the identifier in question.

The above discussion has assumed that the
extra core planes were a separate entity. It is
also possible to select a portion of the main
store for assembling this information. Even
though the main store has a 3-D organization,
it is possible to organize it such that the loca-
tion of identifiers in blocks of machine words
(probably 64 at a time) is available in one read-
write cycle. This is the organization proposed
for the system being designed.

The search for the location of the data of the
above example would proceed as follows:

1. Locate the beginning address of the block
called “A.”

2. In the @ level plane read out the row in
which a location corresponds to this
address.

3. Begin the search for @ marks at this
address. As a (@ mark is encountered,
count this mark and compare the total
with that obtained from the adjectiv=
evaluation. Continue the search if the
two numbers do not agree.

4. If three @ marks (magnitude of number
in adjective incremented by 1) have not
been located and counted by the end of

the row, increment the appropriate rings
and read out the next row.

5. When three @ marks have been counted,
store the address associated with the last
one located. Then read out the (@ level
row containing this address.

6. Begin searching in the above manner for
the second (® mark starting at the address
of the third @ mark. When this is located,
store its address and proceed at'the @
]Q‘TQ]

7. When the address is finally located, the
machine will look to the instruction con-
trol to determine what to do next. It is
possible to operate on any information
which can be located in the described
manner from this newly located point in
the data.

The absolute address of the current item in
a data string is stored with the name of the
string. Thus, when the adjective is @ ¢ j, the
scan is begun at this address; and when the
described point is located, the current address
will be changed.

In order to perform the input procedure
described in this section and also to perform
some operations such as insert and delete which
will be described, the memory organization
must be capable of determining and remember-
ing blank memory locations. A special core
plane is included to perform this funection.
The extent of a blank sequence is determined
before the location of the sequence is placed
in the blank plane,

The special plane will be accessed in exactly
the same manner as the other special core
planes. In this case a core associated with the
address of the beginning of the sequence will
be set and one associated with the address im-
mediately following the last address of the se-
quence will also be set. This technique permits
one to combine adjacent blank sequences. This

core in the special plane to a “1” if it previously
was a “0” and vice versa.

Consider the following example:

X X X X
A B

AC BD
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Two blank sequences exist in memory and are
labeled A and B. Two additional sequences, C
and D, are to be added. When the initial ad-
dress of C is to be set, the control will set the
equivalent core to a “0” because it was previ-
ously a “l1,” indicating the end of A. When the
end of C is set, the sequence now contains both
A and C. In a like manner, when D is put into
the special plane, the end of D removes the
beginning of B and gives a single sequence.

A blank sequence will be available to mem-
ory control at all times. Information relating
to the address of the next blank word and the
address of the last word of the sequence is kept
by the memory control. When a blank sequence
has been filled, the memory control will initiate
a search of the special plane starting at the
address of the end of the last sequence. The
address of the next mark in the special plane
will be the address of the beginning of the next
blank sequence. The second mark will be the
end of the sequence. These addresses will be
stored in the memory control. Thus the mem-
ory will be loaded in cyeclic manner in order to
reduce the length of time necessary to locate
the next blank sequence.

SEARCH AND STORAGE OF
VARIABLE LENGTH DATA

All data has been considered to be of variable
length. In addition, the programmer, through
such instructions as insert, join, delete, define
can change the length of a particular string.
It is not desirable, when the length of the string

is changed, to move any portion of the string

in order to make it continuous. Therefore, a
means of linking disjoint parts of a string will
be provided.

This link will be composed of three char-
acters, a special “go to” character indicating a
link and a two character address locating the
next word in the sequence. This group of char-
acters will be placed at the end of the machine
word which would normally precede the linked
data. If this machine word contains informa-
tion other than nulls in any of these three char-
acter positions, the characters are extracted
and stored in an available word. The data to
be linked is either stored in the following blank
locations or another link is provided between
the “prelink” word and the linked string. A

link is placed at the end of this linked data back
to the original string,.

A special link symbol, (), permits the pro-
grammer to insert common data, which is
stored once, into several strings. When this
character is recognized by input control, this
special character will be interpreted as an iden-
tifier in the sense that it forces a new machine
word to be started with this character. In this
case the character is stored in the first and sixth
character positions of the new word, and the
nulls are stored in the rest of the word. The
name following the 8) character will be stored
beginning in the next word. The first time that
this data is used and the symbol interpreted
as a link, the name identifying the common
insert will be used to determine the address of
the beginning and end of the data. These ad-
dresses will then be stored with the link.
The name will not have to be referred to in sub-
sequent uses of the original data. At the end
of the inserted string, will be placed a variable
link. When this string is being used, the ad-
dress of the next location in the calling sequence
is placed in this variable link. Consequently,
the link back to the calling sequence is provided
at the time of reference.

Since a link indicates a discontinuity in a
string of data, the location of a discontinuity
must be available when the contents of an identi-
fier plane are being searched and counted as de-
scribed previously. Another special core plane
—the Forward Discontinuity Plane—is pro-
vided. This will be accessed and searched in
parallel with any of the identifier planes when
a forward search is underway. A bit in this
plane set to “1” indicates that a special circum-
stance applies to the corresponding machine
word, and the machine word must be accessed
before any search can continue. In general, a
discontinuity will be indicated in that machine
word and the search will be continued at the
place indicated by the link address.

It is also possible to search backward from
any point within a named string of data. How-
ever, only forward links are provided in the
data. A push down store called the Reverse
Push Down Store (RPDS) is used to store the
reverse links generated as a forward search is
conducted. Since one cannot access any piece
of data beyond the extent of the name indijcated,
it is normally true that a forward search must
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precede any backward search and thus the re-
verse links are always provided in the RPDS.
A Reverse Discontinuity Plane will also be pro-
vided to indicate the special circumstances that
are pertinent to a backward search.

Let us say we are given the string A stored
in memory as shown in Fig. 4. In this string
there is a discontinuity at location (yy — 1).
This is indicated in the forward and reverse
discontinuity planes. The beginnings of the
strings are indicated in the reverse plane. The
ends of the strings are indicated in the forward
plane. It is required to find

A@T3®T -2
Once A has been found, the @) and the forward
discontinuity plane are accessed and the count
begun. At yy — 1 a discontinuity mark is
reached. The machine word is accessed for the
link address xx and the address (yy — 1) placed
in the RPDS. The @ and forward discontinuity
plane are accessed at xx and the search con-
tinued. At the end of the linked string, the
same situation is indicated. The address zz is

@—e- .
@ — . - .
©
uAu @ a ® b I'xxé e @J_@
®
®
0)

RD.

FD

XX ww E14

@—0— Tyy

Figure 4. String of Data Stored in Memory.

placed in the RPDS and the search is resumed
at location yy. The second ) mark beyond but
including this point is the one indicated by A
® 1 3 (or determined by a count of the ®
marks as we have been searching). The search
is then continued at the one level and in a
reverse direction as indicated by the next ad-
jective @ T — 2. At this time, the address zz
is at the top of the RPDS and the address (yy
— 1) below it. The @) and Reverse Discontinuity
Plane are accessed and the search and count
are continued backwards. Again at yy — 1, a
discontinuity is searched, but this time the link
address is obtained from the RPDS. Thus, the
search is continued at zz. The next (@ is the
one desired so the search stops at this point
and the RPDS is cleared since there are no
further adjectives modifying the noun A.
If the noun phrase had been,

ADcO®T—2
and the current address was ww, a slightly
different situation exists. After the name is

‘located, the first adjective indicates the current

symbol. This address is determined. The next
adjective specifies a backward search from this
point. The (D) and Reverse Discontinuity planes
are accessed and the search initiated. How-
ever, the search will stop at xx, and the word
accessed. In this case, the controls will deter-
mine that this word is the beginning of a linked
string of data but that the RPDS is empty.
Consequently, a forward search out to this
point must be accomplished so as to build up
the RPDS. The backward search can continue
as soon as this operation is complete.

ARITHMETIC OPERATIONS

One of the considerations used in the specifi-
cation of this system was that all data must be
considered to be variable field length. In this
situation, numeric processing becomes more
difficult when considered in the conventional
manner.

A number of numeric operations are basi-
cally high to low order operations. These in-
clude input, output, division, comparison, and
normalization. Considering the problems of
implementing these operations together with
those of the arithmetic operations, it was de-
cided to process all data high order to low
order. The effect of the extra complexity that
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may result in the process unit is hopefully off-
set by the increased efficiency of the system.

Basically, the addition of two numbers serial
by character is quite similar when done either
high order to low order or vice versa. In the
latter case, two digits are added producing a
sum and a carry or no-carry. The carry, no-
carry information is stored for use in the next
cycle—the addition of the next higher order
pair of digits. In high to low order operation,
the results of an addition are still a sum digit
and a carry, no-carry indication. In this case,
however, the sum digit is stored until the next
cyecle so that it can be modified by the carry,
no-carry result of that operation.

However, there is a complication in high to
low order processing. It can best be illustrated

LIULL piULTO8s. A1 DCOSU DO 112 vialiol

by an example. Consider the addition of the
following pair of numbers:

24444 n
+355556 m

where n and m are any digits. Proceeding from
left to right, the first sum is 5 with no carry.
The 5 is placed in a buffer and the next pair of
digits added. The result is a 9 with no carry.
The 5 is now gated to a temporary store and
the 9 into the buffer. The following cycle also
produces a 9 and no carry. The previous sum
is put into the temporary store and the nine
into the buffer. This procedure continues until
the last cycle. If m + n produces a carry, this
carry will not propagate through the string of
nines - formed and modify the first non-nine
digit to the left of sequence in the result. Thus,
the string of nines and the next higher order
digit must be available to be changed by the
carry as it is propagated.

One technique which accomplishes this is to
avoid outputting any nine or digit which is in
the next higher order position above a nine until
it is known whether or not there is a carry to
be propagated. This involves storing the next
higher order digit (NHOD) and the ensuing
consecutive nines until a non-nine digit is pro-
duced. At this point, the carry, no-carry infor-
mation is consulted, and the NHOD and the
nines are outputted after being incremented by
one or zero.

When the first nine in a string is produced,
the NHOD is already in a one digit temporary
store awaiting carry, no-carry information

from that cycle. To avoid outputting anything
until a possible carry propagation can ocecur,
the nine output is counted, and the NHOD out-
put is inhibited. Since only nines need to be
stored in this manner, a simple counter is suffi-

cient to keep track of consecutive nines.
Finally when the output of the process unit

is a non-nine digit, the NHOD is outputted

after being modified by the carry, no-carry in-
formation of this cycle. The counter is then
decremented by one and a nine outputted. This
digit is also modified by the carry, no-carry
information. This procedure is continued until
the counter is cleared. The non-nine digit is
placed in the temporary storage, and the proc-
essing continues on the next pair of digits.

Basically, then, the procedure is to count the
nines as they are produced to inhibit all process
unit output until a non-nine is detected, and
then to correct for the carry as the digits are
outputted.

High to low order subtraction offers no ad-
ditional cemplexity over that present with ad-
dition. Subtraction may be accomplished by
complementing the subtrahend and adding the
result to the minuend. If the nines complement
is used, the addition proceeds with exactly the
same rules for nines handling and carry, no-
carry modification as was used for addition. If
the difference is in noh-complement form, a 1
must be added to the lowest order digit to take
care of the end around carry. If the 10’s com-
plement is taken, zeros must be counted in the
same manner as the nines were in addition, and
the output must be decremented by zero or one
to effect the carry, no-carry propagation.

Complemented answers will be avoided by
always subtracting the smaller magnitude num-
ber from the larger. If this condition does not
exist initially, the roles of the minuend and the
subtrahend can be interchanged by changing
the true-complement sense of both operands
and changing the sign of the result.

The need for a reversal can be established
only after determining which operand is larger,
which in turn depends upon the magnitudes of
the highest order not equal pair of digits in the
operands. The relative magnitude of the first
pair of unequal digits sent to the process unit
will determine if a reversal is necessary when
using high to low order processing. The results
obtained from higher order pairs of equal digits
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(if any) will be the same whether a reversal
occurs or not. Thus, if a reversal is necessary,
only the digit cycle in which the need for
reversal is detected must be re-run. With or
without reversal, the remainder of the subtrac-
tion is completely normal. In either case, only
one pass through the process unit is necessary.
This is a distinet advantage of high to low
order processing.

