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also requires the listing of the storage locations of each
input and an associated multiplicative constant. The
relay operation is for the purpose of changing the struc-
ture of a problem during running. Such changes will
cover, for example, changing the rate of integration, or
blind-spot functions in control systems.

With each of these operations there are a few limita-
tions to prevent the magnitude of the functions from
getting too large. With the present coding all variables
are considered as ten-digit numbers less than one, and
all operations round off to ten digits.

INTEGRATION

This is given the number 1 or 2. If called for by 2 then
an upper and lower limit are placed on the output.
There may be as many inputs as desired, each input
being given by a storage location and a multiplicative
constant. This constant can be plus or minus, and
multiplies the input. The last two numbers that will be
listed, will be, in case operation 2 is called, the upper
and lower limits desired.

In this coding system Simpson’s Rule is used for inte-
gration, but any other method could be fitted if desired.
The mesh size of the integration must be stored in some
location, and this location is also fed in as one of the
necessary inputs. This latter information would not be
necessary except that it was thought desirable to be able
to change the mesh size at will, and hence its location
must be spelled out.

ADDITION

Operation 3 or 4. This operation is similar to integra-
tion in its inputs and forms the sum of the inputs. If
operation 4 is called then the output will be limited be-
tween two specified numbers.

MULTIPLICATION

Operation 5. Two storage locations and a multiplica-
tive constant must be supplied.

DivisioN

Operation 6. The location of the dividend and a
multiplicative constant must be supplied, and the loca-
tion of the divisor.

RELAY

Operation 7. This operation affects any part of the
program that is desired, and changes operations, input
locations, or multiplicative constants as a function of
the sign of the difference of two inputs. While this par-
ticular operation has proved valuable, its form is de-
pendent on the specific coding and machine used. Rather
than describe its form as used for the 701, its purpose
will be given. With this relay operation any effect that is
possible with relays on an analog computer should be
possible. This includes such effects as blind spots in
functions, or step functions. It is also possible to change
the rate of integration, by changing the mesh size used.

It is easy to arrange an absolute value function, or auto-
matic scaling on parts of a problem, though the latter
effect is very extravagant in machine time and space.

Two extra operations need to be mentioned. One,
operation 8, stops the problem when some prede-
termined condition is satisfied, and the other, operation
9, is only for indicating the completion of problem
coding.

Since computation proceeds serially, the storage loca-
tions are assumed to be consecutive, starting at 1, and
the coding to be assigned to each location is also
assumed to be consecutive.

As a brief indication of the system planned, let us
consider a very simple differential equation, and its
coding, both for the digital and the analog computer.

a’y dy
—+1/2=+y=x, y(0) = 1/10, y(0) = 0.
dx? dx

In order to maintain the comparison as far as possible,
let us assign dy/dx storage location 1, and amplifier 1
(with the feedback appropriate to an integrator), y
storage location 2 and amplifier 2, and «x storage location
3, and amplifier 3. The extra constants necessary for the
digital machine are the mesh size in storage location 4,
and in storage location 5 a constant 1, necessary in
generating x. With these definitions the analog computer
diagram might be as shown in Fig. 1. The digital com-
puter coding for the same problem would be as shown in
Table I, where L is used to indicate a storage location.

I

7

Y+Y2+Y=T

P
A

Fig. 1

If this coding is followed through, it is clear that it is
very similar to the analog coding. The initial conditions
are inserted by punched cards (or other standard
means), as is the problem coding. The type and quan-
tity of output is too dependent on the particular
machine to be described. It must suffice to mention that
graphical output is available with some computers, and
that it is simple to arrange for almost any type of out-
put.

The advantages and disadvantages of this system can
be covered easily. The main disadvantage at present is
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speed of operation. Given a problem completely set up
on an analog computer, the running time will be con-
siderably less than for the digital machine. This is, how-
ever, curable to the extent that digital machines will
continue to speed up. There may also be objections on a
specific machine because of lack of desired output form,
but this can be remedied.

On both computers there will be the trouble of scaling,
to prevent variables running beyond assigned limits.
This seems incurable on an analog machine, whereas
new digital computers with built in “floating point”
operation will remove this problem. Such computers are
beginning to become available; the only reason the
present system does not operate as “floating point” is
the time loss involved in such arithmetic. '

Changing initial conditions or problem constants
(“pot” settings) is equally easy in either machine, since
the digital machine can take any input desired.

There are, however, several advantages for the digital
computer that are of considerable importance.

First of all, the digital computer has a far greater ac-
curacy available. Since ten digits are carried, one can
expect five-digit accuracy or better, even on very large
problems. This can also be an aid in scaling since di-
vision of all the variables by a large constant will pre-
vent overloading, and still not lose accuracy.

Secondly, one can run problems that are not practical
on an analog computer because of size limitations or
scale factor limitations (where the range of a variable is
too great). Problems requiring more multiplications
than the analog can handle can be programmed easily,
since there is no difference as far as the digital computer
is concerned between the ease of integration, addition,
or multiplication. For the digital computer the limit on
the size of the problem is determined primarily by the
operating time that is permissible, hence very large
problems can be handled if low accuracy is possible, or
enough machine time is available.

One other advantage that has, in practice, become
one of the most important, is the ease of setup. Com-
parable problems can be coded and run on a digital
machine far faster than on an analog computer. This is
partially because of the ease of coding, with a wider

range of input multipliers, and partially because wiring
a complicated patch board can be a major undertaking
of itself, and there is no comparable step in the digital
system. A brief example of this was a problem in aero-
ballistics where one hour’s work, including half-an-hour
of computer time, was sufficient to add another equation
on the digital machine, while about six hours were
necessary on the analog machine.

CONCLUSION

If one considers present-day machines, the digital
computer will solve many problems that an analog
machine cannot; it can yield better accuracy, and
elapsed time from start to finish can be materially
shortened on all but very simple problems. Certain
operations are also possible that are not possible on an
analog computer.

Initial conditions and constant settings can be
changed with equal ease in both machines.

The analog machine, when set up, will operate faster
than the digital machine, and, at present, is cheaper to
operate than the large digital machine needed (this is
only on a per hour basis; over-all time may more than
compensate).

While there are very definitely certain types of prob-
lem that are more suited to ananalog machine, many of
the problems run at present could be transferred, with
advantage, to digital computers.

TABLE I

Operation 1, with Ax in L4
Input —% dy/dx

Input —y

Input x

yields dy/dx
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Introduction to Session on Learning Machines
WILLIS H. WARET, SESSION CHAIRMAN

levels of complexity in machine systems which

exhibit learning ability. It is perhaps a misnomer
to label such devices as “learning machines,” since it is
not the machine itself, but the program that guides the
machine toward its goal, which learns. This topic is un-
fortunately suggestive of the considerable publicity that
has attended the “Giant Brain” ballyhoo directed to-
ward digital systems, but it is not the intention of these
four papers to indicate how to make “thinking” ma-
chines. The first effort in this direction is a careful defini-
tion of “thinking,” which no one has yet given. It should
be very carefully emphasized that machines may be
said to “think” only to the extent that their users and
designers have been able to penetrate sufficiently
deeply into a problem so that all possible situations
which might arise have been examined, and an adequate
program written which describes to the machine an un-
ambiguous criterion for its use in each case. Machine
operation which results from such subtle programs is
then an imitation or simulation of operations which
have previously been thought through and established
by human beings.

It is, however, the intention of these papers to de-
scribe certain experiments in which machine systems
imitate some of the self-organizing and learning proc-
esses of the nervous system. Whether such simulations
are true in the fine structure is of course unknown; much
of the work described by these papers is sufficiently
experimental that it is not even known that the simula-
tion is completely correct functionally. The investiga-
tion of a process so subtle and complex as learning is not
easy; the approach is by way of models which are set
within the framework of a digital computing system.
These papers do not suggest that future learning ma-
chines should be built in the pattern of the general-
purpose digital computing device; it is rather that the
digital computing system offers a convenient and highly
flexible tool to probe the behavior of the models.

This group of papers deals with three distinct levels
of complexity in learning systems. There is consider-
able similarity among the three, but the responses ex-
pected in each case and the questions asked of each sys-
tem vary widely in detail. The paper by Farley and

THE FOLLOWING four papers treat various

t The RAND Corporation, Santa Monica, California.

Clark deals with the most primitive and least complex
level of learning. The system discussed by them is re-
quired to distinguish the simplest kind of decision and is
rewarded for its correct responses. Input to the system
is very restricted and there is no a priori set of opera-
tions which the system performs on its input. The two
papers of Selfridge and Dinneen treat the next level of
complexity. The input is now well organized in two
spatial dimensions and exhibits a well defined topology.
There is an established set of transformations for oper-
ating on this input data, although the criteria for choos-
ing any sequence of such transformations are not
a priori known. The paper by Newell treats the high-
est level of complexity—the game. Here there is a multi-
tude of input data which must be inspected at many
levels. There is a complex set of rules for interplay of
this data but again the criteria for decision are a priors
unstated.

As has been suggested by Selfridge, these levels of
complexity may be likened respectively to the initial
organizational efforts of neural nets in the earliest days
of evolution (Farley-Clark), the learning of pattern
recognition by a maturing individual (Selfridge-Din-
neen), and the action of an entire man as he copes with
the complicated problems of his life (Newell).

This group of papers suggests directions of improve-
ment for future machine builders whose intent is to
utilize digital computing machinery for this particular
model technique. Speed of operation must be increased
manyfold; simultaneous operation in many parallel
modes is strongly indicated; the size of random access
storage must jump several orders of magnitude; new
types of input-output equipment are needed. With such
advancements and the techniques discussed in these
papers, there is considerable promise that systems can
be built in the relatively near future which will imitate
considerable portions of the activity of the brain and
nervous system.

The subject matter of these papers extends over into
several closely related fields. Accordingly, following the
formal papers are invited comments from Walter Pitts,
Research Laboratory for Electronics of the Massachu-
setts Institute of Technology, and George A. Miller,
Associate Professor of Psychology, Harvard University.
These two men have trained, respectively, as mathe-
matical neurophysiologist and psychologist.

CRE2NE=T0
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Generalization of Pattern Recognition in a
Self-Organizing System”

W. A. CLARK{ anp B. G. FARLEYY}

Summary—A self-organizing system reported upon earlier is
briefly described. Two further experiments to determine its proper-
ties have been carried out. The first demonstrates that self-organiza-
tion still takes place even if the input patterns are subjected to con-
siderable random variation. The second experiment indicates that,
after organization with the usual fixed patterns, the system classifies
other input patterns statistically according to a simple preponderance
criterion. Significance of this result as a generalization in pattern
recognition is discussed. Some remarks are made on methods of
simulation of such systems and their relation to computer design.

DESCRIPTION OF SELF-ORGANIZING SYSTEM

N A PREVIOUS paper! the authors described a sys-
tem which organized itself from an initially random
condition to a state in which discrimination of two

different input patterns? was accomplished. The be-
havior of the system was simulated by means of a
digital computer—the Memory Test Computer of
Lincoln Laboratory.

Briefly, the self-organizing system was composed of
two parts. The first part received input patterns and
transformed them into outputs, and the second part
acted upon parameters of the first so as to modify the
input-output transformation according to certain fixed
criteria. These parts were termed the transformation
and the modifier, respectively.

The transformation is a randomly interconnected
network of nonlinear elements, each element having a
definite threshold for incoming excitation, below which
no action occurs, and above which the element “fires.”
When an element fires, its threshold immediately rises
effectively to infinity (it cannot be fired), and then, after
a short fixed delay, falls exponentially back toward its
quiescent value. Furthermore, at some short time after
firing, an element transmits excitation to all other ele-
ments to which it is connected. The effectiveness of the
excitation thus transmitted to a succeeding element is
determined by a property of the particular connection
known as its “weight.” In general, there will be several
incoming connections at any element, each having its
individual weight as shown in Fig. 1. At the instant of
transmission (which is the time of impulse arrival at the
succeeding element), the appropriate weight is added to
any excitation already present at the succeeding cell.

* The research reported in this document was supported jointly
by the Army, the Navy, and the Air Force under contract with the
Massachusetts Institute of Technology.

f Lincoln Laboratory, Massachusetts Institute of Technology,
Lexington, Mass.

1B. G. Farley and W. A. Clark, “Simulation of self-organizing
systems by digital computer,” Trans. IRE, vol. PGIT-4, pp. 76-84;

ptember, 1954,

2 In this paper, the word “pattern” is synonymous with “con-

figuration.”