Multiplication and division offer no additional
problems. Multiplication may be done either by
repetitive addition or by multiplication of mul-
tiplier and multiplicand digits in an N-tupler
and by addition of the result to the partial prod-
uct. In either case, the addition will be per-
formed as described above. If N-tupling is
used, the multiplication itself is insensitive to
the direction of processing. Similarly, division
may be done by repeated subtraction, accom-
plished as described above, or by the estimation
of a quotient digit, multiplication by the divisor
digits, and subtraction of the result from the
dividend. The subtractions may be performed
as previously described, and the multiplication
is insensitive to the direction of operation.

The numeric fields to be processed normally
are in normal form for an arithmetic opera-

tion. Normal form in the system is considered

to be

or exponent character, sign, two digit exponent,
sign, implied radix point and mantissa. Usually
numeric fields will be normalized during the
input operation. A numeric field is a field con-
taining only numeric characters (this includes
exponent character, radix point and signs).
However, a radix point must occur if the field
is to be stored in normal form.

Addition and subtraction can be done on in-
tegers without forcing the operands to be in
normal form. This ability is included in the
systemm to make indexing as efficient as possibie.
However, both operands must be in this form,
or both will be normalized before the operation
begins. The operands must be normalized for
multiplication and division.

A two accumulator system is used with the
process unit. High to low order multiplication
and division are such that the additional con-
trols necessary for use with a single accumula-
tor require enough extra hardware and slow
the operation enough that a second accumulator

is justified. (This second accumulator also
speeds up some of the other automatic house-
keeping and data handling chores in the system
and could be justified nearly on this account
alone.)

EXTENSION OF THE LANGUAGE

The most important property of the machine
language is its ability to be expanded. This
to the method used to construct subroutines in
present day computers. However, once an op-
eration is defined, it can be used in the same
way any other operation in the language is
used. There are no special rules for the use of
these defined operations.

In the language some verbs, modifiers, and
certain nouns have been defined and each as-
signed a special symbol. However, any combi-
nation of general characters may be used not
only as a name for some data but also for some
sequence of instructions. The only requirement
for a particular combination of letters to be
used as the name of an operation is that this
combination not be used with any other mean-
ing either as an operation or as a noun; that is,
it must have a unique definition.

New operations may be defined using the pre-
viously defined- operations and nouns. In addi-
tion, the noun “op n’ is available for use in
communication between the definition and the
use. This noun will indicate the nouns included
in the calling sequence. If any one noun in the
calling sequence is required—the nth noun, for
example—then this is indicated by writing op
n. As an example, let us define some verb
“triple add” as follows:

viripleaddv @opl+0p2+0p 3@

The instruction
® (triple add, A, B, C)-D ®

will place the sum of A, B, and C into loca-
tion D.

The simple rule for the formation of a defined
operation is that the last sentence of its defini-
tion must be able to replace the calling expres-
sion without violating any syntactic rules. In
this replacement, the first and last identifiers
in the last sentence of the definition are neg-
lected. In the example above, the rule was
obeyed since @ (A + B +'C)-D (3 is a com-
plete sentence.
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In defining a new operation, it is permissible
_to use other defined operations. An operand
noun may, in turn, refer to another operand
noun. For example, let us define the operation

S
sq p rt as follows:

vsq}s)rt'v@op 1-Xi
B (Xi—Xj v
® .5* (Xi+ op1/Xi)—it)
until (it — Xj) abs<e
® Xi
®

- . S
Further, we can define the operation sq p root

s
using sq p rt as follows:
s s
vsgprootv @ (sqprt,op1)—op 2 B

Thus, the instruction 3 (sq IS) root, A, B) ®
will obtain the square root of A and place this
in B.

There is no limit to the number of operands
nor to the number of levels in a defined opera-
tion.

A Subroutine Push Down Store (SPDS) will
be used to store the addresses to which subrou-
tines must return when they are completed.
Whenever a name in an instruction is found
to be a defined operation (surrounded by v
marks), the address of the name location in the
instruction is placed in the SPDS and control
is transferred to the indicated subroutine. When
the subroutine is finished, control is returned
to the point indicated by the top address in the
SPDS. Because there is no limit on the size
of the SPDS (other than the size of main mem-
ory), there is no limit on the number of levels
of subroutines. A defined operation may use a
defined operation, may use a defined operation,
etc. These addresses in the SPDS may also be
used to obtain the appropriate parameter when-
ever an ‘‘operand” noun is mentioned. A spe-
cial table, however, will be used for this pur-
pose in order to make the interpretation of sub-
routines more efficient. Whenever a defined
operation is found, the absolute addresses of its
parameters are placed in a table. When a sub-
routine is first encountered in the original pro-
gram, the first parameter is placed in location
11 (corresponding to the first parameter, first
level), the second in 21, etc. If another subrou-
tine is reached within the first subroutine, the

absolute address of its parameters are placed
in locations 12, 22, 32, ete. If an operand noun,
say op m, is reached in subroutines at level n,
then the absolute address corresponding to this
noun can immediately be found at location m,
n in the table. The 0, n location at each level
is the absolute address of a temporary result
string used at the particular level and addressed
at each level by the noun femp. The size of this
special table will limit the number of parame-
ters and number of levels at which this inter-
pretation can be efficiently performed. The
table used in this system will allow 32 levels
and 9 parameters at each level to be evaluated
efficiently.
INSTRUCTION SEQUENCING

As discussed in previous sections, instruc-
tions in the system language are sentences
within some defined operation. If the defined
operation is at level 0 (the main program in
the usual sense), the system will step through
this operation, sentence by sentence. Each sen-
tence in this case must be syntactically inde-
pendent and complete. The execution of the
sentences will continue to the end of the
sequence in which it is started unless a pro-
grammed transfer to another defined or named
operation is encountered. This is the usual
transfer encountered in a branch instruction
in a conventional system. If another defined
operation is used in a noun phrase in a sentence,
control will be transferred to that operation
and returned to the sentence as soon as the
operation has been completed and the resultant
noun phrase evaluated. In this case, the detec-
tion of the completion of the execution of the
operation and the return are automatically de-
termined and need not be programmed explicitly.

The proper sequence of the operations is ac-
complished through the use of a push down
store. This store will serve as a means of re-
versing the sequence of any part of an instrue-
tion when this is necessary for proper evalua-
tion. This storage will also save the starting
point of any recursive loop in the program.
The effect of each operator and operand on its
sequencing depends on the verb itself and its
context. The store, itself, will consist of a fixed
sequence of memory locations. Since these will
be sequential, no linkage is necessary. How-
ever, if at any time more storage is required,
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as many available machine words as necessary
will be automatically added to the push down
store. At the beginning of each overflow word,
will be a link to the location of the previous
machine word in the push down store,

This push down store will have -the usual
purpose of a “last in-first out” storage which,
in effect, reverses the sequence of items from
the order in which they are read in.

As an instruction is being interpreted, sev-
eral quantities are accumulated and may need
to be retained. As an example, the extent of
an operand (beginning and end addresses of its

"location in the storage) is determined when
that operand is mentioned in the instruction.
This information is normally stored in address
registers associated with the subject and object
register storage. If the operation using this
operand cannot be executed at this time, the
operator and operand specifications must be
placed in the push down store. Some special
characters such as “(” or “®” must have their
machine word and character addresses stored
as well as the characters themselves. Conse-
quently, each machine word in the push down
store will contain only one entry; that is, oper-
and, operator, or special character.

As the instruction is executed, temporary or
partial results occur and must be stored. These
results will be placed in a temporary store
which is constructed similarly to the push down
store. The words of this store are sequential
and can be added to from main memory. This
store is useful in that it eliminates machine
map, search, and delete operations for these
resultant operands. The extent of the operand
is noted and retained when the items are placed
in this store. The items are removed from the
store and the space made available automati-
cally as the sentence execution proceeds.

At the end of a level 0 sentence, both the in-
struction push down store and the temporary
store are cleared.

AUTOMATIC INPUT AND OUTPUT

Since the programmer has no control over
where data is stored in a proposed system and
how much of the store a given block of data
occupies, the machine must have control over
some input and output operations. Part of this
control is accomplished through a register in
which is stored the current size of the availa-
bility list. This availability list is a linked list

containing all the available locations in the
store. The contents of the register are used to
determine when additional space is needed in
storage or when there is sufficient space to
allow another block of data or instructions to
be loaded into memory. Thus, when the main
store is approaching some fraction of full ca-
pacity, it will output data. When the memory
is relatively empty, it will input data. Once
data has been in the machine, the link address
associated with the names will always permit
the machine to find it and return it to the main
store if necessary. The programmer need only
provide the machine with an input list indicat-
ing where named blocks are located and a pri-
ority, and a “scratch paper” list indicating
where data should go temporarily and a pri-
ority. The final output of results will occur as
programmed.

The input.list will have a structure similar
to the data itself. It will be a sentence whose
symbols contain the name of the string of data
to be inputted and the indication of where in
external storage the data is located. Those
strings of data that have the same priority are
grouped into phrases. Thus, if two strings of
data will be required at a given time, they are
given equal priorities by placing them in the
same phrase. The priority of the phrase is
indicated by the order in which it occurs in the
input sentence. Each symbol in the input sen-
tence is of the form:

Alpha ® unit 1

where Alpha is the name of some data string
and unit 1 is the name of the external storage.
The identifier mention is used to indicate the
level of the named block to be input if the whole
block is not to be moved at one time. A typical
input sentence might be:

® Alpha @) unit 1

@ Beta @ unil 1

® Gamma @) unit 2

® Matrix A @) unit 2

(® Matrix B @ unit 1

@) Dictionary @ unit 1

®

The input list will be used when the memory
load is some fraction of full capacity. The auto-
matic input will continue until the memory
reaches some fraction of capacity above which
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the input will cease at the next permissible
point. The particular values have been chosen
to be .2 and .6, respectively.

Data can also be inputted into the machine
by instruction. First, if a named string is de-
fined as being the contents of an external store,
the input of the contents must occur. Next, if
the operand specified in an instruction is not
in the machine but can be located by the system,
enough data must be scanned and sufficient data
inputted to locate the operand. During auto-
matic input, the normal program execution con-
tinues and is interrupted only by the priorities
assigned to machine operations for use of the
memory. The define instruction which causes
an input also includes the point beyond which
the normal program cannot proceed until the
input is completed. This permits simultaneous
input and compute, with as little wasted ma-
chine time as possible. Compute must stop
while an operand is being located.

If part of a string of data is inputted, a link
will be placed at the end of the stored data to
the external storage where the rest of the data
is located. The exact form of the address will
depend upon the organization of the data in the
external store.

The input list always has a current address
associated with it. This address indicates the
data which is to be inputted next. When the
data indicated in an input phrase has been com-
pletely inputted, the “current” indication is
moved to the next phrase on the list. Thus,
when an input is called for, the current phrase
will contain the names and locations of one or
more data strings. These strings may be:

1. Completely in the external storage and
none yet inputted into the main internal
store.

All partly inputted into the main store.
Some completely inputted into the main
store but some only partly inputted.

The scratchpad list is used to specify tempo-
rary external storage for data and intermediate

W

results during a computation. This list has the
same characteristics as the input list with the
exception that entries are placed on the list by
programmed statements. This list is used in
much the same way as the input list in that
there is some fraction of full memory capacity
above which output will occur and some frac-
tion of full capacity below which this output
will cease. Provisions are made to include the
proper linking so that all parts of the data,
whether in internal or external stores, are
available to the system.

The final output of data must be programmed.
When an external store is used as the object
of a define verb, a point in the program beyond
which the program execution cannot proceed
is also included to permit simultaneous output
and compute. If both programmed input and
output are happening at any given time, the
machine will stop at the first specified “wait”
point until both operations have been com-
pleted.

CONCLUSION

The sections of this report have described a
machine language and organization for an ex-
perimental digital data system. This system
has been developed and designed in an attempt
to provide the advanced or experimental pro-
grammer with a tool which can be used to solve
many of his problems more easily and effici-
ently. It is expected that experience with this
system will point out areas in which more work
needs to be done and others in which the prob-
iem has been overestimated. It is anticipated
that from such experience more sophisticated
and perhaps simpler ways of solving the same
problems that have been tackled here will be
found. However, it is felt that the first step
had to be taken no matter how faltering or
short it may be. The actual evaluation of this
step now awaits the finish of the logical design
and the subsequent construction of this system.
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INTRODUCTION

An associative memory is one in which a
word is found by specifying some of, or all of,
its contents rather than its storage location.
For instance assume that the words 000, 101
and 111 are stored in an associative memory
with their storage locations unknown. Specify-
ing 101 to the associative “address register”
causes the location. containing 101 to respond.
Any additional information stored in that loca-
tion may also be read out.