Thereafter the excitation decays exponentially to zero.
If at any time this excitation exceeds the threshold of
the succeeding element, the element performs its firing
cycle and transmits its own excitations.

Fig. 1—Typical network elements 4 and j showing
connection weights w.

A network such as the one described is suggestive of
networks of the nerve cells, or neurons, of physiology,
but since the details of neuron interaction are as yet un-
certain, it cannot even be said that the networks are
identical without some simplifications which are present.

In the work mentioned, the network was activated
and an output obtained in the following way. The net
was divided arbitrarily into two groups, designated as
input and output groups. The output group was further
subdivided in two, and an output was defined at any
instant by the difference in the number of elements fired
in the two subgroups during the instant. This arrange-
ment might be termed a push-pull output.

The input group was also subdivided into two sub-
groups, and two fixed input patterns were provided,
usually designated as p; and p,. Input p; consisted in
adding a large excitation into all the input elements of
one subgroup simultaneously and repetitively at a con-
stant period, but doing nothing to the other subgroup.
Input p, was just the reverse. In this way output ac-
tivity characteristic of the input pattern was obtained.

It was now desired to provide a modifier acting upon
parameters of the net so as to gradually reorganize it to
obtain output activity of a previously specified charac-
teristic, namely, that patterns p; and p. would always
drive the output in previously specified directions. In
our experiments, 1 was made to drive the output in a
negative direction, that is to say, p; causes more firing
to take place on the average in the first output subgroup
than in the second. In the case of ps, the situation was
exactly reversed.

This desired organization of the net was accomplished
by means of varying the weights mentioned above in the
following way. Examination is made of the change in
output at every instant. If a change in a favorable direc-
tion occurs (e.g. negative change in case p; is the input
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pattern), then all weights which just previously partici-
pated in firing an element are increased. If, on the other
hand, the change was unfavorable, those weights are
decreased. In our experiments the weights have values
between 0 and 15 inclusive, and changes are made one
unit at a time.

It is important to note that there is no detailed ex-
amination of the internal activity of the net. As a result,
some of the weights may be altered in the wrong direc-
tion at any given time. However, as our results show, in
the long run an over-all favorable result occurs, due to
what has been termed “statistical cooperation.”

Two refinements were added to the system which al-
low somewhat improved operation. The first is to con-
trol the level of activity in the net by manipulating a
bias parameter added to all thresholds. Before each in-
put run, the bias is set at a high value, so that no ac-
tivity occurs, and it then lowers to a point somewhat
below that at which activity begins. A second refinement
is to add random noise to the weight sums. This tends to
break up any short period activity which may occur and
which may “stall” the modifier action. In other words,
favorable modes of activity are introduced which may
not otherwise occur.

In order to automatize the “training” of the net, the
system is arranged so that if at any time the output is
different from zero, inputs are automatically given as
follows: p; if the output is positive, and p; if it is nega-
tive. An exception to the foregoing is made for a small
“dead” zone on either side of zero in which no input is
given, thus allowing activity to die out on return to zero.
“Training” is then given by artificially forcing the out-
put from zero, waiting until its return, and then forcing
it to the other side until return, etc. This process is kept
up until organization is satisfactory. Fig. 2 shows such a

Fig. 2—Output record of 16-element net during organization.
Input Patterns p; and p..

sequence having output plotted vertically with center
zero, and time horizontally. It can be seen that return
to zero gradually improved until it was almost un-
hesitating. (Unfortunately, halation due to camera and
'scope face obscures most of the detailed movement.)
This net was more difficult to train than most. Oc-
casionally a net is seen which is not successful in train-
ing. This is not surprising since the deviation in the
random connection set-up is considerable.

PURPOSE OF PRESENT EXPERIMENTS

In the earlier work reported, only fixed input patterns

p1 and ps were used, as described above. However, if
such a system always required precisely the same input
pattern, its use would be considerably more restricted
than if some variation were allowable. Therefore it is of
interest to know whether the same type of organizing
response can be obtained in input patterns which are
caused to vary, particularly those which may contain a
random variation.

Furthermore, consider the set of all possible input
patterns to a net such as we have described. If the input
period remains constant, there are 2* such input pat-
terns, each of which may be represented as a binary
number of » bits, where # is the number of elements in
the input group. For example, the patterns p; and p.
which we have defined may be written as 11110000 and
as 00001111, respectively, for a net with 8 input ele-
ments. Now, one of our nets will classify the 2* input
patterns into three classes which may be designated
(+), (=), and (0), according to whether the input
drives the output roughly upward, downward, or neither
in a fixed time interval. An unorganized net may be
expected to effect this classification at random, but it is
of great interest to know what regularities, if any, may
exist in the post-organization classification.

Both of the questions discussed above are of interest
in practical applications of pattern discriminators or
recognizers, and in studies concerning the behavior of
living organisms. It is hardly likely, for example, that
exactly the same pattern repeats itself very often on
exactly the same cells of a retina.

Again, considerable interest attaches in the study of
animal behavior to phenomena of the following sort. If
a rat is trained to discriminate by suitable behavior be-
tween solid vertical and horizontal rectangles, he will,
without further training, discriminate by the same be-
havior between vertical and horizontal rows of dots.
This action of classifying patterns which have not
previously been seen is called perceptual generalization
in psychology.? It should be noted that the rules which
the generalization follows must be functions of the sys-
tem under consideration, and could, in principle, be
quite arbitrary. In general, for living organisms the
rules presumably hold because they have survival
value. Naturally the rules of most interest to us are
those which we use ourselves. It would be most interest-
ing if rules similar to some of ours could be demon-
strated as properties of nonlinear element networks. It
is also of interest to note that at least one well-known
neurophysiologist feels that the basis of generalization
lies in the nervous tissue itself.

For these reasons, then, as well as for their importance
in mechanical pattern classification, experiments were
carried out to test whether the systems described above
would continue to organize themselves subject to

¢ D. O. Hebb, “The Organization of Behavior,” John Wiley &
Sons, Inc., New York, N. Y., p. 12 ff.; 1949,

4 K. S. Lashley, “The Problem of Cerebral Organization in Be-

havior,” Vol. VII of Biological Symposia, Cattell, London, England,
p. 302; 1942,
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randomly varying inputs, and to examine what kind of
classifications are made on the input set by nets trained
with fixed and varying input patterns.

For these purposes, 16-element nets (8 input and 8
output) were used because it was desired to exhaust all
possible input patterns, and we were limited to about
28 inputs by available time.

REsuLTs OF FirsT EXPERIMENT

In the first series of experiments “noisy” input pat-
terns were formed from the patterns 11110000 and
00001111 by complementing the pattern digits at
random at the instant of input to the net with a fixed
probability ranging from about 0.06 to 0.25 in various
experiments. This process can be considered as varying
each pattern randomly about its mean of 11110000 or
00001111.

These two sets of “noisy” patterns were then used in-
stead of p; and p2 in the same type of experiment as de-
scribed above. Fig. 3 shows the results of an experiment
of this type run with complementation probability of
0.25. The first two trials were run without modifier for
comparison. After the modifier was turned on, it can be
seen that organization takes place as before. Rather
more detailed fluctuation occurs during organization,
which is of course due to pattern fluctuation. Such rec-
ords were found to be typical among the half-dozen or so
experiments of this type. Again, one or two failed to
organize properly, at least during the time of observa-
tion, because of unfavorable special properties of the
random initial connections. It is felt that with larger
nets, the percentage of failures would be even smaller.

Fig. 3—Output record of 16-element net during organization. Input
ggﬁttems #1 and p; with 0.25 pattern digit complementation proba-
ility.

RESULTs oF SECOND EXPERIMENT

The second series of experiments was carried out to
determine input pattern classification after organization
with fixed patterns. Fixed inputs 11110000 and 00001111
were used to organize a given net. The modifier was then
disabled so that no further changes in the net could
occur and all 256 possible input patterns were then pre-
sented in turn. The output was set to zero immediately
before each pattern was presented for a fixed test
period. At the end of the test period, it was determined
whether the magnitude of the output was less or greater
than a fixed quantity, and, if greater, whether the out-
put was positive or negative. This information serves to
classify the input pattern into one of the three groups
mentioned above. After recording the class, the next
pattern in turn was tested.

Since organization of the net with p; and p. tends in a
general way to connect each input subgroup with its
corresponding output subgroup, a plausible type of in-
put classification to be expected would be that input
patterns with a preponderance of 1’s in a given sub-
group might be classified the same. That is, the patterns

1011 0000
1111 0101
1100 0000

might be grouped in the (4) class, whereas

0010 1110
0011 1110
1000 0101

might be grouped in the (—) class, and distributions
with a balanced number of 1's would then be expected
to fall in the (0) or neutral class.

To test this hypothesis a matrix of order 5 as in (1)
was formed for each class according to its count of pat-
terns having a given preponderance of 1’s in a subgroup.

01 2 3 4

a2

€y

B W N = O

An element @m, in this matrix then represents “a” pat-
terns having “m” 1's in the first subgroup and “n” 1’s
in the second. The sum of all the a’s in all three matrices
must then total 256, the total number of input patterns.

For comparison, all possible patterns are represented

in the single matrix:

1 4 6 41
416 24 16 4
6243624 6 2
416 24 16 4
1 46 4 1

Thus, of the 256 patterns, 16 have 3 1's in the first sub-
group, and a single 1 in the second, etc.

The three classification matrices of a typical net be-
fore organization are shown in (3).

(+) (=) (0)
00020 0O0O0OO0OO0T1T4606 21
003 50 0011 7 2 41610 4 2
0 3772 01220 91 6 9 9 8 3 (3)
1 2 510 4 110 9 3 0 2 410 3 O
00241 02100 123200
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Classification matrices of three nets after having been
organized are shown in (4).

(+) (=) )
00200 O0O0OO0OOTI1 1 4 4 0
0 810 0 0 0 0O 5 8 4 4 8 9 8 0
12016 2 0 0 0 4 1 5 5 41611 1
21414 3 0 0 015 2 2 209 2
14400 0O0O0O1O0 00 2 1

(+) (=) (0)
000006 O0OO0O331 14310
0 2510 0011102 414 8 5 2
1 714 4 0 0 016 8 1 517 612 5 (4)
2 912 2 0 0 0 8 2 0 2 7 412 4
14300 00100 0O024.1

(+) (=) 0
00 00O0 OOUJ321 14322P90
04930 0076 3 412 71
11423 6 0 0 2 7 8 6 5 10 O
31316 3 0 0 1 3 6 4 1 70
14310 00121 0 1 0

The last net was operated with considerably more
noise than usual added into the excitation at the ele-
ment thresholds, as an additional experiment.

Upon inspection of the above matrices, it can be seen
that the effect of the organization is to cause the entries
in a (+) matrix to tend to cluster in the lower left
corner, while those in a (—) matrix tend to cluster in the
upper right corner. These tendencies are to be expected
on the basis of our hypothesis, and perfect classification
would make just three classes, namely lower left, upper
right corner, and diagonal, corresponding to (+4), (=),
and (0), respectively. Of course, it might be expected
that patterns next to the diagonal may be misclassified,
inasmuch as they correspond to a preponderance of
only a single 1.

Even in those cases where gross misclassifications
occur, it will generally be found that they are a minority
of the total possible cases in that cell. However, there
are a few exceptions such as the 10 cases in the matrix
cell 1, 2 in the first (4) matrix of (4).

When several of the patterns in a cell m, # are mis-
classified by two or more nets, it would not be expected
that these would all be the same pattern, so that if all
the nets were consulted for each pattern and majority
rule accepted, the results should be improved. This plan
was tried for the three nets above. The resulting
matrices are shown in (3).

(+) (=) (0)
00000 00221 14320
046 00 00389 4 4127 40

11418 0 0 0 0 7 7 5 610 7 8 1 (5
21413 0 0 0 0 2 2 2 2 3 4 9 2
14300 0O0O0O0O0 00141

Thirty-one patterns of the 256 were classified differ-
ently by each of the three nets, and are not included.

A definite improvement in classification can be seen
in (5), especially in the (4) and (—) classes. A large
fraction of possible cases are-classified according to a
preponderance of 1's in most cases. There are still quite
a few (0) cases mixed up, but in many of these there
is a preponderance of 1’s of only one or two. This kind
of error is probably accentuated in nets as small as
these, because a maximum preponderance of only four
is available. It would be expected that in larger nets
the results would be improved, since they would have
much greater preponderant differences, and should sup-
ply better statistics generally.