The associative memory is attractive from
the logician’s point of view. It can perform
logical operations such as table look up and
sorting in far fewer steps than are required
by normal techniques.l 5 1417 In fact for large
word arrays, operating steps may be reduced
by several orders of magnitude.

The main roadblock to the acceptance of
associative memories has been the high cost of
the basic building block: the associative cell.
Apparently only magnetic or cryogenic cells
might be produced at attractive prices.l'’® This
hasn’t been done yet and there is little indica-
tion that a large associative memory can be
built in the near future with either technology.
Both approaches contain engineering difficulties
still to be overcome.

An unfortunate by-product of this techno-
logical problem has been an overemphasis on
the engineering aspects of the associative mem-
ory. Only recently have significant suggestions
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been made with regards to computer applica-
tions.13 17 Kven these suggestions are only a
good beginning.

This paper deals with semiconductor associa-
tive cells. There are two reasons it does so.
First, to demonstrate that there is a techno-
logical tool with which any conceivable associa-
tive memory, large or small, can be built today.
Second, to show that this technology is a pos-
sible source of economically practical cells.
Every characteristic of solid state associative
cells from component tolerances to potential
quantities lends itself to low cost integrated
circuits.

This report is divided into two sections. In
the first section, the associative cell is investi-
gated in detail. Its theoretical properties are
outlined and circuits which implement these
properties are analyzed. The circuits dealt
with are complementing flip-flops. They are by
no means the only circuits or even the simplest
The gecond section deseribed the or-

e ivs CainsT LiaT

circuits.
ganization and operation of associative matrices
in detail. Operating difficulties and their solu-

tion are illustrated with several examples.

THE BINARY ASSOCIATIVE CELL

The binary associative cell is a circuit which
combines memory and logic. Its output signal
is a function of its own information content
and of the information stored in a second cir-
cuit called a compare cell.
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The binary associative cell can store either a
Ooral. The compare cell can storea0,a1,ora
g (“Don’t Care”). When the compare cell stores
a 0 or a 1, the output of the associative cell is
true only if it stores the same information and
false if it doesn’t. When the compare cell stores
a 0 the output of the associative cell is true
regardless of its information content. The truth
table of Figure 1 summarizes this logical rela-
tionship.

CONTENTS OF CONTENTS OF ASSOCIATIVE
COMPARE  CELL ASSOCIATIVE CELL OUTPUT

o 0 TRUE

0 1 FALSE

1 o FALSE

1 1 TRUE

¢ [o) TRUE

o 1 TRUE

Figure 1. Binary Associative Cell’s Output Truth
Table.

The associative cells considered here are
basically complementing flip-flops like the one
shown in Figure 2. When the flip-flop of Fig-
ure 2 is in the 1 state, @1 is in saturation and
Q2 is off. When it is in the 0 state Q2 is in
saturation and Q1 is off. The collector voltage
of the transistor which is off is several volts
negative. The collector voltage of the transistor
in saturation is near ground.

The write terminal can be used to set the flip-
flop to either stable state. It is normally at
ground potential. A negative voltage pulse ap-
plied to the terminal forces Q2 on and sets the
the flip-flop to the 1 state

LT L SLalt,

A positive or negative voltage pulse of proper
amplitude and duration applied to the input

OQUTPUT

INPUT
O

Figure 2. The Basic Cell.

terminal complements the flip-flop. If the cell is
in the 1 state prior to an input pulse, it is in the
0 state after the pulse and vice-versa. The input
terminal is normally at ground potential.

The output of the cell is taken at the collector
of Q1. It is defined as true when Q1 is cutoff
(when the cell is in the 0 state) and false when
Q1 is in saturation (when the cell is in the 1
state).

The logical output response described for an
associative cell is produced with the comple-
menting flip-flop in a two phase system. In
phase I, a flip-flop cell is in a state determined
purely by its information content. In phase II,
its state is determined both by its information
content and by the information to which it is
being compared. That is, it is in the state which
produces the appropriate associative output.

The. transition from phase I to phase II in-
volves an operation on the cell which produces
the correct logical output. The transition from
phase II back to phase I involves an operation
which restores the information content of the
cell. These operations are determined solely
by the information to which the cell is com-
pared and they are enabled through the input
terminal.

Figure 3 shows the basic arrangement be-
tween the associative cell of Figure 2, the com-
paring circuit,  and a clock. The associative cell
produces the “match” or “mismatch” indica-
tion, the comparing circuit contains the infor-
mation being compared to that of the associa-
tive cell and the clock produces pulses to drive
the system from one phase to the other.

The clock pulse generator produces two nega-
tive going voltage pulses. These pulses are
suitably separated timewise and are of proper
amplitude and duration to cause the associative
cell to complement when and if they reach its
input.

Prior to the first clock pulse, the system is in
phase I and the state of the associative cell is
determined solely by its information content.
If it is in the O state, its output is true, if in
the 1 state its output is false. The compare
flip-flop is likewise in a state determined by
its information content. If it contains a 0 its
1 output (the one going to the “AND” gate)
is false. If it contains a 1 then its 1 output is
true. The compare flip-flop remains in its initial
state throughout the sequence.
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OUTPUT
WRITE CELL
OF
FIG. 2
?INPUT
COMPARE
CLOCK PULSE
GENERATOR OUTPUT
COMPARE
FLIP-FLOP

Figure 3. Associative Cell with Compare Controls.

The first clock pulse complements the asso-
ciative cell only if the compare flip-flop is in
the 1 state, since both inputs of the “AND”
gate must be true. If the compare flip-flop is
in the 0 state, the output of the “AND” gate
is never true and the associative cell remains
in its initial state. Figure 4A shows what the
clock pulses accomplish. In phase II, after the
first clock pulse, an associative cell is in the 0
state if in phase I it contained the same infor-
mation as the compare flip-flop.

After the phase II output has been sensed
the second clock pulse occurs. Since the state
of the compare flip-flop has not changed, the

INITIAL STATE  INITIAL STATE

ASSOCIATIVE CELL FINAL STATE

OF COMPARE OF ASSOCIATIVE OuTPUT OF ASSOCIATIVE
FLIP-FLOP CELL PHASE I-=PHASE II=PHASE 1 CELL

COMPARE o] o T T T o]
CYCLE o 1 F F F 1
! [} T F T o
1 1 F T F 1
WRITE (o] [o] T T T 0
CYCLE o 1 F T T o
1 o T T F 1
' 1 F T F 1

Figure 4. Logical Output Signals of the Associative
Cell in Phase I and Phase II for Compare and Write
Cycles.

associative cell complements again if it comple-
mented before, and does not complement if it
didn’t. Since an associative cell has either com-
plemented twice or not at all during the two
clock pulses, it is in its phase I state after the
second pulse.

At this point one method for writing into an
associative cell will be deseribed. In this writ-
ing mode, the information contained in a com-
pare flip-flop is reproduced in a selected asso-
ciative cell. The cell is selected by pulsing its
write line during phase IIL

The information to be transferred is stored
in the compare flip-flop. The first clock pulse
is generated. After this clock pulse the write
line of the selected associative cell is pulsed
so as to set the cell to 0. The second clock pulse
occurs. After the second clock, the cell contains
the same information as the compare flip-flop.
This sequence is shown in Figure 4B along with
the initial and final states of the associative cell.

As far as the compare flip-flop and the clock
are concerned, there is no difference between
the compare cycle of Figure 4A and the write
cycle of Figure 4B. As an example consider
the situation of Figure 5, wherein the compare
flip-flop is connected to two cells, A and B. If,
after the first clock pulse of a cycle one cell
receives a write signal then when the system
returns to phase I, it has the same information
as is stored in the compare flip-flop. The other
cell sees only a compare cycle and returns to
its initial state.

TOUTPUT TOUTPUT
WRITE WRITE
CELL A CELL B
INPUT INPUT
COMPARE COMPARE
CLOCK PULSE
GENERATOR FLIP-FLOP

Figure 5. Two Associative Cells with a Common
Compare Flip-Flop and Clock.
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Although this is not the only method of
writing into associative cells, other techniques
will not be discussed here.

The “Don’t Care” Comparison

As mentioned above, a cell should be able to
respond to a “don’t care’” comparison so as to
vield a true output in phase II regardless of its
information content in phase I. In doing so, it
must not lose its information.

For the cell shown in Figure 2, additional
output circuitry is required to provide this fea-
ture. One circuit which may be added is shown
in Figure 6. The output terminal of the circuit
of Figure 2 is connected to point 1 of Figure 6.

0-v

Ry

-

eout

Va

Figure 6. Cell Output Circuitry which Implements
the “Don’t Care” Logic.

The new output of the cell is the output of this
network. The “don’t care” feature is enabled
through control of the voltage V,.

When the output signal of the associative
cell is a function of the state of the cell, V, is
at a negative voltage (say —2.0 volts). When

Q1 ig in saturation, ¢; is close to ground and an
emitter current flows in @3. Current is availa-
ble at the collector of Q3 if required. If the
current is sufficient to supply that required by
R, then Q3 can saturate and e,,, is about —2.0
volts. This is a false output. When Q1 is cut-
off, e, is more negative than —2.0 volts so that
@3 is cutoff and no current is available at the
output. This is a true output. The “Don’t Care”
comparison is made when V, is at ground in-
stead of —2.0 volts. Since Q3 is cutoff regard-
less of the condition of Q1, e, is always true.

If the “don’t care” control is separate from
the 1 or 0 search control, it is possible to oper-
ate on the flip-flop as though searching for a 0
or 1 while masking this operation with “don’t
care.”

The interconnection between a cell with the
“don’t care” feature and the full compare cell
controlling it is shown in Figure 7. A full com-
pare cell consists of both the input and the V,
controls. Each of these controls containsg a
memory element and output logic.

The associative cell’s input controls, those
determining whether or not the associative cell
complements on the generation of a compare
clock pulse, are the “AND” gate and the com-
pare flip-flop shown previously.

The V, controls are a switching amplifier
and a memory element. The amplifier holds
V4 either at ground or at the appropriate nega-
tive voltage. V, is at the negative voltage when
the V4 flip-flop contains a 0, and V4 is at ground
when it contains a 1.

To summarize: A compare cell may be in any
one of four different states. The compare flip-
flop may either permit or inhibit complement-
ing of the flip-flop by the clock and the V, flip-
flop may cause V, to be at ground or a nega-
tive voltage. Each of these four states of the
compare cell is designated by one of the follow-
ing four symbols; 0, 8, 1 and ¥. These symbols
are defined as follows:

0: “Zero” or “Zero Compare.” The compare
flip-flop is set so as to inhibit a compare
clock pulse. The V, control flip-flop con-
tains a 0 (allowing a normal readout from
the associative cell).

ASSOCIATIVE O OUTPUT
CELL Ya
_______ |
|
| LEVEL | |
| COMPARE
COMPARE I CONTROL| | CELL
CLOCK
' |
[
| 1 1 I
| | COMPARE VA |
FLIP-FLOP FLIP-FLOP| |
LR s R 8
S o
¢ v

Figure 7. Associative Cell, Compare Cell and Clock
with Logical Interconnections,
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g: “Masked zero.”” The compare flip-flop is
set so as to inhibit a compare clock pulse.
The V, control flip-flop contains a 1
(causing V4 to be at ground).

1: “One” or “One Compare.” The compare
flip-flop is set so as to permit a compare
clock pulse to complement the associative
cell. The V, control flip-flop contains a 0.

Y: “Masked One.” The compare flip-flop is
set so as to permit a compare clock pulse
to complement the associative cell. The
V. control flip-flop contains a 1.

Figure 8 is a Truth Table representation of
the associative cell’s output as a function of the
state of the compare cell and its own informa-
tion content.

There are times when a second gated output
of the type shown in Figure 6 is added to an
associative cell. The second output is “gated”
(as the first one is by the voltage V,) by a
separate set of controls. For instance, in a
group of associative cells storing a word of
information, the second output of these cells
might be used for word addressed readout. The
control voltage of the second output, which is
called V; to distinguish it from control voltage
of the associative output, would be common for
all bits in a given word. The outputs would be
individually connected to appropriate bit posi-
tions of a readout register.

A flip-flop with the two separately controlled
outputs is shown in Figure 9. The output tran-
sistor @3 is connected to the voltage V, which
is controlled by the compare cell. The output
transistor Q4 is connected to V,. Q3 conducts
when it is enabled and when the flip-flop is in
the 1 state. Q4 conducts when it is enabled and
the flip-flop is in the 0 state.

INITIAL STATE OUTPUT OF
STATE OF OF ASSOCIATIVE ASSOCIATIVE . CELL
COMPARE CELL CELL PHASE I PHASE I
(o] o] T T
o] 1 F F
] 0 T T
(] 1 T T
1 o] T F
1 1 F T
1 0 T T
be 1 T T

Figure 8. An Associative Cell’s Output Signal for All
States of a Compare Cell.
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Figure 9. A Cell with Two Controlled Outputs.

Figure 10 is a black box which represents
the circuit shown in Figure 9. The various
input and output labels have the following
significance:

I: Complementing input. A pulse applied
here complements the flip-flop.

W: Write line. A negative signal on this
line sets the cell to the 0 state, a posi-
tive pulse sets it to 1.

CO: Compare output. Produces the appro-
priate associative output signal when
the system is in phase II.

CC: Compare control. V, is connected to
this point. A true CC input enables
the 1 or 0 comparison from CO.

RO: The read output. This output is true if
the RC input is false or if the RC input
is true and the flip-flop is in the 1 state.

RC: The read control input. V; is connected
to this point. A true RC input enables
reading.

An Associative Word

The arrangement of a three-bit associative
word, a three cell compare register and other
circuitry is shown in Figure 11. The compare

——— RO CO—o

RC I CC

Figure 10. Black Box Representation of the Two
Output Cell.
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A Three Bit Associative Word with a
Compare Register.

Figure 11.

outputs of the associative word are commoned
and have a single load resistor at the common
point. The voltage e,,; of the common point is
at one of two values. If all the compare outputs
of the word are true, then e, is at about —V
volts (say —6 volts). If, however, one or more
CO’s are false then e, is at around —2.0 volts
(the value of V,).

In the light of the preceding remarks, we can
say that the CO’s of the word are “ANDED.”
All CO’s must be true for e, to be true; e,
is the signal produced by the “Word Match
Detector.” If it is true during phase II then
the associative word matches the word in the
compare register. A mismatch in any bit posi-
tion will cause e, to be false.

‘The compare register may cause a word to
match under several sets of conditions. To
clarify this point consider the following ex-
ample: An associative word contains the infor-
mation 101 (read from bit 8 to bit 1). If the
word 101 is loaded into the compare register
and the system goes into phase II, then a match
is indicated. However, since the ‘“masking”
operation causes an associative cell’s output to
be true regardless of its state, then the follow-
ing words in the compare register also cause
the associative word 101 to matech: A) 104, B)
909, C) %99, D) 117, E) 171, and 21 other
combinations.

Comparisons made w1th compare words such
as A, B, and F are called partial field compari-
sons. In such comparisons certain bits in the
associative word must match those in the com-
pare register, but in other bit positions, the
associative cell may have either value. For an
associative word to match, compare word A,

for example, it must have a 1 in bit position 3,
and a 0 in bit position 2 but may have either a
0 or a 1 in bit position 1. Associative words
storing 101, 100, 000, 6r 001 would match com-
pare word B. Compare words C or D cause
any associative word to indica': a match re-
gardless of its information content. Further-
more any word matches with the system in
phase I as well as in phase II.

The read and write controls in Figure 11
are common to all bits in the associative word.
The whole word may be written into or read
out in a single cycle. When triggered, the write
control sets all cells to 0. The read control, when
triggered, enables the RO signal on all bits in
the word. Interpreting the RO -signal is not
always a straightforward operation. While the
system is in phase I, the RO signal is deter-
mined by the information content of the cell,
true when the cell stores a 1, false when it stores
a 0. However, in phase II the RO signal is a
function of both the cell information and the
contents of the related compare cell. If the
compare cell stores a 0 then the RO signal is
correct in phase II, but if the compare cell
stores a 1, then the RO signal must be inverted.

AN ASSOCIATIVE MATRIX

A typical associative matrix is shown in Fig-
ure 12. It is made up of 3 associative words.
Each word has 4 bits. It has a compare reg-
ister, and a readout register. There is a word
match detector (WMD), a read control and a
write control for each word.

The one point shown in this matrix, which
was not fully demonstrated in Figure 11, is the
connection of the RO outputs to the readout
register. The RO’s of a given bit position make
up a logical “AND” just as the CO’s of a word
do. All RO’s must be true to produce a true
signal at the readout register. If any one (or
more) is false, the readout register will receive
a false signal. Since a false signal can only be
produced by a selected word, then the state of
each bit in a selected word will be duplicated
in the readout register.

The read control circuits are gated amplifiers.
Figure 13A shows typical gating to one of these
circuits. Either of two input gates may enable
the circuit. The first gate has two “ANDED”
inputs, one from an address register, the other
from the 0 side of an address control flip-flop.
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Figure 12. A Three Word Associative Matrix with a Compare Register.

The second gate also has two “ANDED?” inputs,
one from the word’s own WMD and the other
from the 1 side of address control flip-flop. The
address control flip-flop state determines
whether the read operation is to be performed
on a matching word or on a word whose physi-
cal address is contained in the address register.

The word write control circuits are also gated
amplifiers. As shown in Figure 13B, they have
an input from the address register which is
“ANDED” with a “write” clock.

Reading Words from the Matrix

As indicated above there are two addressing
means for reading from an associative matrix.
One is to read from a selected physical location,
the other is to read from a word containing
specified information in certain of its bit posi-
tions.

Reading from a particular physical location
is called “location addressed reading.” The
other form of reading is called “content ad-
dressed reading.” Content addressed reading
may produce multiple responses. Then it is

ADDRESS N FROM

ADDRESS REGISTER
T0 chn [ "RwEOARDDSffATCI'"NG
TERMINALS | WORD N
Sk cELLs | TEAD Clj
oF worp N | PRIVER _—
i_GjLINE N "WMD
"READ MATCHING
WORDS"
A
TO "w* ADDRESS N FROM
TERMINALS ";f’;?_s" G ~QADDRESS REGITER
OF CELLS DRIVER WRITE
OF WORD N
B
Figure 13. A Read and a Write Driver and Their

Input Controls.

necessary to have a scheme whereby matching
words may be accessed sequentially. A solution
to this problem is described in the section on
multiple matches. At this point we assume that
only one word responds to either form of
addressing.

The operating sequences necessary to per-
form each type of reading are described below
step by step:
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Location Addressed Read (LAR)

A. Load the address register with the physi-
cal address of the location to be read.

B. Set the address control flip-flop so as to
enable word selection from the address
register.

C. Strobe the readout register.

Content Addressed Read (CAR)

A. Enter identifying bits into the compare
register. Enter 6 into all other bit posi-
tions of the compare register. Set the
address control flip-flop to enable read-
out of a matching word.

B. Generate a compare clock pulse so as to

put system into phase II.

Strobe the readout register.

Generate compare clock pulse so as to

return system to phase 1.

An Example of CAR

Assume that the associative matrix of Figure
12 contains the information 1100 in word 1,
1001 in word 2 and 0101 in word 3. When the
problem is to find what other information is
contained in any word which has a 0 in bit
position 4 and a 1 in bit position 3, the follow-
ing occurs:

=ge!

A. Enter 01 6 @ in the compare register.
B. Enter phase II.
At this point the states of the cells
in the words and their associative
output signals are these:

Cell Siates CO Signais

Word 1: 1000 FTTT
Word 2: 1101 FETT
Word 3: 0001 TTTT

Only word 3’s WMD will be true and its
read control circuit will enable the RO’s
of word 3.

C. Strobe readout register.
The readout register will see 0001, but
since the third bit of the compare word
is known to be 1, then the word readout
is modified to 0101.

D. Return system to phase I. The initial
information content of all associative
words is restored.

Writing Words into the Matrix

Writing may occur under one of three sets
of conditions. A word may be written into a
specified physical location. A word may be
written into any convenient position which
doesn’t already contain information. A word
may be written into whatever position a second,
specified word occupies at the beginning of the
write eycle. The first operation is called Loca-
tion Addressed Writing (LAW), the second
Loading, and the third Content Addressed
Writing (CAW). ‘

All three operations involve location ad-
dressed writing, but in Loading and CAW it
is also necessary to find the location which
meets the specified requirements. The latter
two require a compare cycle previous to or con-
current with the location addressed writing
operation.

Location Addresed Writing (LAW)

A. Enter into the compare register the in-
formation to be written. Enter into the
address register the address of the loca-
tion to be written in.

B. Generate the first compare clock pulse
so as to send the system into phase II.

C. Generate a write puise at the address
selected by the address register.

D. Generate the second compare clock pulse
so as to return the system to phase I.

Loading

Loading may follow one of two possible se-
quences depending on the manner in which an
unused word location is identified. It can be
identified by an extra bit in each word. This
bit might be a 0 when no information is stored
in the related word location and a 1 when in-
formation is stored. An unused word location
can also be identified by the fact that it contains
a 0 in every bit position during phase I. This
of course means that the code word of all 0’s
cannot be used as an information word.

The second approach is more efficient in that
for N bit positions 2¥—1 code words are usable.
The first approach ean only accommodate 2 -1
code words.

If the additional bit position is used then
it must have a corresponding cell in the com-
pare register. This cell will containa @oral
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when searching for a word. It will contain a
0 when looking for an empty word.

Load Sequence 1

(Wherein an extra bit identifies an empty

word location)

A. Enter the word which is to be written
in the matrix, into the compare register,
but mask all bits. That is for 1’s enter
T and for'0’s enter 8.

gy Anll 4. N
t 1

Set the extra bit compare cell to 0.

i

B. Sense the WMD’s and enter address of
true WMD into the address register.

C. Generate first compare clock pulse so as
to send the system into phase II.

D. Generate a write pulse at the address
selected by the address register.

E. Return the system to phase I with a
compare clock pulse.

Load Sequence 2

(Wherein an empty word location contains
all 0’s)

A. Enter the word which is to be written
in the matrix, into the compare register.

B. Sense WMD and enter address of true
WMD into the address register.

C. Generate the first compare clock pulse.

D. Generate a write pulse at the address
determined by the address register.

E. Return the system to phase I.

In both of the above sequences, the WMD is
sensed while the system is in phase I. As long
as no 1’s are being used in a comparison, it is
not necessary to go to phase II for sensing. In
sequence 1, only the extra bit value counts and
a 0 is compared there while all other bits in the
compare register are ¥ or 8. In sequence 2, all
0’s are to be compared when searching for an
empty word location. A word storing all 0’s
will always have a true WMD in phase L.

Content Addressed Writing (CAW)

A. Enter the identifying bits of the word
which is to be altered into the compare
register.

B. Send the system into phase II.

C. Sense the true WMD and enter its ad-
dress into the address register

D. Return system to phase 1.

E. Put in the compare register the word
to be written in place of the old word.

F. Send system into phase IL

G. Generate write pulse at address desig-
nated by the address register.

H. Return system to phase I.

An Example of CAW
Assume that the associative matrix of Figure

12 contains 0101 in word 1, 6110 in word 2 and
1111 in word 3. The word 0001 is to be written
in the location in which 0101 is stored.

A. 0101 is entered into the compare register.

B. The system enters phase II so that word
1 goes to 0000.

C. The WMD of word 1 is true so that a
“1” is stored in the address register.

D. The system returns to phase I. The

information content of the word is

unaltered.

0001 is entered into the compare register.

The system is sent to phase IIL

A write pulse is generated on word 1.

The system returns to phase I. Word 1

contains 0001, word 2 contains 0110 and

word 3 contains 1111.

A Special Case of CAW

There may well oceur in associative matrices
the situation in which only a portion of a word
would be altered and the fixed portion of the
word would be used to address the system.
Then this sequence could be used:

A. Enter full word into the compare reg-
ister, but mask those bits not used for
addressing.

B. Send the system into phase II.

C. Sense the WMD and enter the address
of the matching word into the address
register,

D. Generate a write pulse on the word
designated by the address register.

E. Return the system to phase I.

An Example of the Special Case of CAW

Assume that the associative matrix of Figure
12 contains 0101 in word 1, 1001 in word 2 and
1111 in word 8. The word with 01 in bits 4 and
3 is to have its last two bits altered to 10.
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Enter 01 7 7 into the compare register.
Send system to phase II. Only the WMD
of word 1 will be true since the other
words will have at least one associative
mismatch in bit positions 3 and 4.

C. Since the WMD of word 1 is true, the

©

address “1” is entered into the address )

register.
D. A write pulse is generated on word 1.
E. The system returns to phase I. Word 1
contains 0110, word 2 contains 1001,
word 3 contains 1111.