It should be noted also that no attempt was made to
optimize the classification criteria themselves.

Classifications after organizing with “noisy” input
patterns were also tried, with much the same results as
those described above.

DiscussioN oF RESULTS

We have seen that the system under discussion gen-
eralizes from p; vs ps discrimination to a “1’s pre-
ponderance” classification. The generalization is statisti-
cal in nature, and a number of nets in parailel with
majority decision may be needed for more-nearly per-
fect performance.

It is of interest to discuss the applications such a
generalization may have to pattern recognition.

We will assume that the principle can be made to
apply to systems with many inputs, as there is no known
obstacle to using larger nets, or combinations of smaller
ones, to achieve this result.

In the first place, generalizations of the horizontal-
vertical kind mentioned earlier which are made by the
rat, can be effected. Suppose that the whole picture
field is made up of a mosaic of input elements, like a
retina. Suppose also that the field itself is always
mapped ontp the same elements, i.e., that some kind of
centering scheme is used. Then let the system be trained
to distinguish between horizontal and vertical rec-
tangles, as shown in Figs. 4a and 4a’, each rectangle
being thought of as made up of a large group of input
elements such as we have been considering. There will
be an overlap of elements at the center, but total over-
lap elements are a small percentage of the total in either
group and should present no difficulty to acquisition of
the discrimination. Now, if preponderance generaliza-
tion has taken place, discrimination will still take place
“correctly” as between vertical and horizontal rows of
dots, or other horizontal-vertical figures. In fact, as long
as a preponderance of inputs of a test figure lies within
the set of inputs of one of the original training patterns,
the system will classify them alike. If some of the test
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figure inputs lie outside both the original patterns, no
difficulty would be anticipated, since these inputs
should remain neutral or at least inactive. Fig. 4 shows
some of the cases in which successful horizontal-vertical
discrimination would be expected.

(a) (a") (d) (d"
]
| mEn | —
|
(b) (b") (e) (e")
®
o © ~r
(c) (c') (f) (f1

Fig. 4—Horizontal and vertical discrimination patterns.

There is still another possibility in generalization, if
the input patterns contained fluctuation, either inherent
or artificially introduced. We have seen that discrimi-
nation of such patterns can be organized by our system.
During such training a “haze” of patterns would be
expected to form about the “learned” pattern which will
determine an additional set of patterns producing a like
response, and hence being classified the same. In this
way, a figure will still be classified correctly after having
been translated or rotated slightly, for example. This is
another instance in which a rat may be used as an
example, since he will still recognize a triangle after it
has been rotated a few degrees.? ’

These examples serve to show some of the features of
pattern recognition which may be effected by a primi-
tive generalization like that found to be a property of
the self-organizing nets described. Comparisons to rec-
ognition behavior of a rat which have been made are
not, of course, meant to imply that it is thotight that the
same mechanism is in operation, since there are other
generalizations shown by the rat not possessed by our
nets. However, it is clear that crude but useful general-
ization properties are possessed even by randomly con-
nected nets of the type described.

NOTES ON THE SIMULATION PROGRAM

The simulation program proceeds from a description
of the class of networks under investigation and gener-
ates members of the class by selection of particular
values of the description parameters at random. These

5 K. S. Lashley, “In Search of the Engram,” No. IV of Symposia
Soc. for Experimental Biology,” Physiological Mechanisms in Ani-
mal Behavior,” Academic Fress, New York, N. Y., p. 473; 1950.

parameters include quiescent thresholds, refractory pe-
riods, firing delay periods, input and output group size,
threshold and excitation decay constants, and certain
parameters which prescribe the manner in which ele-
ments are to be interconnected. Element 7 is connected
to element j with a probability P;; which can be made to
depend on 7 and j and on any characteristics of the net -
work as a whole. In the class of networks we have
studied, P;; is constant and equal to 0.75, i.e., the net
works all have a constant mean connectivity of 0.75.

In carrying out the simulated activity of a net, the
time parameter is held fixed while the program scans
through a list of the elements calculating current values
of threshold and excitation, and carries out the firing
cycle changes as required. The time parameter is then
advanced one unit and the process is repeated.

For a net of 16 elements, the real time consumed dur-
ing one simulated time unit is about one-tenth of a
second, varying according to the amount of activity in
the net. The training of a typical net takes place in
about 5 minutes. The subsequent classification of the
complete set of 256 input patterns requires about 45
minutes.

The simulation program required about 1,000 16-bit
registers of storage. Utility programs such as printouts,
displays, and punched tape routines occupied another
1,000 registers. The remainder of the 4,096 registers of
the MTC memory was divided between storage of the
network structure itself and summary tables for classi-
fied patterns.

It may be of interest to note some of the computer
design features which are desirable in simulation work
of this kind. Mostimportant, of course, is a large random-
access memory of high speed. While this is generally
taken as a basic requirement of any modern general-
purpose computer, it is particularly important in pro-
grams which deal with the interaction of many elements
with one another. In general, it would be more useful to
have this memory in the form of many registers of small
word-length rather than few registers of large word-
length. In lieu of a “broad, shallow” memory, special in-
structions which permit the efficient extraction and re-
placement of parts of a stored word would be very
valuable.

In many respects a simulation program of this type is
like a large problem in bookkeeping and as such would
make efficient use of design features which facilitate the
repetition of operations on successive sets of data. For
example, an arithmetic element capable of performing
parallel operations on several quantities simultaneously
would materially reduce the computing time. Similarly,
“index registers” which modify the address part of indi-
cated instructions in the program, so that the instruc-
tions refer automatically to successive sets of data,
might well increase the effective computing speed by a
factor of two in this application.

The requirement of randomness 1s generally met by
the use of “pseudo-random” number sequences calcu-
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lated by the program. In the event that the simulation
experiment makes extensive use of such randomness it
would be desirable to incorporate a source of uniformly
distributed random numbers as one of the electronic
elements of the computer. Such an element would, of
course, also be of great value in statistical work and
monte-carlo calculations in general.

Finally, it is worth mentioning that simulation experi-
ments involving partially random program behavior,
unlike arithmetic computations, generally require the

presence of the experimenter at the computer, at least
during the program checkout phase and subsequently
whenever large changes in operating parameters are
made. For this reason any features which assist the ex-
perimenter in evaluating the operation of various parts
of the program “on the spot” are of great value. In this
category one might include programmed cathode-ray
tube displays, audio output, and the ability to print out
selected memory registers without stopping the com-
puter.

Pattern Recognition and Modern Computers”
0. G. SELFRIDGE?

‘ INTRODUCTION
KQ }% YE CONSIDER the process we call Pattern

Recognition. By this we mean the extraction of

the significant features of data from a back-
ground of irrelevant detail. What we are interested in is
simulating this process on digital computers. We give
examples on three levels of complexity corresponding
to the subjects of the other three speakers here today.
We examine in detail the problem on the second level,
visual recognition of simple shapes.

Finally, we show how our attack on that problem can
be extended so that the computer is essentially perform-
ing a learning process and constructing new concepts on
the basis of its experience.

PATTERN RECOGNITION

By pattern recognition we mean the extraction of
the significant features from a background of irrelevant
detail. We are interested in simulating this on digital
computers for several reasons. First, it is the kind of
thing that brains seem to do very well. Secondly, it is
the kind of thing that computing machines do not do
very well yet. Thirdly, it is a productive problem—it
leads naturally to studying other processes, such as
learning. And, finally, it has many fascinating applica-
tions on its own.

We shall not review here the valuable work that has
been done and is being done elsewhere.

ExXAMPLES OF PATTERN RECOGNITION

Consider Fig. 1. The horizontal lines on the left differ
from those on the right in having vertical spikes mostly
at the left end. That is, here there are two patterns:

* The work in this paper was sponsored jointly by the U S. Army,
U. S. Navy, and U. S. Air Force under contract with M.I.T

t Lincoln Laboratory, Massachusetts Institute of Technology,
Lexington, Mass.

those with a preponderance at the left end and those
with a preponderance at the right end. The notion of
simple preponderance or elemental discrimination is
clearly one of the most primitive sources of patterns.

bl

il
| | P —
bl

Here we have filtered each line from perhaps 100 bits
down to just one. It is this filtering that is pattern
recognition.

Our next example is the visual recognition of simple
shapes. This is a two-dimensional problem, of course,
while the previous one was merely one-dimensional.
Both the shapes in Fig. 2 are clearly squares though (1)
they are in different places, (2) they have different sizes,
(3) one is hollow, the other not, and (4) they have dif-
ferent orientations.

Fig. t

Fig. 2

Our final example, like our first, divides all the con-
figurations of data into two classes. From every chess
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position, that is, from every arrangement of chess
pieces on a chess board, it either is or is not possible
for White to force a win. Those from which White can
force a win, we call “good” positions and the rest we
call “bad.” It is clear that recognition of this kind is a
good deal more complicated than in either of the other
examples. In itself, it is obviously equivalent to the
whole game. For any dunce, playing White, could in-
evitably win by playing only moves which led to posi-
tions which he could recognize as “good.”

S1GNIFICANCE: THE CRITERION

As we have seen, pattern recognition involves classi-
fying configurations of data into classes of equivalent
significance so that very many different configurations
all belong in the same equivalence class. I repeat our
definition: Pattern recognition is the extraction of the
significant features from a background of irrelevant
detail.

Probably the most important word here is “signifi-
cant.” Now significance is a function of, first, context,
and second, experience. As in Fig. 3, the shape is recog-
nized with the help of its context. Now, of course, con-
text is a function of experience. But more than that, ex-
perience alone affects the kind of thing we regard as
significant.

TAE CAT

Fig. 3

In this way, the whole process of Pattern Recognition
is inevitably tied up with ways of determining signifi-
cance. I suggest—this is my own fancy—that this is the
distinction usually made between machines and men.
That men can learn by experience to extract and deal
with the significant things and machines cannot . .. [
do not, however, believe it is a valid distinction.

The other three speakers will talk in detail of pattern
recognition on the three levels I have introduced to
you. However, I should now like to examine the model
used by the next speaker. His problem is the recognition
of simple shapes in a visual field, such as block capital
letters.

LETTER RECOGNITION

The problem is this: We want the computer to recog-
nize block capital letters, however they are drawn. Let
us list the variations that ought not affect the valuation:

1. Over-all size, between wide limits.

. Position.

. Orientation, within limits.

. Angular separation of the two uprights.

. Relative lengths of the two uprights.

. Thickness, and changes in thickness, of the line
segments, within limits.

QNN

and so on.

Itis clear, I think, that if we tried to construct a tem-
plate for every 4, we should have an embarrassingly
large number of them. Some filtering of the image has
to be done in some way.

Now, people surely use many kinds of features to
recognize things. The angularity and size of a letter are
instances and they are not related in any obvious way.
The features that our model extracts are those deriva-
tive from a few simple local image transformations.

Fig. 4 shows a block diagram of our model. The
original image is transformed into a secondary image by
operation 4, B, or C. The secondary image itself may be
transformed a number of times. Then, after the image
has been transformed by a sequence of operations, the
number of blobs remaining is counted by the black box
called the Blob Counter. A typical original image is
transformed sequentially in Fig. 5, showing the second-
ary images at each step.

ORIGINAL
OPER A

IMAGE

BLOB

OPER. B T
v ) COUNTER
. 1
~ '
' t
' OPER C { PRI
IMAGE ! N 1.
1
' kE

. -
-
-

CONTROL

SECONDARY

Sequence
Selection

Fig. 4

The number coming out of the blob counter is then
compared with the numbers stored for that particular
sequence under the various symbols. If, after a number
of sequences have been run on an image, the numbers
check sufficiently well with the stored distribution of
Symbol I, say, the computer may identify the image as
Symbol 1.

When we were constructing our transformations, we
already had in mind some of the tasks they ought to do.
First, we wanted to be able to eliminate small pieces of
noise, isolated 1's in a field of 0’s, say. The averaging
operation, our first operation, does approximately this
job. This operation emphasizes local homogeneity.

Applying this transformation to an image produces
a new image where the intensity at each point is a kind
of average of the intensities of the points surrounding it
in the original image. Thus solitary 1's in a field of 0’s (or
vice versa) may be eliminated.

Our second operation emphasizes local discontinuities
and tends to bring out edges and corners.

It does this by evaluating the radial asymmetry
around each 1 in the image, and keeping only those 1's
which have more than a certain amount. That is, our
second operation emphasizes local inhomogeneity.
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Other operations might well be variations of these, or
perhaps something very different. Dr. Dinneen, the
next speaker, will discuss the details of programming
these operations and the results. He will also go into
some extensions, and what kind of things we éxpect the
operations to be able to do.

One of the things we know that they can do is to ex-
tract corners; for example, see Fig. 5. After clearing the
image of noise with the averaging operation 4, and
edging twice with operation B, we have four blobs at the
four corners of the original square. Now, clearly, having
four corners is a significant criterion for squares: not
that anything with four corners is a square, but no
triangle has four, and no square has three. This se-
quence can, therefore, successfully distinguish squares
from triangles.

Fig. 5

Note that many kinds of features cannot be handled
by our particular model, which only counts certain
kinds of features. For example, our model could never
distinguish a C from a U; the latter might be merely the
former rotated through 90 degrees, and all the opera-
tions that we have considered so far are unpolarized,
that is, do not distinguish much between different di-
rections.

Eventually, we hope to be able to recognize other
kinds of features, such as curvature, juxtaposition of
singular points (that is, their relative bearings and dis-
tances), and so forth.

I shall now discuss our plans for having the computer
itself hunt for good sequences and assign the proper
values. Every sequence is good or bad according as the
numbers obtained from applying it to images tend to
differ consistently for different symbols.

Now the search for “good” sequences—that is,
those that can discriminate between symbols—can, of
course, be programmed to be entirely random. For ex-
ample, one could start with two sequences and always
keep the better one, discarding the old, and picking a
new sequence completely at random. But it seemed to
us that this was not a realistic way for the computer to
improve its performance.

Rather we shall try to have the computer do what I

feel we do in such a case. It must build new sequences
like the sequences that have worked well before. It
must begin with sequences chosen at random, because
it must have no a priori knowledge of the things it sees.

After the sequences have been tested for some time,
the computer will have built up a distribution function
for each sequence and each symbol.

We give our computer a few programmed operations,
A, B, and C, and a random number generator; let it then
pick out randomly a few short sequences of operations.
It has no way of knowing yet whether these sequences
yield any significance. We now feed the machine A’s
and O’s, telling the machine each time which letter it is.
Beside each sequence under the two letters, the ma-
chine builds up distribution functions from the results
of applying the sequences to the image. Now, since the
sequences were chosen completely randomly, it may
well be that most of the sequences have very flat dis-
tribution functions; that is, they have no information,
and the sequences are therefore not significant. Let it
discard these and pick some others. Sooner or later,
however, some sequences will prove significant; that is,
their distribution functions will peak up somewhere.
What the machine does now is to build up new se-
quences like the significant ones. This is the important
point. If it merely chose sequences at random it might
take a very long while indeed to find the best sequences.
But with some successful sequences, or partly successful
ones, to guide it, we hope that the process will be much
quicker. The crucial question remains: how do we build
up sequences ‘‘like’’ other sequences, but not identical?
As of now we think we shall merely build sequences
from the transition frequencies of the significant se-
quences. We shall build up a matrix of transition fre-
quencies from the significant ones, and use these as
transition probabilities with which to choose new se-
quences.

We do not claim that this method is necessarily a
very good way of choosing sequences—only that it
should do better than not using at all the knowledge of
what kind of sequences has worked. It has seemed to
us that this is the crucial point of learning.

In general, if one wants a computer to do some job,
one must merely specify sufficiently precisely what that
job is. In some way the enormous amount of informa-
tion in experience must be filtered down to the signifi-
cant or valuable part. This process, which we call pat-
tern recognition, may be more or less complex, as the
other speakers illustrate. What we have tried to do is to
specify one way in which certain simple visual patterns
can be recognized by the computer, and in which the
computer may improve its recognition by learning.

G,
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Programming Pattern Recognition”

G. P. DINNEENT

VERYONE LIKES to speculate, and recently

-there has been a lot of talk about reading ma-

chines and hearing machines. We know it is possi-
ble to simulate speech. This raises lots of interesting
questions such as: If the machines can speak, will they
squawk when you ask them to divide by zero? And can
two machines carry on an intelligent conversation, say
in Gaelic? And, of course, there is the expression “elec-
tronic brain” and the question, Do machines think?
These questions are more philosophical than technical
and I am going to duck them.

Over the past months in a series of after-hour and
luncheon meetings, a group of us at the laboratory have
speculated on problems in this area. Our feeling, pretty
much unanimously, was that there is a real need to get
practical, to pick a real live problem and go after it. As
the title of this session suggests, we picked pattern
recognition. Selfridge has already explored some of the
implications of this problem and indicated at least three
levels of complexity. .

Selfridge and I have begun an investigation of one
aspect of pattern recognition, that is, the recognition of
simple visual patterns. Consider, for example, how many
different representations of the block capital A we recog-
nize as A. A great number of variations in such things
as orientation, thickness, and size can occur without loss
of identity. Our real live problem then is to design a
machine which will recognize patterns. We shall call any
possible visual image, no matter how cluttered or indis-
tinct, a configuration. A pattern is an equivalence class
consisting of all those configurations which cause the
same output in the machine. For example, if the ma-
chine had just two outputs, yes and no, then one pattern
would be all those inputs which caused the machine to
say no.

The visual patterns we have used in our experiments
have been mostly block capital A’s and O’s, and some
squares and triangles. Why did we choose letters? Prob-
ably because of the interest in reading machines. Why
A and O? Perhaps because O upside down is still O, like
radar spelled backwards. Capital letters and geometric
figures seem like a good start. Straight lines are too
simple and most other things, such as faces, are too
complicated. Let me emphasize again that we are not
trying to build an efficient reading machine, but rather
to study how such a machine might work.

* The research in this document was supported jointly by the
Army, Navy, and Air Force under contract with the Massachusetts
Institute of Technology.

t Lincoln Laboratory, Massachusetts Institute of Technology,
Lexington, Mass.

Our theory of pattern recognition is that it is possible
to reduce by means of a sequence of simple operations a
configuration to a single number, or by means of a set of
such sequences to a set of numbers. We believe that for
the proper sequences, almost all of the configurations
belonging to a given pattern reduce to the same number
or set of numbers. At least one of the operations of this
machine must be a counting operation.

A machine for pattern recognition should place a con-
figuration, such as one representation of the block
capital A, into its proper equivalence class. The"de-
cision as to what things belong to an equivalence class
or pattern is made at this stage by the designer. The
machine must extract the essential characteristics of the
configuration in order to recognize the pattern to which
it belongs.

One of the first steps is the design of basic operations
which the machine uses to reduce the input image. Al-
though this is a preliminary and experimental phase of
the study, the results obtained have been very interest-
ing and extremely valuable in formulating future
studies. For this reason, it seems worthwhile to discuss
these results now.

The problem we have stated is not basically arith-
metic, and it is not even clear that a machine for pattern
recognition should be completely digital. However, one
of the very important applications of a high-speed
digital computer is the simulaiion of just such problems.
We have used MTC—the Memory Test Computer—at
Lincoln Laboratory for our investigation.

THE IMAGE

From now on, we are considering the simulation of
this problem on MTC. The first problem is “how does
MTC see the image?” The field of view is a 90X90
array (Fig. 1). A picture is constructed by making each
of the 8,100 cells black or white, similar to a newspaper
photograph, except that there are only two gradations
in intensity, zero to one. If black is interpreted as one
and white as zero, and storage registers are assigned to
the 90X90 array, six to a row, as in Fig. 2, a simple
image may be described by giving the contents of the
540 register as octal numbers. A flexowriter tape giving
the contents of 540 registers is read into the machine
and the visual image is thus stored by the computer.
We chose a 90 X90 array because we wanted the image
to be as large as was practical in terms of computer
storage. The larger the image, of course, the greater the
resolution and the variety of inputs.

For purposes of pattern recognition, certain basic
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operations will be performed on the input image. Each
operation performs a mapping of the input image, or
working image. The result of this mapping is also stored
in the machine. Thus another bank of 540 registers is
required for storage of this new image. If a sequence of
operations is to be performed, then the transformed
image is transferred back to the input storage or work-
ing image after each operation. If it is desired to retain
the original image, then three banks are required, as
shown in Fig. 3.

Fig. 19090 input array.

al ai+s
al+6 al+!l

| G

I N R —

lal+539
Fig. 2—The input image.
WORKING IMAGE
ORIGINAL IMAGE OR NEW IMAGE
INPUT IMAGE
Fig. 3

AVERAGING OPERATION

The first of the basic operations is an averaging opera-
tion which was designed to eliminate spurious noise and
to smooth irregularities in the image. The point of this
operation is that those elements or cells which agree
with their neighbors are unchanged, but those which do
not are changed. The notion is that the resulting image
is more homogeneous. The averaging operation is per-
formed by observing the contents of all the elements in
some # Xn square surrounding an element. In Fig. 4 we
are considering element a,;, thus we look at the elements
in the 5X5 square surrounding it. Let us agree to call

this square a “window.” To complete the operation we
count the number of ones in this window and compare
the total with some threshold. If the count is greater
than or equal to the threshold then the corresponding
element in the new image, a;;’ is “one,” otherwise a;;/ =0.
For example, a zero surrounded by all zeros remains
zero, but a zero surrounded by some ones may become
zero or one, depending on the threshold.

. . . o

Fig. 4—Averaging operation.

The first averaging operation uses a 5X 35 square. A
count of the number of ones inside this square is made
(Fig. 4).

+2 +2

N = Z Z Qit-m,itne

m=—2 n=—32
The N is compared with the threshold 7" and
N é T dij' =1
N<T (lij' = 0.

The threshold T is held constant over the entire work-
ing image.

RESULTS OF THE AVERAGING OPERATION

A large number of experimental runs were made using
the computer to test the operation. As predicted,
averaging with a 5X5 window and a threshold of 5
eliminated scattered “ones” and filled in holes. Fig. 5 is
an input image, and Fig. 6 is the same image after this
averaging operation. These are photographs of one of
the MTC scopes.

Fig. 5~—A3, input image.
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Fig. 10—A4, after averaging with threshold 13.
Fig. 6—A3, after averaging with threshold 5.

For a low threshold, such as 5 for a 5 X5 window, the
image will be thickened. As the threshold is raised a
thinning takes place. This is evident in Figs. 7 through
11. It is particularly significant that for a threshold of
15, the corner point and two junction points are iso-
lated. The same phenomenon is shown in Figs. 12
through 17. The thick A of Fig. 18 has a blank strip and
one small hole. For the low thresholds these irregulari-
ties are removed and for the high thresholds they are
emphasized, as shown in Figs. 18 through 25.

Fig. 11—A4, after averaging with threshold 15.

Fig. 7—A4, input image. Fig. 12—AS, input image.

Fig. 8—A4, after averaging with threshold 5. Fig. 13—AS5, after averaging with threshold 5.

Fig. 9—A4, after averaging with threshold 10. Fig. 14—AS5, after averaging with threshold 10.
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Fig. 20—A6, after averaging with threshold 5.
Fig. 15—AS, after averaging with threshold 15

Fig. 21—AG, after averaging with threshold 10.
Fig. 16—AS3, after averaging with threshold 20.

Fig. 22—AG, after averaging with threshold 15.
Fig. 17—AS, after averaging with threshold 25.

Fig. 23—A6, after averaging with threshold 20.

Fig. 19—AG, after averaging with threshold 3. Fig. 24—AG6, after averaging with threshold 22.

97
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Fig. 25—A6, after averaging with threshold 25.

We see that for rough smoothing we like a low thresh-
old, and for thinning we like a high threshold. Our
notion of sequence of operations is now brought to
mind. For if a letter such as the last one were first
averaged with a low threshold the gaps would be filled.
Then successive averaging with a higher threshold
would thin the letter. The problems one encounters in
this next phase are apparent. How often should these
operations be repeated? What thresholds should be
used?

You will have noticed that although the transforma-
tion is not sensitive to small changes in the threshold,
large changes have a major effect. To attack the prob-
lem of setting the threshold, we have considered another
averaging operation where the threshold for the small
5X5 window is determined by the degree of homogenity
inside a larger window, say 15X15. In particular, for
each cell we count the number of ones inside a 15X 15
window surrounding it and use this number to set the
threshold for the 5X5 window. This is like an automatic
gain control. When the 15X 15 window is very dense,
we use a high threshold, and conversely. This operation
has been tried and the results look favorable, but un-
fortunately we have no photographs yet.