Multiple Matches—in Two Dimeusions

In discussing the reading and writing se-
quences we have assumed that any compare
operation results in a unique associative re-
sponse. This is not always the case, especially
when the load operation is performed. It is
necessary to be able to choose one address at
a time when many respond to a content com-
parison. This problem is simply solved in a
two dimensional system by introducing priority
gating. When two or more responses are gen-
erated, they are equally valid. That is, if the
locations which respond are to be read sequen-
tially or written into sequentially, it doesn’t
matter which location is chosen first. If it did
matter, then the operator must have failed to

label his word adequately prior to comparison
since it must be some additional information
contained in one word which makes it prefera-
ble to others. Since the matching words have
equal validity, we may sequentially output re-
sponding words in an arbitrary order. A pri-
ority network which makes the seiection on the
basis of the relative physical locations of the
words is described below. This priority net-
work is shown in Figure 14. It consists of mem-
ory elements and gating. Each memory element
is associated with a specific word location.
Assume that all three WMD’s are true when
the “Sense WMD” command occurs. Then, all
three flip-flops are set, their S outputs are true
and their S outputs false. Then only the “AND”
gate 203 (of the group 203, 204 and 205) is
true. Since gate 203 controls the word 1 read
and write circuits (See Figure 13A and 13B)
then they alone may be true. If, after the ap-
propriate read or write operations have oc-
curred, a clock pulse occurs on line 301, then

301 [
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Figure 14. Priority Gating.

the “word 1 match memory” will be cleared by
gate 208. With this cell cleared gate 203 will
be false and gate 204 will be true. Word 2 may
be operated on. Similarly, after operating on
word 2, line 301 may be pulsed again, clearing
the word 2 match memory. Gate 204 will then
be false and 205 will be true allowing operation
on word 3. Again, if WMD 1 and 3 are true,
so that only memories 1 and 3 are set, word 1
will be operated on first followed by word 3.

The memory elements are not strictly neces-
sary in the priority networks. We could simply
produce the “not” function of each WMD, and
make up gate 203, 204 and 205 directly. How-
ever, this technique leaves the problem of how
to read oul more than the highest priority word.

Solving this problem requires a method
whereby a word, once it has been operated on,
will be caused to mismatch—without changing
the information content of the word. This can
be accomplished by adding an extra associative
bit to every word. This bif is not the same one
used for load sequence 1. This extra bit con-
tains a 0 at the beginning of every operation.
When a word is operated on, read or write, the
extra bit is set to 1. The compare register al-
ways searches for 0 in this bit position so that
setting the bit to 1 induces a mismatch in the
word. The additional bit in every word some-
what offsets the elimination of the memory
cells in Figure 14.
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Three Dimensional Associative Matrices

The usual arrangement of associative mat-
rices with over 100 words will probably be
three dimensional. That is, a word’s physical
location will be designated by, and arranged
in, two coordinates and its bits in a third co-
ordinate. This is identical to the arrangement
of cores in a random access memory. The word
will be addressed by its x, ¥ coordinates. The
bits of a word will lie along the z axis, (see
Figure 15). _ _

The reason for this address organization is
similar to that for the normal memory. It
results in a reduction of addressing and sensing
equipment. However, in the associative matrix
the reduction may not be comparable to that
in a core memory since, for some operations,
coincident addressing is not adequate.

X
Iéj
z

Y READ/WRITE
DRIVERS

X "wMD's"

X READ/WRITE .,
DRIVERS .,
D'—J Y "wMD's"
JE N N N )

L T T
[["COMPARE REGISTER ;

- Figure 15. Three Dimensional Organization of an
Associative Memory.

Figures 12, 13, and 14 display some circuitry
common to the three dimensional matrices as
well as to the two dimensional onés. The com-
pare register is connected to all words as it is
in Figure 12. The WMD’s are arranged in a
different manner. ,

The connections from the x and ¥ word match
detectors to the word outputs is shown in Fig-
ure 16. Each word output goes to two WMD’s,
one which represents its x address and one
which represents its ¥ address. When a word
matches both WMD’s to which it is connected
go true. The outputs of all words on an z or y
plane are “OR’d” to the plane’s WMD so that
if one or more words on a plane match, the
WMD goes true.

The output of a WMD is logically connected
to the read and write drivers of its planes.
In order to read from or write into a particular

word both the X and the Y read or write driver
associated with it must be on.

All the basic read and write sequences are the
same for the three dimensional arrangement
as for the two dimensional case. The only addi-
tional consideration is that addresses are now
given, and selected, in terms of an X and a Y
location. The usual coincident access techniques
must be employed to implement this.

Multiple Matches in a Three Dimensional
Matriz

The problem of resolving multiple matches
is more complicated in the three dimensional
case. It is not always possible to solve the prob-

Figure 16. Organization of the WMD’s in the Three
Dimensional Matrix.

lem with priority gating. Two examples will
illustrate this.

In the following two examples, there is a 9
word associative matrix arranged in 3 X planes,
labeled X;, X,, and X; and 3 Y planes labeled
Y, Y,, and Y;. Any word in the matrix has
a unique XY location.

Case 1: A CAR sequence is started. At com-
pare time four locations match,
X1Y3, X2Y1, X2Y2 and X3Y2 Con-
sequently, WMD’s X, X,, X;, Yy,
Y, and Y; are true. It is not pos-
sible to select any pair of true X
and Y WMD’s and wind up address-
ing one of the matching words. That
is, WMD’s X, and Y, are both true,
but address X,Y; is not one which
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corresponds to a word which
matched. All that is known is that
there is at least one word in the X;
plane which matches. The Y ad-
dress(es) of the word or words is
unknown.

Case 2: A CAR sequence is started. At com-
pare time three word Ilocations
matech: X,Y,, X,Y,, and X,Y; so
that WMD’s X,, Y,, Y., and Y, are
true. It is possible to resolve this
multiple match by simple priority
gating on the Y WMD outputs. This
is so Dbecause only one X WMD
responded.

Todl MTigdvata
poth illustrate the problem

The two cases
and indicate a sclution to it. {Another method
for resolving the problem has been suggested
by Frei and Goldberg in reference 15.) Any
set of muitiple matches involving only one X
or Y plane can be resolved by priority gating
on the other plane. Therefore, when a set of
matches involves multiple X and multiple Y
planes, an operation must be performed which
will prevent matching signals from all words
but those on one of the responding X or Y
planes. Then, the match or matches produced
by the words on this plane can be sequentially
operated on through priority gating on the
WMD outputs of the other plane. We will cover
one method of implementing this operation.

Two additional bits are required in each as-
sociative word, these bits, and their drivers
are shown in Figure 17. The bits in column A
are in the 0 state at the beginning of a cycle.
They are set to 1 by a coincidence of a true
read control line on the word, and a “Read
Mark” clock. They are identical to the extra
bits suggested in the preceding section. The
compare register cell for column A normally
contains 0. The bits in column A simply cause
a word to mismatch once it has been read. The
bits in column B are in the 1 state at the
beginning of a cycle. They are set to 0 when
the appropriate “X plane column B” control is
triggered. The compare cell B normally con-
tains 9. When the X plane control is triggered
the column B bits in words X,Y,, XY, and
X,Y; are all set to 0.

Reconsider Case 1 for a system which in-
cludes the A and B bit planes shown in Figure
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MARK CLEAR CLEAR
Yy — 1
[) | |
! co CCht—y co CCl—
| Lolw ol TO Y, AND Yy
| °w O ey | oM Xy PLane
XYy w [ *(O’ \ X; PLANE
1 COLUMN B,
: CONTROL
VYREAD BU
! 0 ~—L €0 ol
I . Wy TO Y, AND Y3
| | s 1 ON X PLANE
XaYy Wiy (o) \ X PLANE
; t OLUMN B
X CONTROL
Vreap Bus
[} 1
! 0 celaty 0 e lats
| Lafwo Ladwiry TO Yp AND Y3
| . 1jed won 1Fe4 | ON X3 PLANE
X3Y' Ay 10/ X3 PLANE
: t L COLUMN B
{ CONTROL
¥READ BUS
COMPARE COMPARE
CELL A’ CELL B

Figure 17. Control and Organization of Special Bits.

START
ENTER IDENTIFYING BITS INTO
THE COMPARE REGISTER

o GENERATE FIRST
COMPARE CLOCK PULSE

IF NO X-WMD TRUE " DECISTON |
AND IF COMPARE CELL
B=0 | I
[ CHANGE COMPARE
CELL B TO §
IF NO X WD TRUE IF SINGLE X IF MILTIPLE X
AND IF COMPARE CELL OR SINGLE Y JAND MULTIPLE ¥
B=¢ UMD TRUE IWMD'S TRUE
9 GENERATE E
SECOND READOUT A MATCHING SET LOWEST NUMBERED
COMPARE CLOCK WORD AND MATCHING X PLANE
GENERATE MISMATCH IN COLUMN B BITS T0 0O
THE COLUMN A CELL SET COMPARE CELL B
OF THAT WORD T00

H  CLEAR REGISTERS
AND SET PLANE A CELLS
TG O AND
PLANE B CELLS TO 1

STOP

Figure 18. CAR Operation in which Multiple Matches
are Readout Sequentially.
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17 and priority gating on the WMD outputs
of the Y planes. There is no need for flip-flops
on these outputs. The generalized timing dia-
gram for resolving multiple matches in a CAR
sequence is shown in Figure 18.

After the first compare clock pulse, words
XY, X.Y,, X,Y, and X, Y. match. Since there
are multiple X and Y responses, the X; plane
is isolated so that only X,Y, matches. It is

readout and caused to mismatch. Then the X, -

piane is allowed to match and X.Y; and X,Y,
are readout in that order based on the Y pri-
ority gating. Finally X;Y, is readout.

For other operations CAW, Loading and
the like, the sequence for resolving multiple
matches is similar to that shown in Figure 18.
However, another operation or series of opera-
tions would be substituted for step E.

To implement the content addressed write
(CAW) sequence, memory cells are added to
the word match detectors. When step E is
reached, instead of operating on the location
indicated by the WMD’s, the address of location
is stored in the WMD memory cells. The system
returns to phase I at which time the word to
be written is entered in the compare register.
The system goes into phase II and the new
word is written in the location indicated by the
WMD memory cells.

CONCLUSIONS

The investigation of solid state circuits used
as associative cells should be started in earnest.
The cells described are far from being the
simplest cells, either logically or circuit-wise.
We have designed and built solid state cells
less than half as complex as those described.

The solid state cell offers several technically
attractive features. Its output signal to noise
ratio is on the order of 108, Thig is several
orders of magnitude greater than that provided
by magnetic cells, such as bi-cores or trans-
fluxors. The signal to noise ratio is a principle
factor in the possible length of associative

words.

The solid state cell has input and output
signal energy levels which are roughly equiva-
lent. Thus cross talk problems, a real headache
in large arrays, are minimized.

The input energy requirement of a solid state
cell can be made many orders of magnitude
lower than for magnetic cells. The input re-
quirements are the principle limiting factor
for the possible number of words in an associa-
tive memory.

The output signals of the solid-state cell are
compatible with the external logic. This elimi-
nates the need for buffer circuitry such as sense
amplifiers. Also these signals can be maintained
for as long as they are needed.

The component tolerances in the solid state
cell are very loose. Transistors require hyg, of
as low as 15, low breakdown voltages, ete.
Resistors may have tolerances of = 30%, ca-
pacitors may have tolerances of = 50%. Loose
tolerance requirements are a boon to integrated
circuits.

The solid state circuit can be fabricated today
from standard components and used in a nor-
mal environment. For a price, large memory
arrays could be built today with standard com-
ponents. If the 2N404 were used along with
loose tolerance capacitors and resistors, the
component cost of the cells described here is
less than $2.00 in every case. We have designed
cells performing the most complex funetion out-
lined here whose component cost, today, ap-
proaches $1.00.

We have constructed and operated at a 2.5
me clock rate a 9 word (8 bits per word) Asso-
ciative Memory. This memory performs all
operations described here and in addition can
sort information using a routine not yet de-
scribed in the literature.