AN EpGING OPERATION

The edging operation, quite unlike the averaging
operation, preserves elements which are centers of
asymmetry, that is, those which are located in the re-
gions of discontinuity of the image. The operation
sharpens differences. It picks out the edges of letters and
for certain choices of thresholds locates the corners,
junctions, and end points of letters. This operation is

S

Fig. 26—The edging operation.

performed by observing the contents of all the elements
in some #Xn square surrounding an element which is
one; zeros remain zero. In Fig. 26 we are considering
element a;;.

The edging operation is like a two-dimensional de-
rivative, since we count changes about the center ele-
ment. In particular, we scan the elements in the 7 X7
window starting at a@,_s,;s. When we reach a “one” we
observe the three diagonally opposite elements in the
same ring. If these are all zero we count one, otherwise
we count zero. We consider the three diagonally oppo-
site bins so that lines with small curvature give a zero
count of differences. After the entire window has been
scanned, with the exception of element a;;, the total
count of differences is compared with a threshold T. If
the count is greater than the threshold, we enter a one
in the element a;; of the new image. If the count is less
than or equal to the threshold, we enter a “zero” in the
element a;;’ of the new image. To fix the threshold, we
first count the total number of ones in the window and
take some proportion of this as the threshold. A further
modification of this operation is the weighting of the
count of differences depending on the ring, that is, we
put weight W; on the elements in the first ring around
the element a;;, W2 for the second ring, and so on. To
identify this operation, we must specify the size of the
window, the weighting, and the threshold.

We first tried an edging operation which used a 7X7
window with a weight of two on all differences which
occur in the first and second ring, and a weight of one on
all differences in the outer ring. The total number of
ones in the 7 X 7 window, exclusive of the center element,
will be denoted by N. The threshold T of the operation
was taken to be (j/8)-N for j=0,1,2, ..., 8.

REsULTS OF THE EDGING OPERATION

In testing the edging operation we were interested in
its ability to pick out singular points, that is, junction
points, end points, corners in the case of letters, and in
its ability to transform the input image into a new
image where only the outline remains.

Fig. 27—Thin A.

For an input image, Fig. 27, edging with thresholds
2/8, 4/8, and 6/8 of the ring total isolates the singular
points as shown in Figs. 28, 29, and 30. Edging with a
threshold of 0/8 of the ring total is equivalent to remov-
ing only those points which are centers of symmetry.
This effect is shown in Fig. 31 for the input image of
Fig. 12. The outline of the letter is shown in Fig. 32, the
result of edging with a threshold of 2/8 times the ring
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Fig. 28—Edging with threshold 2/8.

Fig. 29—FEdging with threshold 4/8.

Fig. 30—Edging with threshold 6/8.

Fig. 31—Edging with threshold 0/8.

Fig. 32—Edging with threshold 2/8.

total. For a thick A (see Fig. 18) the results are shown
in Figs. 33 through 35. It is significant that the irregular-
ities are emphasized for low thresholds and suppressed
for the high thresholds. Figs. 36 through 39 demonstrate
the way corners are isolated in a square and the edging
effect for a 0 is shown in Figs. 39 and 40.

Fig. 33—Edging with threshold 0/8.

Fig. 34—Edging with threshold 4/8.

Fig. 35—Edging with threshold 6/8.

Fig. 36—Square.
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Fig. 37—Edging with threshold 4/8.

Fig. 38—Edging with threshold 8/8.

Fig. 39— Thick 0.

Fig. 40—Edging with threshold 2/8.

OTHER OPERATIONS

Before I say anything about new operations, a word
about our reasons for these first two operations is in
order. We tried to pick operations which were simple in
structure and unrelated to particular patterns. In other
words, we avoided special operations which might work
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very well for A’s and O’s, but not very well for other
shapes. There is evidence in neurophysiology, moreover,
that both averaging and edging of visual images are per-
formed by the nervous system of many animals.

Many other operations have been proposed but I
would like to discuss just one of these. Selfridge talked
about identifying a letter by counting blobs. By blob
we mean a region of ones with no separation of more
than one cell. For example, there were five blobs in
Fig. 29. A blob counter is then simply an operation
which counts these blobs. We propose to do this by
scanning the image until a one is reached. Then a rec-
tangle with a perimeter two cells wide will be con-
structed and gradually enlarged until the entire perime-
ter is empty. Thus the blob is isolated and counted.

Certainly some operation to measure curvature will
be needed, as well as some way to describe relative posi-
tions of blobs.

Although the first two operations are very simple, the
coding of the program is quite complicated. This is due
to a large extent to the necessity of using the individual
bits of the storage registers as independent storage bins.
We need a lot of shifting and cycling; the simple averag-
ing operation takes about 300 instructions and requires
about 20 seconds a letter. The two window averaging
takes about 400 instructions and requires about 4
minutes. The edging requires 700 registers of instruc-
tions and takes 2 minutes.

CONCLUSION

In his paper, Selfridge has given our model for pattern
recognition. I think we have shown that even with just
two simple operations, a sequence can be found such
that some A’s can be reduced to five blobs. One of our
next tasks will be to choose such a sequence, try it on
many A’s, and plot the distribution of the number of
blobs. In this way we shall determine the useful se-
quences. This leads naturally to the next phase of the
study, which is the study of the model for pattern recog-
nition.
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The Chess Machine: An Example of Dealing with a
Complex Task by Adaptation

ALLEN NEWELLf}

characterized as the embodiment of a three-point

philosophy: (1) There shall exist a way of com-
puting anything computable; (2) The computer shall be
so fast that it does not matter how complicated the way
is; and (3) Man shall be so intelligent that he will be able
to discern the way and instruct the computer.

Sufficient experience with the large machines has ac-
cumulated to reveal the peculiar difficulties associated
with these points. There has been a growing concern
over problems which violate them, and instead satisfy
the condition that (1) The relevant information is in-
exhaustible; (2) The set of potential solutions is neither
enumerable nor simply representable; (3) The processing
to be accomplished is unknown until other processing is
done; and (4) An acceptable solution is required within
a limited time.

Most design problems, including programming a com-
puter, are of this nature; so are the very complex infor-
mation processing tasks like translating languages or
abstracting scientific articles. The current arguments
about thinking machines and general-purpose robots
also revolve about whether computers can deal with
problems of this general nature.

The problem of playing good chess certainly falls into
this class of ultracomplicated problems. It is a useful
type case for general discussion because the nature of
the task and the complexities surrounding it are com-
mon knowledge. Further, it already has something of a
history.*—*

The aim of this effort, then, is to program a current
computer to learn to play good chess. This is the means
to understanding more about the kinds of computers,
mechanisms, and programs that are necessary to handle
ultracomplicated problems. The limitation to current
computers provides the constant reminder that the
heart of the problem lies in the limitation of resources,
both memory and time. This aim would be somewhat
ambitious even if all the details were available. The
paper will actually be limited to presenting an over-all
schema which appears feasible, and relating it to some
of the critical problems which must be solved. The ref-

THE MODERN general-purpose computer can be

+ The Rand Corp., Santa Monica, Calif.

1 C. E. Shannon, “Programming a computer for playing chess,”
Phil. Mag., vol. 41, pp. 256-275; March, 1950.

2 M. Weinberg, “Mechanism in neurosis,” Amer. Scientist, vol. 39,
pp. 74-98; January, 1951.

3 P. 1. Richards, “On game learning machines,” Scientific Mon.,
vol. 74, pp. 201-205; April, 1952.

4C. S. Strachey, “Logical or nonmathematical programmes,”
Proc. Ass. Computing Machinery, pp. 46-49; September, 1952.

erence to learning expresses the conviction that the only
way a machine will play good chess is to learn how. Al-
though learning considerations have been prominent in
the thinking and motivation behind the machine, atten-
tion will have to be restricted to the performance sys-
tem; that is, to those features which are necessary in
order to play the game. However, some of the learning
potentialities implicit in the performance system will be
discussed.

The work presented here represents the early phases
of an attempt to actually construct such a program for
the JOHNNIAC, one of Rand’s high speed computers.

Before starting it is desirable to give some additional
conditions of the problem. From now on the computer
with program will be called the “machine,” and the
various parts of what it does will be called “mecha-
nisms.” The problem is not to construct a machine
which can induct the rules of chess by playing; it will be
instructed concerning the legalities. Finally, the ma
chine is only to do the job of one manj; it will require an-
outside opponent, human or otherwise.

PROBLEMS

As everyone knows,? it is possible in principle to de-
termine the optimal action for a given chess position.
First compute out all continuations to the bitter end.
See whether they win, lose, or draw; and then work
backwards on the assumption that the opponent will al-
ways do what is best for him and you will do what is
best for you.

The difficulty, of course, is that this “in principle”
solution requires a rather unnerving amount of comput-
ing power,! and doesn’t give any clues about what to do
if you don’t have it. It will provide us, however, with a
short checklist of problems which must be solved if the
computing requirements are ever to shrink to a reason-
able size.

The most striking feature of the “in principle” solu-
tion is the tremendous number of continuations. This is
accounted for by both the number of new consequences
that appear at each additional move into the future, and
the large number of moves required to explore to the
end. This provides two problems:

1. The consequences problem, or which of the possi-

bilities that follow from a given proposed action
should be examined;

5 J. von Neumann and O. Morgenstern, “Theory of Games and
Economic Behavior,” 2nd Ed., Princeton University Press, Prince-
ton, N. J.; 1947,
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2. The horizon problem, or how far ahead to explore.

The possibility that one might stop looking at some
intermediate position only raises a third problem:

3. The evaluation problem, or how to recognize a

good position when you see one.

Another feature of the “in principle” solution is the
identical examination of all the possible alternative ac-
tions. Despite the similarity in describing both present
and future moves, it is worth while to keep distinct the
actions that are actually available at a move, and from
which a choice must be made; and the future conse-
quences of these actions, which may include, among
other things, limitations on the alternatives available in
the future. Hence, we have:

4. The alternatives problem, or which actions are

worth considering.

These four problems, consequences, horizon, evalua-
tion, and alternatives, will be sufficient to keep us aware
of the difficulties as we search for a set of mechanisms to
play chess. Solutions must be found to all of them if the
machine is to play good chess with reasonable resources.

OVERVIEW

There is a common pattern to the solutions to be de-
scribed here. In all of them the machine uses very par-
tial and approximate methods. It is as if the machine
consisted of a vast collection of rules of thumb. Each
rule is a much oversimplified expression of how the
machine should behave with respect to some particular
aspect of the problem. The rules are of all kinds: chess
principles to follow, measurements to make, what to do
next, how to interpret rules of thumb, and so on. These
are so organized that they form the necessary qualifica-
tions and additional specifications for each other. Each
rule is essentially a machine program. At any particular
instant the machine is under the control of some such
rule, or shunting between rules under the control of a
master program.

The main effort of the paper is devoted to describing
how such a set of rules can be defined and organized to
achieve solutions to the four problems, and thus pro-
vide a schema for a machine which puts all these pieces
together to play chess. Only minor effort is devoted to
indicating the detailed structure of these programs at
the level of machine code.

One aspect of the underlying coding does require at-
tention, and is dealt with at the end of the paper. The
large number of rules, their complexity, and the neces-
sity for adding new ones and modifying old ones, im-
plies the use of a fairly extensive general-purpose lan-
guage. That is, all these rules are to be given in this
language or pseudo-code, as it might also be called.
Hence, each use of a rule must be preceded by an in-
terpretive step. However, a few programs suffice for
using any and all of the rules that might be required in
the machine.

PRELIMINARIES

Let us start by providing the machine with a few
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basic facilities. Each chessman and each square of the
chessboard needs a name, suitably coded into binary
bits. A fixed set of addresses are set aside to hold the
current position. This can be given as a list of the men
with the squares they occupy, including a “zero” square
if the man is off the board. The machine can accept an
opponent’s action by reading a punched card. This can
be given as a list of the men which have been moved,
along with their new locations. Thus an action involving
a capture has two terms: one giving the new location of
the man that captured, and a second giving the location
of the captured man as the zero square, that is, off the
board. The machine obtains the new position by substi-
tuting in the old one, which is already stored. It can also
output its own action on a punched card.

The machine must also be equipped to answer an
array of elementary questions that recur constantly,
such as, “Can a given man move to a given square?” or,
“What man is blocking the Queen Pawn?” Each of these
questions can be answered by a straightforward and not-
too-lengthy investigation of the current position. The
number of actual programs needed is within reasonable
bounds since the more complicated questions are combi-
nations of the more elementary ones.

Assume, then, that the machine has these basic capa-
bilities. They have solved none of the four problems.

GoALS AND TACTICS

Suppose, in the midst of a game, the machine (which
is White) has stored in a suitable place the following
expression:

att(BKB, WKR).

The machine interprets this as: “Attack the Black
King-Bishop with the White King-Rook.” Attack will
be considered to mean a successful attack, which in turn
means that the attacking man (here, the Rook) is capa-
ble of capturing the object of the attack (here, the
Bishop) with a relative gain in material after the smoke
of engagement has cleared. Thus, for a given position,
the attack is either successful or not; and the machine
can determine this by a sequence of those elementary
programs given it earlier. Call such an expression a goal,
which is either achieved or not achieved for any given
position.

Now, suppose the machine were to start tracing out
continuations. It could determine at each new position
itarrived at whether or not the goal was achieved. If it is,
the machine could stop searching. This might provide a
solution to the horizon problem: have a goal and only
explore continuations until a position is reached where
the goal is achieved.

The machine can represent such a set of continuations
as a branching net, or tree, of actions. Each action is
linked by some kind of indexing to the immediately pre-
ceding action, and to each action is associated by this
indexing a number of other actions that might possibly
follow. Such a tree is a tactic for a given goal if it always
terminates in positions that achieve that goal. Further, a
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tactic will always indicate a single action for the ma-
chine to take, and many actions for the opponent.

But if the machine has a goal like “attack the Black
King,” it is right back with the original difficulty of
searching for continuations which end in checkmate.
This merely indicates that in general one can hardly
expect to find a tactic for a given goal. But on the other
hand, one sometimes will: men do get captured and
games do get won.

By some means let the machine acquire in memory a
second goal, which is indexed to the first:

bik(BQ, BKB) — ali(BKB, WKR).

The machine interprets this as: “Block the Black
Queen’s ability to recapture where the Black King-
Bishop is.” If this ability to recapture was in fact one of
the deterrents to taking the Bishop with the Rook, then
achievement of this second goal could be considered as
an intermediate aid to achievement of the attack. Sucha
goal will be called a subgoal. It may itself have sub-
goals, and thus the machine may acquire rather large
networks of goals.

Now, instead of trying to construct a tactic for the
attack goal, the machine can search for a tactic for the
subgoal of blocking. Perhaps it will find one. If it can-
not, then it needs either other subgoals for the attack or
some subgoals for the block.

The single large search for winning positions has been
replaced by two searches, each terminating the other.
The machine searches for intermediate goals; it stops
this search when it finds subgoals it can achieve. It de-
termines the question of achievement by a search for
particular sequences of action. This search terminates
with a completed tactic, that is, when the sequences
end in goal achievement.

But when to stop if the tactic search continues to be
unsuccessful? The mechanism of subgoal formation
operates only if the signal has been given to terminate
further search for a tactic. Before discussing this, it is
appropriate to consider another aspect of the total prob-
lem, which, after a twist or two, will lead back to this
same decision problem.

LIKELIHOODS

The mechanisms introduced so far have only yielded
a solution to the horizon problem. For instance, they do
not provide a solution for the consequences problem. It
would still seem the machine would examine all branches
at any given future move it arrived at. Thus, tactics
might be short, but they would have very large spreads.

Suppose the machine had some other goals in its
memory labeled “opponent’s goals.” For example, the
machine might have:

ctl(Q5).

The machine interprets this as, “Control the Queen
five square,” and takes as a definition of achievement for
the opponent that he could win an engagement if White
tried to occupy the square or capture a Black man who
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did occupy it. If the machine considered this goal to be
one of the opponent’s important goals, then clearly, any
opponent’s action which achieved this goal would be
relatively likely to occur. Or would it? It certainly de-
pends to what degree the machine’s representations of
the opponent’s goals correspond to the opponent’s real
goals or whatever other mechanisms guide his actions.

The machine must now be equipped with all the ap-
paratus for collecting evidence, forming hypotheses,
verifying them, and making inferences from them. At
least in some rudimentary form these will all be required
to develop and maintain a running model of the oppo-
nent’s intentions.

If such a set of mechanisms were available to the
machine, then, within certain limits of accuracy, it
could assign likelihoods to the various alternatives by
inference from the model. These likelihoods provide a
solution to half the problem of consequences: how to
know which consequences to examine at any position
that is the opponent’s move. Examine those alternatives
which seem most likely.

A rather large number of mechanisms are involved.
First, each action that the opponent makes must be
classified as stemming from some goal or goals. Some-
where in memory let there be stored some expressions
like:

1. Does action contribute to any goal.

NO YES

3. How many men involved? 2. Classify with goal.

N

)i Does man attack any White man?

/10 Ys
5. Make a new goal.

These expressions are coded in the language spoken of
earlier. The machine starts with expression 1 and in--
terprets it. This instructs the machine to test each of the
opponent’s goals to see if the action contributes to it.
This term is used in a narrow sense: only men who can
capture contribute to an attack; only men who com-
mand the square contribute to its control. Thus, in the
example, “control Queen five,” the machine would de-
termine if the action had resulted in any new man com-
manding the Queen five square. If the answer is yes, the
machine proceeds to expression 2. When interpreted,
this instructs the machine to classify the action as
stemming from the goal to which it contributes. This
ends the decision process. But as usual, the answer could
also be no; the first rule does not suffice to classify the
action. The machine then proceeds to expression 3, in-
terprets it, and counts the number of men who changed
in the current action. Finding the number to be one,
which means that nothing complicated like a capture,
promotion, or castle occurred, it proceeds to expression
4. The machine is now instructed to see if the man which
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moved can be considered as attacking some new man,
and if so to read expression 5, which instructs the ma-
chine to create a new goal. Notice that this alternative
is considered only if the action has failed to be consistent
with any of the goals already hypothesized as account-
ing for the opponent’s action.

So far only a mechanism for classification and possible
introduction of new goals has been described. It should
be remarked about this mechanism that the content of
the expressions is much less important at this juncture
than the general schema. Other expressions and more of
them could just as well be used. Instead of describing
the rest of the mechanisms needed to complete this com-
ponent, it is necessary to move on to other key pieces.
The undescribed elements will be constructed in the
same vein. For instance, there will be expressions for ob-
taining likelihoods like, “How often has a goal been con-
tributed to recently,” and “High activity implies con-
tinued activity is likely.”

UTIiLiTY

Even admitting the machine can assign likelihoods to
the opponent’s alternatives, this solves only the half of
the problem of consequences associated with opponent’s
moves. There remains the other half: how to know which
of the machine’s possibilities to explore when searching
for a tactic.

Consistent with the design philosophy emerging here,
the machine will have a section of memory devoted to
expressions in the language that are relevant to this
problem. These will be organized into a decision net in
the same fashion as the expressions for classifying op-
ponent’s actions. The object of such a net will be to as-
sign a utility to future machine actions that could be
explored in trying to complete tactics. This utility
would be expected to reflect a complex of factors. The
feature to note is not just the possibility of such nets,
but the kinds of relevant information that now are
available to be used.

The most important kind, I think, is that every man
has associated with it the functions that it is performing.
These associations occur by means of the goal structure.
Suppose there is a subgoal that the King-Knight sup-
ports the King-Bishop; that is, can retaliate by re-
capturing any man that captures the Bishop. This serves
as a statement that the Knight has a function to per-
form. Any goal whose tactic depends on moving the
Knight into a new position must compete with the goal
which already has the Knight supporting the Bishop.
The machine can determine this by a simple search of its
goals. Therefore a reasonable decision net would recom-
mend exploration of this Knight's moves only as a last
resort.

The vision of a large collection of small reasons why
various moves should have low utility for exploration
raises a caution. We do not want the machine to spend
all its time examining the future actions of committed
men; yet if it were never to do this, it could overlook
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real opportunities and might even gradually paralyze
itself by the accumulation of commitments. The solu-
tion, of course, is the random element. The difficulty
with random search in a complex environment is that in
reasonable time scales, nothing will ever be discovered.
Therefore, randomness should be introduced into the
decision nets only in small and well controlled amounts.
The machine should rarely search for combinations
which sacrifice a Queen and Rook to no apparent gain
only to develop a mate eight moves later.

LEVEL OF ASPIRATION

By now we have finally returned to the decision prob-
lem stated earlier. There are devices for stopping the
search for tactics if successful. There are devices for
differentiating the various directions of search. These
are likelihoods for the opponent’s moves, and utilities
for the machine’s. But there exists no stop rule in the
face of continued difficulties.

To find a solution we turn to a phenomenon well
known in the human sciences: levels of aspiration. The
fundamental reason why the machine must terminate
the search is limitation of resources, in this case mostly
computing time. By a level-of-aspiration type solution
is meant the introduction into the machine of the
limitation of resources as an explicit mechanism. That is,
various expressions will exist in the machine which
measure and utilize the information about the amount
of resources available. Thus, the limitations will no
longer function as absolute constraints; the way in
which they affect the machine is partially within the
machine’s control.

For tactics a suitable measure, correlated with com-
puting time but more appropriate to the task, is the
likelihood of a position. As the machine explores into the
future, selecting one possible action after another, the
likelihoods compound like probabilities so that the ulti-
mate likelihood diminishes as actions get further into
the future, or are reached through lower-likelihood ac-
tions.

The machine sets out on a tactic search with a pre-
determined level of final likelihood. It gradually extends
the tree of actions until each terminal position has fallen
below this level; then it stops. If, now, the aggregate
likelihood of reaching a position of goal achievement lies
above another predetermined aspiration level, the ma-
chine considers the tactic adequate. If not, it returns to
the goal structure and develops some additional goals,
as described earlier.

TRANSFORMATION RULES

Nothing has yet been said about how all these sub-
goals are generated. The structure of the mechanism is
clear; it will consist of more rules of thumb. There will
exist a set of expressions in the language which function
like the rules of inference in logic: they allow us to derive
new expressions from old ones. They are of the form,
“For a goal of type A, try a subgoal of type B.” For
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example, “For att (x, v) try def (v).” This expresses the
fact that there is some merit to defending the men who
are involved in carrying out an attack. If this trans-
formation rule, as it is called, were applied prior to the
opponent’s actual attack on the attackers, this would
constitute a fine example of anticipatory response.

The machine must examine its goal structure to de-
termine the types of goals for which it requires new sub-
goals. It selects out those transformation rules which
might be relevant; that is, where the structure of the
goals in the net fits the specifications of the first part, or
premise, of the transformation rule. Several possible
rules may be obtained. It seems appropriate to intro-
duce a random element to guide the final choice, since
the inference expressed by the rules is rather a loose one.
The weights assigned to each rule will be functions of
experience, so that rules which work get chosen rela-
tively often.

We have again arrived at a place where the important
question is the actual content of these expressions. Cer-
tainly, if the rules are poor the machine will play terrible
chess. Its operation will bear little relation to the objec-
tive game situation. Again, other problems are more
important. No solution has yet been described for either
the evaluation or the alternatives problem. It will be
appropriate to consider evaluations next.

EVALUATIONS

It may seem that somehow the evaluation problem
has an implicit solution in the array of mechanisms
postulated so far. The problem is to relate a position to
the winning of the game. Since the machine uses inter-
mediate goals, the problem now is to relate positions to
these subgoals. It seems that the tactics do provide this
relation. If a sequence of actions in a tactic results,
sometime, in the given position, then the likelihood of
achieving that tactic’s goal from the position is known.
The machine spent time computing it when generating
the tactic.

The immediate difficulty with this is that it relates a
position to a goal only if it occurs in that goal’s tactics.
This provides no evaluation for the other goals. Hence,
it is only a partial solution since the problem of evalua-
tion is assessing the relation to the ultimate goal, which
is winning. In order to make playing possible, the ma-
chine has replaced the single remote goal with a large
number of more immediate ones. Thus, for the machine
the problem is: for any given goal, determine the likeli-
hood of achievement from any given position.®

The solution exists for the special case where the po-
sition occurs in the tactic of the goal. Consider two other
special cases. First, suppose the goal were achieved for
the given position. It would receive a likelihood of one if

¢ Throughout the paper I have very carefully used the term
“likelihood,” instead of “probability.” The logical status of the enti-
ties referred to is not at all clear since the machine uses the measured
likelihoods to determine action which in turn determines whether the
move or position will ever occur; that is, what the likelihood “really”
is.
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we think of likelihoods as similar to probabilities. Sec-
ond, suppose a goal were not achieved, had no tactic,
and no subgoals. It would receive a likelihood of zero,
since its achievement rests solely with coincidence or the
opponent, both equally bad bets.