As promising as word organized associative
matrices look, thinking should not be confined
to applying associative cells in -this manner.
For instance, the associative cell seems to be
a natural in iterative logical operations. To
properly investigate these possibilities, more
logicians should be brought into the picture.
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PROGRAMMING AND DESIGN CONSIDERATIONS OF A
HIGHLY PARALLEL COMPUTER*

Jon S. Squire
Sandra M. Palais
Information Systems Laboratory
University of Michigan
Ann Arbor, Michigan

A number of automata and automatic com-
puting devices have been proposed whose op-
erations could be considered highly parallel.
These include von Neumann’s tesselation model
for self-reproducing automata,® the ENIAC
computer,’ John Holland’s iterative circuit com-
puter,® S. H. Unger’s spatially oriented com-
puter,” and the SOLOMON computer.®* The
literature available on these machines indicates
programming facility played a subordinate role
to design. Cf. Newell,” Schwartz,” Garner and
Squire.2

The purpose of this paper is to present a
machine organization where the emphasis is
on the programmability of highly parallel nu-
merical computation. Ease, convenience, and
economy of design are secondary considerations.

A highly parallel computer is defined as a
machine that is capable of simultaneous execu-
tion of instructions where computation time is
limited by numerical analysis rather than lack
of hardware. Since the execution of an instruc-
tion depends on data, over which the pro-
grammer has no control, the hardware provides
the necessary synchronization. There is no re-
striction on the location of data or instructions
because algorithms can require an array of
instructions to execute simultaneously on scat-

tered groups of data (for example, the test for
convergence of a number of independent pro-
cedures).

Some specific examples will show how pro-
grams can be written where many of the in-
structions can be executed simultaneously dur-
ing an execution cycle. Moreover, the number
of execution cycles is far less than would be
reqiired on a single processor computer. Con-
sider first the simple task of summing N num-
bers. On a conventional computer this requires
N-1 execution cycles, while on a highly parallel
computer only 1+log.N execution cycles are
required, e.g. given 1000 numbers perform 500
additions (on disjoint pairs) during the first
execution cycle, then perform 250 additions on
pairs of these results during the second execu-
tion cycle, ete. Thus, there is a ratio of 999 to
11 in the number of execution cycles. Next,
consider muitiplying a 20 element vector, B, by
a 20 X 20 matrix, A. On a single processor
computer, 780 additions and multiplications are

20

Z a,-‘,»bj for ]21,20.
Je=

required to compute ¢;

On a highly parallel computer, the 400 multi-
plications are performed during the first ex-
ecution cycle, and only six more execution cycles

* Under contract with the United States Air Force, Aeronautical Systems Division, Contract No. AF 33(657)-

7391. Wright-Patterson Air Force Base, Ohio.
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are needed to produce the 20 sums of 20 num-
bers each. Thus, a ratio of 780 to 7 in the
number of execution cycles is obtained. Other
computations studied in detail include matrix
inversion where several matrices of instruc-
tions are used to obtain a ratio of 40,000 to 61
in the number of execution cycles. The algo-
rithm used is given in,* and the highly parallel
computer program is given in Appendix A.
And finally, in demonstrating programmability,
a ratio of over 50 to 1 is obtained in the number
of execution cycles on the numeriecal solution of
20 second-order differential equations using the
fourth-order Runge-Kutta method.

A formal procedure was also devised for
detecting the degree of parallel computation
obtainable from a given algorithm. This work
is presently being prepared for publication.

The following computer organization is pre-
sented to show that the design of a highly
parallel computer is technically feasible. The
computer is constructed from a number of iden-
tical modules. Each module contains: 1) one
word of storage which may contain either an
instruction or data, 2) arithmetic and opera-
tion decoding circuits, and 3) path-connecting
circuitry. See Fig. 1. There are 2" modules
(words of storage) each directly connected to
n other modules. In particular, each module is
placed at the vertex of an n-dimensional cube,
and the edges of the n-cube are wires. See Fig.
2 for the two-dimensional layout of the ma-
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NOTE: For a 4096-module
machine (n—12) there would
be 6 masks each with 2048
lines formed trom 64 copies
of a 32-line pattern.

chine. Execution proceeds as follows: (a) Each
module containing an instruction to be executed
becomes active. (b) Paths are formed from
active modules to modules designated by the
three addresses of each instruction. A path
may enter a module, pass through a gate in the
path-connecting circuitry, and leave a module
without affecting the storage or arithmetic of
the module. (¢) Operands are routed along
paths to the modules where arithmetic opera-
tions are performed. (d) The operations are
performed. (e) When all operations are com-
pleted and paths removed, the next execution
cycle begins.

The motivation in choosing this organization
for obtaining the desired programming ability
stems from the following ideas about realizing
a highly parallel computer. 1) The only way
to be sure there are enough operation decoders
and arithmetic units available is to have one
for each word of storage. This also avoids all
priority problems associated with assigning in-
structions to processors. Further, with more
than one word of storage per module, there
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would be insufficient path connecting to give
simultaneous random access. 2) The modules
could be identical, thus interchangeable for
servicing, and adaptable to mass production
techniques. 3) The n-cube is the geometric con-
figuration providing maximum interconnection
while retaining one-half the vertices isolated
from each other. Without such isolation there
is the unsolvable priority problem of two iden-
tical modules attempting to connect to each
other simultaneously. In this case, either both
connect and computation errors occur, or
neither connect and the machine hangs up. The
isolation is accomplished by having all modules
with an even number of ones in their address
extend paths one unit. Then, the remaining
modules extend their paths one unit, ete. The
logic for determining which of a module’s n
neighbors a path should connect to is performed
by a simple logical circuit. The address of the
path’s destination is ring-summed with the
module’s address. Each bit position where a
one results designates a module that is one unit
of Hamming distance closer to the destination.
The only remaining priority problem is when
two paths emanating from the same module
require the same path segment. Since this is
not a function of the state of any other module,
a simple logical matrix can be used to allow
one path to extend and reroute the other path.
Further details about operation codes, pro-

gramming and logical design are given in the
Information Systems Laboratory Report.®

The number of simple logical components
required by a 4096-module machine as described
above is approximately 5 million. A partial
breakdown would include 1.1 million compo-
nents for storage, programmable and internally
used; 1.6 million components, each, for path
connecting and arithmetic circuitry; and an-
other .5 million components for miscellaneous
control, including central timing and synchro-
nization. The building of a 4096-module ma-
chine would require about 20 times as many
components as STRETCH and, as such, is
within engineering feasibility. The economics
would then depend on an application needing
a speed advantage of 100 to 1 or more, and
finally on the abilities of logical and circuit
designers and component manufacturers.

The organization of a highly parallel com-
puter has been proposed from the programming
point of view. As such, it fulfills the implica-
tions of its name by being easily utilized for
parallel computation. It has been shown that
hundreds of processors are needed to decode
and perform hundreds of operations simultane-
ously. It has also been shown that simultaneous
random access is required in order for the
arithmetic circuits to fetch their operands. In
these ways, no lesser organization could accom-
plish the same task,
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APPENDIX A

MATRIX INVERSION PROGRAM FOR THE DESCRIBED MACHINE

m: ———
T
INSTRUCTION OPERATION ADDRESSES a,B,y
LOCATION
*
* THE NXN MATRIX IN THE 'A' REGION IS
* INVERTED BY A GAUSS-JORDAN METHOD.
* THE INVERTED MATRIX REPLACES THE
* ORIGINAL CONTENTS OF THE 'A' REGION
*
ENTRY PROCEED= | 0,0,SETL'(1)

SET1'(1)...SET1'(N)
SET1'(N+1)
B(1)...E(N)
LA'(1)...LA'(N)
1(1,1)...L(1,N)
L(N,1)...L(N,N)
B'(1)...B'(N)

Q'(1)...Q"(N)

U(1,1)...0(1,N)
U(N,1)...U(N,N)
#(1) . .. F(T)
M(1,1)...M(1,N)
M(N,1)...M(N,N)
¢t (1)...ct(W)
T(1)...T(N)
vi(1)...v(N)

INDADR
INDADR

I0AD

INDADR
IOAD

s s

INDADR

INDADR
ETC
DIVIDE

DIVIDE

MULTTIPLY

INDADR

LOAD
INDADR
ETC

FIRST EXECUTION STEP OF A THREE-EXECUTION
STEP IOOP THAT WILL BE PERFORMED N TIMES.

LA'(1),E(1),Q'(1)...TA(N) ,E(N),Q' ()
EXIT

ARK,A(1,1),F(1)...AKK,A(N,N),F(N)

(1,1)...L(N,1),...,L(1,N)...L(N,N)
B'(1),A(1,1),M(1,1)...B'(1),A(1,N),M(N,1)
B'(N),A(N,1),M(1,N)...B"(N),A(N,N),M(N,N)
AT(1,1)...A7(1,N),...,AT(N,1)...AT(N,N) '
u(1,2)...u(1,N),,0(1,1)...U(I,I-1),U(I,I+1)...
u(1,N),,u(N,1)...U(N,N-1)
A(1,1),A(1,1)...A(1,N),A(1,1) ,T(1)

A(N)l) ;A(N)N) .. -A(N)N) :A(N:N) :T(N)

S/ECOND EXECUTION STEP
A(1,1),AKK,G{1) ...A(N,N), AKK, G(N)
c'(1),A(1,1),s(1,1)...c (W) ,A(1,N),S(1,N)
c'(1),A(N,1),8(N,1)...C"(N),A(N,N) ,S(N,N)
AT(1,1)...AT(N,1),...,AT(1,N)...AT(N,N)
v'(1) ,ZER0,Y(1)...V'(N),ZERO,Y(N)

A(2,1) .. A(N,1),,A(1,I)...A(I-1,T),A(I+1,I)...
A(N,T),,A(1,N)...A(N-1,N)



INSTRUCTION
LOCATTON OPERATION ADDRESSES o,B,7
*
*
* THIRD EXECUTION STEP
*
a(1)...q(w) DIVIDE A(1,1),ARK,SET1'(1+1)...A(N,N) , AKK,SETL1' (N+1)
*
s(1,1)...s(1,N) SUBTRACT A(1,1),AT(1,1)...A(N,1),AT(N,1)
S(N,1)...s(N,N) A(N,1),AT(N,1)...A(N,N),AT(N,N)
*
* ON THE ITH PASS THROUGH THE LOOP
* THE ITH ROW OF SUBTRACT INSTRUCTIONS
* IS INHIBITED.
*
Y(1)...Y(N) INHIBIT =2 (1) .=y =-,2'(N)
*
Z'(1)...2'(N) INDADR s(1,1)...8(,8),...,8(N,1)...8(N,N)
*
* END OF COMPUTATION LOOP
*
* STORAGE ASSIGNMENT
*
A(1,1)...A(1,N) DATA
A(N,1)...A(N,N)
*
AT(1,1)...AT(1,N) TMPSTR
AT(N,1)...AT(N,N)
*
AKK T™PSTR
*
ZERO DEC 0

*
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A few comments should allow the interested
reader to understand the details of the matrix
inversion program. 2+1 addressing is used
where the first address is one operand and the
location of the result. The second address is
the other operand, and the third address desig-
nates the location of the next instruction. A
prime indicates indirect addressing, and the
pseudo operation INDADR sets up a tree of
indirect addresses.

The sequence of instructions which form the
“loop” is:

ENTRY —SET1 (1) — EQ)— F(1) — G(1)
—SET1" (2 —E@) —F©) ...E®) — G
—S8ET1 (N+1) —EXIT. '
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MANNED SPACEC

An Introduction to a Panel Discussion organized and

RAFT SIMULATION

moderated by

John McLeod
General Dynamics/Astronautics
San Diego, California

Computer simulation of electro/mechanical
systems has become so important in our world
of technical complexity that to many of us the
very word “Simulation” has come to suggest
first—if not exclusively—just that; the com-
puter simulation of complex physical systems.

Would that a definition of simulation could
be that concise! Or that there were a different
word for each of the several major kinds of
simulation.

A recent survey, in which the author re-
quested workers in various areas of simulation
to give a one-paragraph definition of the mean-
ing of “simulation”—to them-—documented a
situation which has bothered many of us for
some time: Simulation can mean most anything,
depending on-to whom you are speaking.

And Webster’s Unabridged is no great help!
Among the definitions given therein are: Simu-
lation—profession meant to deceive—a coun-
terfeit—a fraud—

Now are any of us, as practitioners of the
fine art (or science!) of Simulation going to
hold still for that?

Less misleading, but still illustrative of the
breadth of the field, are the two main and here-
tofore fairly discrete branches of simulation
which our panel will discuss under the combin-
ing title “Manned Spacecraft Simulation.”

Today’s Aerospace (née Aircraft/Automo-
tive/Appliance) industry, has long been the
leading proponent of computer simulation as
a technique for the design and evaluation of
their complex electro-mechanical systems.