These special cases provide the basis for a solution of
the evaluation problem. If the machine generates goals as
described, then at any instant all the terminal elements
belong to one of the three special cases. This is so since
the situations not covered by the special cases all involve
a goal having subgoals, which means they cannot be
terminal elements. The terminal evaluations are a set of
boundary conditions, from which, step by step, evalua-
tions can be assigned throughout the goal structure.

In the general case, the problem will be to compute
the likelihood of a goal, given the likelihoods of all its
subgoals. It is here that the relation of subgoal is given
operational significance. The machine operates as if the
following principle were true: if g; is a subgoal of g;, then
an increase in the likelihood of achievement of g; pro-
duces an increase in the likelihood of achievement of g,.
It interprets its experience in this light, so that contrary
instances are treated as implying that the subgoal is a
poor one.

The laws of combination of likelihoods must have
several simple properties, mostly those implied by the
principle above. Other than this, it may not make too
much difference; simple linear combination may do
admirably.

Although some of the details have not been enumer-
ated, the machine now has the mechanisms for evalua-
tion. The result is a large set of numbers, one for each
goal. The reason why more combination is not required,
or perhaps not even desirable, leads to the problem of
alternatives.

ALTERNATIVES

Clearly, the machine is interested only in alternatives
that further its goals. Now, goals are general state-
ments, and the tactic is the bridge provided to pass be-
tween the goals and the very particular current situa-
tion. Tactics provide actions that lead to goal achieve-
ment. At any moment, then, there are a certain number
of tactics and these yield an equal number of alterna-
tives (not necessarily all distinct), all of which are worth
considering since they each further some part of the
machine’s goal structure.

This would be a solution to the alternatives problem
if this set were always adequate. It can hardly be ex-
pected to be so at all times. For instance, right after a
very unexpected move by the opponent there may be
no tactics left at all.

The solution lies in more levels of aspiration, partial
efforts and iteration. For each alternative, the machine
computes the goal evaluations for the new position that
would follow if the alternative were chosen. This yields
an evaluation of each alternative’s effect throughout the
goal structure. Although this evaluation appears to be
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only one move deep, it is fundamentally grounded in the
tactics, which extend much further into the future.

The decision is now made whether to make the avail-
able set suffice, or whether to return and work some
more: to add and modify the goals and tactics. This is a
level-of-aspiration type of decision, which will depend
not only on whether the alternatives are “good enough,”
but also on how much time remains, and whether the
move is crucial. Only if the decision is made not to ex-
plore and expand further, is the best alternative picked
from the limited set and punched into the card as the
machine’s actual move.

The term “best alternative,” is used in a very casual
way. The evaluations consist of many numbers, at least
one for each goal. It is clear that if a single alternative
dominates all others, it should be chosen. It is also fairly
clear that an alternative which achieves a very im-
portant subgoal is to be preferred over one which only
increases the likelihood of a few very subordinate ones.
But basically this is a multiple value situation, and in
general no such simple rules can be expected to indicate
a single best action. The problem for the machine is not
to somehow obtain a magic formula to solve the unsolv-
able but to make a reasonable choice with least effort
and proceed with more productive work. There are
other ways to deal with the problem; for instance, in-
clude conflict as a fundamental consideration in the
decision to explore further.

Thus, at each move the machine can be expected to
iterate several times until it achieves an alternative that
it likes, or until it runs out of time and thus loses the
game by not being smart enough or lucky enough.

PERFORMANCE SCHEMA

The pieces now exist to give an over-all schema for
the performance system of the chess learning machine.
This is a set of mechanisms which is sufficient to enable
the machine to play chess. There is no learning in this
system; it will play no better next time because it played
this time. If the content of all the expressions required is
appropriate, it will play good chess; if they are not, it
will play very poor chess.

This performance system is highly adaptive. A goal
structure peculiar to each play of the game is generated
during the course of play. Tactics reflect the minute de-
tail of the current situation. This short-run adaptability
is not to be confused with learning which would perma-
nently affect the way the machine would play in the
future.

Fig. 1 gives the schema of operation. Rather than
present as systematic and complete a representation as
possible, attention has been given to relating the ele-
ments discussed so far. The rectangles represent the
major kinds of information in the system. These may be
viewed as memories. The arrows indicate processes that
operate on one kind of information to produce another.
The small writing by these arrows relates these processes

1955 WESTERN JOINT COMPUTER CONFERENCE

to key words used earlier. Some of the main decisions
are put in circles, since it makes the diagram easier to
follow. The programs for carrying out most of these
processes are the various nets, like the classification net.
For the sake of clarity, these are not shown as explicit
kinds of information, although they certainly occupy a
large part of the computer’s memory.

input
OPPONENTS classify OPPONENTS
MOVE o GOALS
elimnate
useless branches likelthooas
CURRENT | tactic
TACTICS search
A utlities
AVAILABLE MACHINE'S
ALTERNATIVES GOALS
t tep b transformation
ggs(t? |eo\§r(1/ éoc;'r?pu\‘éfgg'?\ rules
EVALUATION 'which which
FOR EACHALT tagtic subgos
diagnose
tacticsggoals

choose best’
alternative

MACHINE'S
MOVE

* out put

Fig. 1—Schematic flow diagram for performance system.

Each sequence always starts with an opponent’s
move being received (at the top). The process continues
(downward) by a series of straightforward computa-
tions until the question is reached whether the situation
is “good enough.” This is the fundamental question. If
the answer is yes, the machine has only to choose from
among the available alternatives and play, thus ending
the sequence (down). So far the effort spent is nominal.
If, however, the answer is no, the machine proceeds to
the modification and extension of the goals and tactics
(to the right and up). This part is of indeterminate dur-
ation and effort and utilizes all of the complex apparatus
that has been built up. Following this, the machine
again attempts to produce a move (downward again).
This is the fundamental cycle: to try to decide on a
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move with little effort, to modify the basis of decision,
and to try again. Finally, of course, a move is made and
the sequence stops.

LANGUAGE

It is necessary to add a few comments about the gen-
eral-purpose language required to make a machine of
this nature feasible. An essential featpure of this language
is its ability to refer to itself as well as to the “external”
chess situation. The only languages of this power of ex-
pression that have been formalized at all are those used
in symbolic logic such as the calculus of propositions.”
The one illustrated below is an adaptation for computer
use.

Each symbol has a binary code, although, for effi-
ciency’s sake, not all have different codes. An expres-
sion, then, is a long sequence of zeros and ones. The
expression is decodable by proceeding from left to right:
knowing which symbols have been found so far gives
sufficient information to determine how many bits to
consider next and what class of symbols it belongs to.

The following illustrates this language. It is the trans-
lation of the classification net exhibited earlier.

1. s exxal gs( J( ctbl 2(r0),] )

No Yes

3. N xM( a(x0) )
2 1

Mo S EXxM(W)( cps[ Ma(r0),x] )
No Yes

5. Z11

Consider expression 1 as an example. Iz foto it means,
“Does the action contribute to any goal?” A question in
the symbolic language is a sentence without its truth
value. The machine interprets the missing value as an
instruction to determine it; that is, to obtain the answer
to the question. Expression 1, then, starts with “S” to
identify itself as a sentence. (Expression 3 has an “N,”
and its value would be a number.) “EX x G” means,
“there exists an x which is a goal.” The “gs(2)” in
parentheses gives additional specifications on the range
of x. The machine will only search gs(2) which is the
opponent’s goal structure. The last parentheses con-
tain the predicate, “contribute” symbolized by “ctb.”
Its arguments are first, an action, “a(r0),” the “r0”
standing for relative time zero so the machine will al-

7 R. Carnap, “Logical syntax of language,” Harcourt, Brace, and
Co., New York; 1937.
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ways look at the current action; and then a goal, “x,”
which is the variable over which the machine will
search.

The machine interpretation and execution of such an
expression runs along lines very similar to those used in
algebraic coding schemes. The machine has programs
for determining the truth or falsity of each individual
predicate, here only the “ctb.” Truth values are com-
bined, with due regard for brackets, by the laws of
“and,” “or,” and “not,” depending on which occur in
the expression. The machine interprets “EX” as making
the sentence true if for any of the goals considered it
obtains “true” for ctb.

LEARNING

The section is limited to some remarks on the require-
ments for learning and the potentialities for it that exist
in the machine.

The large number of highly interrelated mechanisms
involved in the performance of the machine indicates a
major difficulty. Consider the hundreds of expressions
which each determine a highly specific rule of action.
How is it possible to have a set that actually fits to-
gether to produce effective chess play? The assumption
that man can discern which sets will work seems rather
untenable; there are too many effects and hidden conse-
quences. Learning seems to offer a solution.

At any given time the machine has a set of expres-
sions, which work tolerably well over some restricted
range of environments. The machine generates a few
extensions of or modifications to its current set. These
are incorporated if their use provides an improvement in
performance. The features to note about this learning
process are, first, that it gradually extends the set of
expressions, and second, that expressions get admitted
only if they “fit in” with the others already there. Thus,
given that an appropriate training sequence of games
are played, the machine will grow itself a set of expres-
sions of sufficient complexity to play good chess.

Many of the mechanisms necessary to provide this
learning are already in the machine. First, it is necessary
to measure the effects of one mechanism on another.
The machine is already able to perform any test or
measurement given by a network of expressions. All
that is required is that the expressions refer to the ap-
propriate internal parts of the machine and ask the right
questions. The language is powerful enough to do this.
These nets also allow diagnosis of which parts of a com-
plex mechanism are causing the undesirable effects.
Memory is needed to keep performance records, and
mechanisms are needed to collect and classify these
records; all of this is already possible. The possibilities
for new mechanisms are limited only by the modes of
expression of the language, since the specific behavior of
the performance system is determined by the content of
expressions. Finally, the search for new mechanisms is
quite similar to obtaining subgoals for goals. That is,
there would be sets of transformation rules to give the
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types of modifications that might prove useful for a
given type of expression.

The problem of sample-size requires mention: How
large a sample of experience is necessary to obtain
learning? Or better: How much information about the
effects of behavior is necessary to successfully modify
the behavior? Chess affords a good example of this prob-
lem. It is extremely doubtful whether there is enough
information in “win, lose, or draw” when referred to the
whole play of the game to permit any learning at all over
available time scales. There is too much behavior. For
learning to take place, each play of the game must yield
much more information. This is exactly what is achieved
by breaking the problem into components. The unit of
success is the goal. If a goal is achieved, its subgoals are
reinforced ; if not, they are inhibited. (Actually, what is
reinforced is the transformation rule that provided the
subgoal.) This is so whether the game is ultimately won
or lost. Each play gives learning information about each
goal that is generated. This also is true of the other
kinds of structure: every tactic that is created provides
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information about the success or failure of tactic search
rules; every opponent’s action provides information
about success or failure of likelihood inferences; and so
on. The amount of information relevant to learning in-
creases directly with the number of mechanisms in the
chess playing machine.

CONCLUSION

e

“As every design engineer knows, the only difference
between a good design and the actual machine is time
and effort.” This adage is a byword in the field of robots
and thinking machines. The scheme presented here is
not far from a “good design.” One can estimate the man-
hours necessary to draw up the detailed flow diagrams
from which machine coding follows as routine chore.
But this is not sufficient. These mechanisms are so
complicated that it is impossible to predict whether they
will work. The justification for the present article is the
intent to see if <z fact an organized collection of rules of
thumb can “pull itself up by its bootstraps” and learn to
play good chess.

Comments on Session on Learning Machines

Walter Pitts (Research Lab. for Elec-
tronics, M.I.T.) The speakers this morning
are all imitators in the sense that the poet in
Aristotle “imitates” life. But, whereas
Messrs. Farley, Clark, Selfridge, and Din-
neen are imitating the nervous system, Mr.
Newell prefers to imitate the hierarchy of
final causes traditionally called the mind. It
will come to the same thing in the end, no
doubt, but for the moment I can only leave
him to Mr. Miller, and confine my detailed
remarks to the others.