To a lesser extent, and more recently, the
areospace industry has come to rely on simu-
lators involving computers for pilot and crew
training. These are generally referred to as
Operational Flight Trainers, or simply OFTs.
However for some obscure reason these two
methods of simulation which have so much in
common have, to a large extent, gone their
separate ways. But now with man’s venture
into space this can no longer be. Circumstances
are forcing a shotgun marriage which is long
overdue! v

It is this union that the panel will discuss;
its raison d’étre, what it is, its value, its short-
comings, and our hopes for its future.

To better understand the union and its
promise let us look at the partners.

Simulation for the design and evaluation of
electro-mechanical systems has usually been
accomplished by programming the computers
to solve the mathematical equations describing
the dynamics of the system under study. Sys-
tems could then be “exercised” under various
synthesized conditions and parameters changed
to improve or optimize the system according
to some preconceived criteria. The computers
used were usually general-purpose analog or
digital (or combined analog-digital systems)
and the optimization was done either manually
(by dial-twiddling or parameter-juggling) or
automatically (by programmed iterative tech-
niques).

To minimize errors caused by discrepancies
between the mathematical description of com-
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ponents and their actual performance provi-
sions were often made for inserting real “hard-
ware” into the simulation. But man as a system
component was seldom included.

Contrasted to this were the Flight Trainers
in which man is of primary concern. These
usually consist of special-purpose “cockpits”
and special-purpose computers. The interior
of the cockpit is often a faithful reproduction
of that of a specific craft, complete with “live”
instruments. Visual, kinesthetic, auditory, and
other “cues” are generated and used to syn-
thesize the expected environment—with vary-
ing degrees of reality. The consequences of the
crew’s manipulation of the controls are com-
puted and used to control the cockpit instru-
ments and displays, and to appropriately alter
the various environmental cues.

In the past the steps from one kind of air-
craft to a more advanced one were small enough
to allow extrapolation from what a man could
do in one to what he could be expected to accom-
plish successfully in the other. The danger
inherent in flight testing was tolerable, the cost
bearable, and failures were seldom of interna-
tional import.

Not so today! Our step into space is a
whopper. We cannot extrapolate. And we
cannot afford flight tests: The danger to human
life is too great; the dollar cost well-nigh un-
bearable; and failures are far too damaging to
our national prestige. Our testing must be done
on the ground where the man will be safe, and
in a laboratory where “failures” can be care-
fully analyzed without the world looking over
our shoulder. In short, the “flight” part of
“flight test” must be simulated. We have called
this kind of simulation Manned Spacecraft
Simulation. And it requires a combination of
the best that the other kinds of simulation have
to offer.

In Manned Spacecraft Simulation the gen-
eral-purpose computers and the design and
evaluation aspects of physiecal system simula-
tion are combined with the man-centered simu-
lation techniques of the OFT’s to accomplish
what neither could do alone. Figure 1 is a
photograph of one of the offsprings of this
union. While Figures 2 and 3 show other kinds
of spacecraft “simulators.”

To discuss Manned Space Simulation, how
they became involved in it, what they think

about it—good and bad—and to take part in
that most dangerous armchair sport, predicting
the future, we have engineers who design and
operate such simulators, psychologists and
human-factors people who design and conduct
experiments using them, and tesi-pilots who
“fly”’ them.

I will introduce the panelists by quoting some
written material which they have furnished
for the purpose.

Dr. Stanley Deutsch is Chief of Systems Re-
search and Analysis for NASA’s Man-System
Integration Division. As a Psychologist con-
cerned with Systems Analyses and Human
Factors he should be able to speak with author-
ity of the requirements for manned spacecraft
simulation in the U.S. Space program.

Before joining NASA Dr. Deutsch was Vice
President and Chairman of the Scientific Panel,
CONSAD Corporation; Head of Technical Staff
for Human Factors, Missile and Space Systems
Division, Douglas Aircraft Company; a Re-
search Psychologist, Air Force Ballistic Mis-
siles Division, Headquarters, Inglewood and
Vandenberg Air Force Base; Head, Human
Factors Support, Titan Program, the Martin
Company; and a Research Psychologist and
Project Director, U.S. Navy Electronics Labo-
ratory, San Diego.

The greatest value of Manned Spacecraft
Simulation, Dr. Deutsch says, is that “it pro-
vides an excellent system tool for the entire
design, development, production, training and
operation of space systems. It can be used for
both ground support and manned space flight
analysis and evaluation. When properly
planned and implemented, simulation can be
used to provide an analog of major aspects of
space system development, evaluation, and op-
eration. It provides an effective means for
predicting design requirements, testing ap-
proaches, evaluating alternate configurations,
and providing training equipment design and
training program criteria.”

Concerning the shortcomings of MSS, Dr.
Deutsch states “The more the simulation be-
comes like the real world, the greater the cost.
In many cases simulators may actually exceed
the cost of the operational equipment. A better
comprehension of the purposes of simulators
would help reduce these costs. Simulators fre-
quently lag the critical design and system in-
tegration phases and thus end up more as tools
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Figure 1. One example of Manned Spacecraft Simulation, showing the “gondola” and external visual cues—
in this case a starfield and horizontal independently projected on the inside of a 20’ sphere. By manipulating the
gondola controls the operator can duplicate any maneuver of the simulated vehicle in a real time/space condition. The
impression of movement is given by the actual physical surge of the gondola along the path it would naturally take.
The movement of the visual field in the opposite direction completes the psychophysiological pattern of the desired
flight mode. An analog computer generates the commands to cause the proper motion of the gondola and the correct
relative motion of the stars and horizon This is the Chance Vought Astronautics Division Manned Aerospace Flight

Simulator in their Grand Prairie, Texas, plant.

for the evaluation of a completed design than
as a concurrent adjunct to all phases of design.
By the time simulation is used, many design
decisions are frozen. In general, the full powers
of simulation are not exploited to their great-
est potential.

“However,” Dr. Deutsch concludes “I feel
that the many advantages of manned space
simulation are commanding greater attention
and consideration in all aspects of planning and
research on advanced aerospace systems.”

Dr. W. R. Laidlaw is a representative of
industry who has had wide experience with
simulation devices. He is Vice President, Ad-
vanced Systems, North American Aviation,
Incorporated, Space and Information Systems

Division. He has a BS in Aeronautical Engi-
neering from the University of Toronto and an
MS and Se¢D in Aeronautical Engineering from
the Massachusetts Institute of Technology.

Dr. Laidlaw was associated with the De-
Haviland Aircraft Company of Canada and the
Massachusetts Institute of Technology, Aero-
elastic and Structures Research Laboratory
before joining North American Aviation, In-
corporated in 1954. After some time with the
Columbus, Ohio Division, he transferred to the
Company’s General Office in Los Angeles where
his responsibilities included the operation of
the Division’s digital and analog computing
facilities in which considerable effort was ex-
pended in the development of fixed and moving
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Figure 2. Another kind of Manned Spacecraft Simu-
lator. In contrast to the kind shown in Figure 1, which
is in general use to determine if and how well a man can
“fly” the simulated spacecraft, this kind of simulator is
used to determine if and how well a spacecraft crew can
survive in space with various types of life-support
equipment. Volunteer crews have spent many days in
such simulators while aerospace medicine personnel
use biomonitoring equipment to observe their psycho-
logical and physiological functions and human factors
personnel use closed-circuit T-V to watch their every
action as they perform space-type tasks, exercise, re-
lax, and sleep. This is the ‘Manned’ Static Space Simu-

lator at General Dyvnamices/Astronautics in San Dices
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base simulators for engineering research and
development.

In 1961 he came to his present position where
he is responsible for the study of future manned
and unmanned space systems and launch vehi-
cles for both scientific and military applications.

“Manned Space Simulation,” says Dr. Laid-
law “has two major values. The first of these
is in the vital role that it plays in the develop-
ment process of complex systems by providing
an environment within which the engineer can
formulate the solutions to problems which
would otherwise await the availability of flight
test hardware. The second value of space simu-
lation is the role which it plays in the training

of flight and ground crews for the eventual
operational problems which they will face.

“The combined engineering development and
training features of space simulators enable
significant gains from the point of view of pro-
gram timing, economics, and ultimate program
success.

“Perhaps the greatest shortcomings attribu-
table to manned simulators” Dr. Laidlaw says,
“is their inability to reproduce the psychologi-
cal environment associated with a complex and
dangerous space operation. This shortcoming
can be circumvented in many instances by ap-
propriate and careful attention to experimental
design. Obviously, there remain many addi-
tional “mechanical” limitations associated with
motion, optics, local environment, etc. To a
high degree however, these exist because of
design, hardware, or financial limitations; and,
accordingly, can frequently be minimized in
specific programs or applications.”

The next Panelist, Mr. William B. Luton, is
an engineer who has been responsible for the
design, construction, and operation of one of
this country’s better-known Manned Spacecraft
Simulators. He is Supervisor, Manned Aero-
space Flight Simulator, at the Chance Vought
Corporation, Dallas, Texas.

Mr. Luton is a graduate of the Univeristy of
Houston, with a B.S. degree in Mechanical En-
gineering and of the V-5 Naval Aviation Cadet
Program. He has served as a Naval Aviator
and been employed as a design engineer for a
scientific instrument manufacturing firm. He
joined Chance Vought Corporation in 1950. He
was made Project engineer in 1958 for the de-
sign and development of a Cockpit Character-
istics Simulator for investigating the orbital,
re-entry and hypersonic glide phases of the
Dyna Soar mission. He was project engineer
for a study forecasting the Air Force space
crew training requirements for the next 15
years, and originated the concept for, and
served as project engineer for the development
of Chance Vought’s Manned Aerospace Flight
Simulator. He is currently supervisor of that
facility.

Among Mr. Luton’s writings are “Selection
and Training of Space Flight' Personnel” (co-
author) ; “Manual Flight Teckniques for At-
mospheric Re-entries’ ; “The Role of Simulators
for Research and Training”’; “Manual Control
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Figure 3.

As indicated by the completely different configurations and functions of the simulators of Figures 1 and

2, it is often necessary to conduct “part-task” simulations. Even if it were possible to simulate everything at once the
experiment—and the equipment—would be so complex as to make it impractical. This part-task simulator at NASA’s
Ames Research Center in California is basically a centrifu ge with a man-carrying cab mounted on the arm. Although
capable of creating up to 6 g. in continuous rotation, it is more often used as a five-degrees-of-freedom motion simu-
lator. The gimballs allow three degrees of angular freedom ; the vertical rails allow vertical motion; and small angu-
lar movements of the arm approximate pure lateral motion at the cab.

Underlying the basic question “Is your information valid ?”’ is this one of part-task simulation: “Can interaction be

ignored—or the results be predicted adequately?”’

of Launch Vehicle Systemé”; and “Space Simu-
lators—Prelude to Manned Space Flight” (co-
author).

“The greatest value of MSS,” Mr. Luton
writes, “lies in Human Capability Studies to
provide trade-off data for use in Man-Machine

s «m
Task Allocation.” “Too many assumptions are

being made” he says “regarding a pilot’s capa-
bility and what he requires to accomplish space
missions. Of almost as much value as task
allocation is the use of MSS for spacecraft de-
sign, cockpit procedure and flight technique
development; and crew training.”

Mr. Luton considers the greatest shortcom-
ing of MSS today to be the low fidelity of the
visual and physical cues as well as stressors.
This shortcoming and the absence of the “fear

factor” prevents the test subject or trainee from
achieving a realistic psychological and physio-
logical behavior such as would occur in the
actual case. “Quantitatively” he says, “all simu-
lation shortcomings are perhaps no more than
10% of the total job to be done. However, a

10% deficiency in spaceflight is very costly.”

Anyone for arguing Mr. Luton’s last point?

The next Panelist is John M. Stroud. Mr.
Stroud neither designs, uses, nor flies simula-
tors, but he has designed many experiments
with ‘“homo sap” in the loop. And John has
some very definite ideas about man—and man-
kind—in space.

Mr. Stroud is a member of the Operations
Research Group, Command Staff, Pacific Mis-
sile Range, Point Mugu, California. His Aca-
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demic training was in Economics and Psychol-
ogy, but he considers himself a General Scien-
tist.

According to his own testimony Mr. Stroud
“has waged a life long battle against the pres-
sures which are brought to bear on all men
who enter the world of science to become a
member of one of the species of socially ap-
proved and desired scientific specialists, a man
who necessarily can act like a scientist only
about some things, at some times, and hope-
fully will do so only as directed and when ap-
proved by proper authority.” “He hopes to live
long enough”, he says “to see the current grow-
ing interest in the utterly imaginary creature
the ‘interdiciplinary specialist’ (for all scien-
tists must be specialists of some sort, at least
by fiat) give rise to an acceptable profession,
the General Scientist, who can attempt to act
like a scientist about all things at all times, in
spite of his complete incapacity to replace his
specialized fellows (who can always be found
vastly more competent with respect to any spe-
cific thing at any specific time).”

Mr. Stroud’s interest in Manned Spacecraft
Simulation grows out of his basic interest as a
general scientist; the answer to the very gen-
eral question of ‘“whither mankind.” “It was
apparent to him, in his youth”, he says, “that in
the latter part of this century and the first part
of the next mankind would begin to explode off
the earth and would have established the first
self-sustaining colony off of this earth by the
middle of the twenty first century.” Much of
Mr. Stroud’s own work in the area has been an
effort “to separate the myth and social wishful
thinking in these dreams of mankind from the
solid scientific dreaming—which will be
realized.”

Mr. Stroud is of the opinion that “we still
suffer from considerable lunacy in our lunar
program, and from astrology in astronautics
generally. The lunacy lies less in what we do
than why we believe it worth doing. The astrol-
ogy lies not in our developing technology, but
in our almost fanatic preoccupation with major
planets which are extremely difficuit to colo-
nize.” “We are only very slowly and painfully
learning” he says, “that Space itself is the real
domain of interest.”

Mr. Stroud’s regularly repeated prediction
is that within a thousand years there will be a

thousand times the earth’s present population
living in the solar system, although not ten per-
cent of this population will live on any planet
or moon. And with slight provocation he will
attempt to show how the earth could be disas-
sembled and reassembled in a technically more
useable design; one that would provide ade-
quately for a million fold increase in popula-
tion. But, he will argue, there are still more
efficent methods of building in space—‘“the
earth should be kept relatively untouched as a
monument to the origins of mankind!”

“In this context manned spacecraft simula-
tion is an essential technique. It is the only
way we can afford to fail often enough to learn
enough to accomplish what man envisions. Suc-
cess never contributes to our wisdom. When we
succeed, we merely demonstrate that we knew
what we thought we knew and are none the
wiser.

“All of the specific virtues of Manned Space-
craft Simulation follow from the fact that this
technique can give us many failures—and they
can be minutely measured and studied at low
cost.” :

Mr. Stroud does wish to point out, however,
that although “in general simulation affords the
most useful failures at the least cost, it is valua-
ble only so long as this is true—and it is not
true without limit. As the art of space flight
progresses, earth-bound simulation of the space
environment becomes more difficult; it must be
more precise and more detailed, and it must be
carried out for longer periods. The cost of the

simulators will rise as some large power of the
dimensgions of the device, and with timpe. Amd
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productivity will fall with time. Each test will
require more time to set up, more time to
execute.

“At the same time, the cost of a pound of
freight to space will be declining. Probably
before the end of the decade simulating the
space environment will come to a halt in area
after area as it becomes easier to take the test
into space than to simulate space in an earth-
bound test.

“Today is not too soon to demand simulation
facilities in space for delivery before 1970.”
Mr. Stroud thinks, “In the long haul, it will
matter far more which contender in the space
race manages to get the first good laboratory
into orbit than which first manages to get moon-
dust on its astronauts’ face plates.”



Professor Paul M. Fitts is the next Panelist.
Dr. Fitts is Professor of Psychology at the Uni-
versity of Michigan, where he also serves as
Chairman of the Committee of Adaptive Sys-
tems of the Institute of Science and Technology.
He is a past-president of the Society of Engi-
neering Psychologists, currently the President
of the Human Factors Society, and a member
of the Board of Directors of the American Psy-
chological Association, and of the American
Institute for Research. Dr. Fitts was in the
Air Force during World War II, and has served
on many Government scientific advisory groups
including the National Research Council Com-
mittee on Aviation Psychology, the NACA
Panel on Crash Injury, the Defense Science
Board, the Air Force Scientific Advisory Board,
and as a consultant to the President’s Science
Advisory Committee. He also has been consult-
ing psychologist on numerous assignments for
industry.

Dr. Fitts observes that “simulation for use
in research to determine man-machine system
design characteristics poses somewhat different
requirements than does simulation for crew
training. However, both applications require
quantitative, reliable, and valid performance
measures. There is no point in simulation with-
out the quantification of system performance.

“The issue of realism or completeness of
simulation, from a psychological viewpoint
(i.e., from the standpoint of developing human
skills and measuring human and system per-
formance), can only be answered on the basis
of adequate theory regarding human perform-
ance characteristics. To what extent can a man
time-share, or multiplex? (This relates to the
question of completeness of mission simulation.)
To what extent will extensive training, say up
to one hundred hours, in a specific subroutine,
improve overall performance that involves con-
current performance of several subroutines?

“For both research and training purposes it
is necessary that simulation equipment permit
the controlled variation of system parameters
over a range of values. Training demands that
immediate feedback to the human operator of
augmented information regarding system per-
formance be given; extensive training under
such conditions is also necessary before per-
formance data are of much value in system
design.

“The greatest shortcoming of MSS today”
Dr. Fitts says, “is the same as that which has
plagued the simulation area for the past twenty
years—Ilack of versatile and reliable simulation
equipment in sufficient quantity to permit sci-
entific (general) answers to be obtained to the
basic issues regarding the capabilities and
limitations of manual operation. It is conserva-
tively estimated that as much as five hundred
hours of quantitative data (fifty hours of train-
ing data for each of ten human {operators) are
often needed in order to obtain such answers
to each question that is worth answering about
simulation. No amount of expert opinion from
psychologists, engineers or astronauts can sub-
stitute for such data.”

The next Panelist is Dr. John M. Hunt, Senior
Vice President and Technical Director, Simula-
tion and Control Group, General Precision, In-
corporated, Binghamton, New York. He holds
the degrees of B.S. in Engineering Physics from
the University of Kansas, M.S. in Electrical
Engineering from the Massachusetts Institute
of Technology, and Ph.D. in Electrical Engi-
neering from Stanford University.

Dr. Hunt served as an Electronics Officer in
the United States Navy during World War II
and since 1949 has been affiliated with the Link
Division of General Precision, Incorporated.

At GPI where Dr. Hunt’s principal activities
have been in the development and application
of large-scale special-purpose analog and digital
computers for vehicle dynamic simulation. He
holds 20 patents in this field and has a number
of other patent applications pending.

Dr. Hunt became actively associated with
manned spacecraft simulation as the result of
the extension of the activities of Link, now
actively engaged in the manufacture of large-
scale manned space vehicle simulators for
NASA and the Department of Defense.

Although it is difficult to single out a specific
principal advantage of MSS, Dr. Hunt feels
“the strongest justification for simulation might
lie in the areas of over-all systems integration
and training. In an inherently costly and dan-
gerous mission necessarily involving integrated
activity of many people scattered throughout
the world, the opportunity for repeated and
meaningful dress rehearsal before actual launch
is of enormous importance. This feeling is sup-
ported by the fact that substitute procedures
could be employed if necessary in most other
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phases of engineering and planning underlining
manned space flight if simulation techniques
were not available. I find it almost inconceiva-
ble, however, Dr. Hunt says, “that the incredi-
bly complex interrelationships of human and
equipment tasks which characterize an actual
mission could be effectively integrated without
recourse to full-scale systems simulation.

“There is little doubt that the present state-
of-the-art in generation of realistic visual and
motion cues for MSS equipment seriously lags
behind the state-of-the-art in simulator compu-
tation. Nevertheless, as a professional devotee
of large-scale simulator computer systems and
techniques, I would like to raise a small voice
toward provision of highly faithful dynamic
computation in MSS equipment. There is con-
siderable justification for the belief that dy-
namic computation anomalies in existing simu-
lators have contributed in part to complaints
directed towards the realism of visual and
motion cues. In recent years, progress in com-
puter design is such that there is no longer
significant economic justification for tolerance
of inadequacies in MSS simulation computa-
tion.”

The next Panelist is Mr. Wesley E. Woodson,
an Engineering Psychologist (Human Engi-
neer). He is a member of the Life Science Sec-
tion at GD/A and is active in manned space
vehicle and station research development—
especially with reference to the human operator
link and dynamic man/machine interface prob-
lems.

Mr. Woodson is author of the widely used
Human Engineering Guide for Equipment De-
signers, published in 1954 by the University of
California Press, and a contributing author for
Industrial Electronies Handbook, published in
1959 by the McGraw-Hill Company.

Speaking of our topic in general, Mr. Wood-
son observed “one of the most serious problems
we face in full integrated man-machine simu-
lation (regardless of whether we are concerned
with design, testing or training) is the fact that
we are not clear in our own minds just what it is
we need to simulate.” Certainly we can list a
number of items which appear to be obvious.
However, when we begin to consider the inputs
to the human which are dependent on his per-
sonal perceptual characteristics, it is a tough
question to identify these in explicit, quantita-

tive terms. A typical example is the oft-quoted
“fear” effect. Is this something which is neces-
sary? And is it ever possible to know if we have
created it as it might actually exist in the
expected operational environment?

“Another example of an area of uncertainty
is the term ‘realism.” Is a mirage on the desert
‘real’? After all, it appears to have all of the
perceived attributes of the real thing. Another
factor which is poorly understood involves
human imagination. A pilot ‘under the hood’
can imagine all sorts of things because of his
instrument readings and ‘seat-of-the-pants’
feel. But how much of this imagination is
related to the flying problem in the air as com-
pared to the flying problem in a simulator?

“It has been demonstrated that the worst
thing that can happen in simulation is to intro-
duce something which is obviously out of char-
acter with the ‘realistic environment’ you are
trying to create. On the other hand there is
precious little evidence to date on the effect of
lack of realism in the synthesized environment.
In other words, is it necessary to try to accu-
rately include all of these so-called environ-
mental cues—with the attendant possibility of
introducing artificialities?”

Asked about the Greatest Value of MSS Mr.
Woodson replied: “I see two most important
values: (1) we can devise and test a proposed
system (including man in the loop) before we
are committed to any specific design concept,
(2) we can flight-test the final system without
its ever “leaving the ground” (which is not only
safer, but also cheaper).”

Concerning the greatest shortcomings he
said: “I belive there are two primary problems
today—particularly from the human engineer’s
point of view, i.e., (1) lack of flexibility (too
long to set up new programs), and (2) too ex-
pensive to run a given exercise (in order to
study a given configuration objectively, it is
often necessary to run a simulator many
hours).”

As the final speaker on our panel we have a
test pilot, or more accurately a Research Pilot,
to give us some background information about
himself and some opinions on the value and
shortcomings of MSS. Then perhaps in the dis-
cussion period to follow he will tell us how
“flying” one of these gadgets compares with
flying the real article.
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Robert S. Buchanan, Major, USAF, is Chief,
Research Pilot Division, Aerospace Research
Pilot School, Edwards Air Force Base, Cali-
fornia. He obtained his Ph.D. in Aeronautical
and Astronautical Engineering, from the Uni-
versity of Michigan. He is also a graduate of
the USAF Experimental Test Pilot School and
" Aerospace Research Pilot School. He has been
a USAF Test Pilot and R & D Officer for the
past ten vears, and involved with Manned
Spacecraft Simulation since establishment of
the USAF. Aerospace Research Pilot training
program in 1961. He is concerned with all gen-
eral areas of simulation not connected with spe-
cific vehicles (i.e., boost and ascent, rendezvous,
re-entry, landing).

“The greatest value of Manned Spacecraft
Simulation as I envision it” Major Buchanan
states, “is in the areas of training and overall
system integration. In the training phase, use
should be made of special purpose trainers to
simulate specific areas of operation such as
orbital rendezvous and docking; also dynamic
simulators such as the centrifuge to expose crew

members to G-loadings at and above levels ex-
pected in flight, and under the same conditions
expected in flight (i.e., eye balls in, out, down).
Finally, overall system integration can be en-
hanced by use of the results of the part-task
simulators, such as hand controller design for
use under G-loads, instrument display, and
cockpit or crew compartment requirements.”

“The greatest shortcoming of Manned Space-
craft Simulation as I see it” he says, “is in the
area of motion cues. Part-task and general
purpose fixed-base simulators provide excellent
training in procedures and controlling tech-
niques; however, the motion cues as presently
employed by most moving base simulators are
unrealistic and of questionable value to the
experienced test pilot: The centrifuge appears
to be the best available method of providing
experience in varying load factor and should be
used in conjunction with special purpose simu-
lation devices.” ‘

Having set the tenor of the meeting with the
foregoing, the points raised are open to dis-
cussion by Panelists and Audience—and the
Moderator!
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