It is of great value to the neurophysiol-
ogist to have people invent machines that
perform some of the same tasks as parts of
the nervous system, especially when the ma-
chines operate along the same general lines.
This would be true at any time, but is es-
pecially so now, which I can make evident
by a thumbnail sketch of the present state
of the science.

Retina

Eye Muscles

Anatomy has divided the brain into
internally homogeneous parts, called nucles,
has named and classified them, and has
traced the more conspicuous pathways, or
Jfiber-tracts, connecting them. After adding
some substantial contributions from electro-
physiology, the result is a block-diagram of
the nervous system. Although incomplete in
detail in most places, particularly with re-
spect to connections employing few, small,
or slow fibers, it is still a generally reliable
guide to research. Thus, for part of the visual
system, anatomy draws a diagram running
somewhat like Fig. 1.

The next chief problem is to find out
what transformation the arriving informa-
tion suffers within the nuclei. There are sev-
eral ways of doing this. The oldest was to
remove a particular nucleus in an experi-
mental animal, and watch the animal after
recovery to see what capacities it had lost.

/b
T~

The limitations of the method are very
great. At most, one can infer that a nucleus
is necessary for a capacity, never that it is
sufficient. The more complicated disabilities
often disappear gradually, by a process, such
that one cannot tell whether it was the re-
moval of the nucleus or the incidental dis
turbance of something else during operation
that caused the disability called the “vicari-
ous assumption of function.” And the
method cannot be applied to men, in whom
alone the more complicated forms of think-
ing can easily be detected. (Accidental hu-
man brain damage is rarely well locaiized,
and one never has tested the man befor e the
accident.) This line of attack is therefore be-
coming obsolete, excepto mong experimental
psychiatrists wishing to discover the seat of
the soul, the unconscious, the emotions, or
other metaphysical entities.

A more useful method is to apply various
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stimuli to tracts of fibers leading into a
nucleus and record from those leading out.
This procedure is less generally successful
than one might expect. Most fiber tracts are
not compact bundles, easily reached for
local stimulation and recording; moreover,
even if they are, one cannot tell what ‘“‘in-
formation” he has sent in, or what has come
out, unless he knows the coding system. A
tract will consist of thousands or millions of
fibers, each carrying a sequence of impulses
in time which is arbitrary except in not hav-
ing too many impulses too close to one an-
other. In principle, we ought to record the
impulses from each fiber separately, since it
is possible for the relevant information to
lie (1) in the intervals of time between suc-
cessive impulses in a train proceeding along
each single fiber; (2) in which fibers are
carrying the impulses; (3) in the intervals in
time between impulses, or trains of impulses,
in different fibers. To do this is technically
impossible, nor could one interpret the re-
sults if he had them. In favorable cases, we
can do one of two things: record for all the
fibers of a tract in parallel (one then cannot
tell in which fibers a discharge originates),
and record from one fiber in a tract. Both of
these give useful results, as we shall see.
But such favorable cases are rare. On the
whole, they occur in nuclei close to the pri-
mary sensory input to the system and the
ultimate motor outflow from it. Even for
these nuclei, in many cases the signal along
a particular output fiber depends upon only
a few of the input fibers, and it is quite im-
possible to find these and isolate them for
stimulation.

This brings us to the remaining line of
investigation, the direct study of the nuclei
themselves. Here we have two kinds of
knowledge to start with. The classical his-
tology of Ramon y Cajal and his successor
has told us in some detail the structure and
mutual arrangements of the neurons in a
nucleus and the principal lines of connection
among them. The kind of information pro-
vided may be seen in Fig. 2, from Ramon y
Cajal. One very interesting conclusion may
be drawn from drawings like these. The divi-
sion into layers, the types of cells, their
relative abundances, and the general char-
acter of their connections are determinate,
and largely the same from place to place and
brain to brain. A pyramidal cell of the third
layer, say, ending on the giant cells of the
sixth layer (which give rise to the output
fibers) proceeds largely vertically: it rami-
fies horizontally comparatively little, and
ends on the giant cells either directly be-
neath it or only a little distance away.
Within these limitations the connections
appear to be random: it is not determined
a priori to which giant cell a pyramid shall
project, nor by how many terminal branches,
but only that it shall project to some such
cells beneath it with a probability declining
with lateral distance. This appears to be a
general fact about the nervous system: it is
never predetermined that a particular cell
in a particular place shall project to another
particular cell in another particular place,
but only that all cells of a given type in a
particular locality shall connect (roughly)
to cells in another definite locality, with a
considerable uncertainty in the boundaries
of the “localities.” A little reflection on the

amount of information required to specify
completely the wiring diagram of 10'° neu-
rons convinces us that it would be impossible
for the chromosomes to specify the connect-
ing of the nervous system much more pre-
cisely.

I am speaking here, of course, only of
such nuclei as do not learn, or of such others
as have not yet learned anything. Learning,
of course, may change the character of con-
nections until what was once only statisti-
cally determinate becomes minutely so. This
fact puts the nervous system in sharp con-
trast to any ordinary computing machine.

The second kind of knowledge concerns
the elementary processes determining the
transmission of impulses from neuron to
neuron. In a very few places in the nervous
system, e.g., the motor cells of the spinal
cord, several different bundles of fibers lead-
ing directly to the cells can be isolated, and
the efferent fibers from the cells constitute
a compact and accessible bundle. In such
cases, we have been able (see the paper of
D. P. C. Lloyd, for example) to find out
something about the way the impulses de-
livered to a particular neuron over several
channels combine to determine what it
shall do. I ought to emphasize that these
neurons are not very typical; most of the
neurons in the brain, which differ from these
in shape, and geometrical relations to their
afferents, may behave differently. In some
cases they certainly do: some neurons in the
cerebellum and respiratory center fire at
a regular rate even when no impulses are
reaching them, and respond to stimulation
of afferent fibers by changing their fre-
quency for a while. Nevertheless, there is
always a reasonable temptation to suppose
the neurons we cannot test differ only
quantitatively, not qualitatively, from those
we can, and even—for some of us—to hope we
shall some day be able to guess, by calculat-
ing the field of current produced by impulses
in afferent fibers arranged in a particular way
about the neuron, what its functional rela-
tion to these particular afferents might be.

These two kinds of knowledge—partial
knowledge about the kinds, positions, and
interconnections of the neurons in a nucleus,
and partial knowledge of how the activity
of a neuron depends on those of its imme-
diate afferents—are what our present in-
vestigations of what the nucleus computes
are founded on. From this it is perhaps evi-
dent what use a high-speed computer can
be: if one boldly oversimplifies, and con-
structs a model network composed of layers
of model cells connected statistically as in
Fig. 2, say, (after counting the actual den-
sity of cells of each layer and the statistics of
their connections) and makes reasonable
assumptions about the elementary synaptic
relations, he can use the computer to cal-
culate the behavior of the entire “model
nucleus,” in exactly the same way Messrs.
Farley and Clark have done (without at-
tempting to imitate the known anatomy of
any actual nucleus).

Now the construction of such models
and computation of their behavior will not
be very useful in understanding the real
brain unless the results can be compared,
rather directly, with experimental measure-
ments. Fortunately, the last few years have
seen the development of two methods ca-
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pable of providing a comparison with obser-
vation.

The first is the development of the ultra-
microelectrodes capable of penetrating into
a single neuron, or even a single fiber, in
such a way as to record its discharge inde-
pendent of all its neighbors. One cannot
thereafter make an anatomical picture like
Fig. 2 showing which cell one was recording
from, and s particular connections, but
one can tell which layer it was in. It is then
possible, with a large enough sample, to
find out how the discharge of cells in that
layer depends upon a stimulus applied to
the sense organs or some other tract or nu-
cleus afferent to the one studied. This tech-
nique provides one direct way of checking
the computed conduct of someone’s model
for that nucleus.

It is unfortunate that present technique
allows us to insert only one such electrode
at a time, so that we cannot follow activity
from one layer of the cortex to another, or
analyze adequately such structures as the
primary visual cortex, where different parts
of the visual image on the retina are pro-
jected simultaneously on different parts of
that cortical area in a sort of distorted map.

The second method is a semi-micro-
scopic one. It endeavors to follow the trans-
mission of a group of impulses from place to
place within a nucleus, or along a group of
fibers connecting one part to another, with-
out recording from individual units. This
procedure also requires microelectrodes, but
is not so fine as the other. The object is to se-
cure a record of changes in the general poten-
tial field at each of a large number of points,
without having the records unduly per-
turbed by a cell or fiber immediately ad-
jacent to the electrode tip. This potential
field cannot be interpreted directly in terms
of nervous activity (although many of the
older electro-physiologists thought it could),
because the neurons are immersed in a good
conductor, and it usually happens that
activity of any part of a nucleus generates
currents and potentials observable through-
out the entire nucleus. When several parts,
or all of them, as is usually the case, are
simultaneously active, the potential at all
points depends upon the activity at all
points, and the distribution of activity can-
not be read off from the potentials by in-
spection. In these cases one must compute
the divergence of the potential field, which
does represent the distribution of activity.
(An impulse in a neuron consists of a region
on its bounding surface where current is
being absorbed from the external medium
into the cell, flanked by regions where it
emits current to the outside: for the poten-
tial field measured in the external medium,
therefore, an impulse acts like a sink of
current flanked by sources. The divergence
of the field is therefore a measure of the
number of impulses at a given place and
time.)

It is obvious that this method likewise
can provide a direct experimental check of
computations made with models. It too has
considerable limitations in that the simul-
taneous potential field required cannot be
obtained: one must record from different
points of the nucleus seriatim, repeating the
stimuli along the afferent channels as ex-
actly as possible, and taking all possible
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precautions to detect any change in the
condition of the nucleus during measure-
ment.

These new experimental methods put a
new complexion on the problem of under-
standing the nervous system. Formerly, the
invention of models and computation of
their properties was not of very much use. Al-
most any form of gross behavior, from main-
taining a standing posture to perceiving
shapes or following movements with the
eyes, involves at least six or seven inter-
connected nuclei. Then one had to invent
six or seven models at once, making the
doubtful assumptions about synaptic func-
tion and detailed histology necessary to sup-
plement our actual knowledge of each nu-
cleus, and then making more assumptions to
complete what was known about their inter-
connections. When one looked for no more
precise and detailed an experimental check
than an ultimate comparison of the calcu-
lated behavior with the actual behavior,
the piling-up of dubious hypotheses on one
another was so great that, even if the final
result should then agree, the hypotheses
would gain so little verisimilitude that ra-
tional men hardly cared to venture so for-
lorn an enterprise at all.

But now, as we begin to trace impulses
through a nucleus, we can divide the prob-
lem, and turn our energies to making sepa-
rately a 'model of each nucleus which agrees
with single-cell recordings and field-mapping
on that nucleus. In this enterprise, with the
help of the high-speed computer, there
seems a reasonable hope of success.

We ought, therefore, to persuade Messrs.
Farley and Clark to abandon their Laplacian
indifference, their equally probable con-
nections of everything to everything else,
in favor of determining the connections
among their model neurons, still randomly,
but according to more interesting probabil-
ity distributions. I have reasons for thinking
that this possible generosity of theirs might
not be ill-advised for their own secret pur-
pose. (I suppose everyone else has guessed it
as I have: they mean to invent a cheaper and
more efficient substitute for Generals of the
Air Force; and one must not forget that
these latter are organisms with nervous
systems.)

More seriously, though, it will be excit-
ing to be the neurophysiologist if they repeat
very many times the experiment of letting
their random net acquire a definite structure
by learning and can then discover what is
common in the “effectively structural”
changes in the network so produced; we
might imagine something new to look for in
the erudite brain to distinguish it from the
unlearned.

Messrs. Selfridge and Dinneen are less
humble imitators of the animal nervous
system, particularly in their learning mech-
anism; but in their elementary operations
they follow it very closely indeed. There are
two kinds of experimental results which
seem interesting to mention here. The first
concerns the response of single fibers in the
optic nerve, as recorded by microelectrodes,
to a flash of light suddenly appearing to the
whole retina. It turns out that the fibers fall
into three principal groups: the “on-off”
fibers, which respond by a short train of im-
pulses when the light is turned on, and an-

other when it is turned off; the “on-and-
during,” the discharge of which continues
throughout the presence of the light; and
the “off” fibers, which respond only after
the light is turned off, and then continue for
some while. In cats, and probably in pri-
mates, the vast majority of fibers are of the
first, or “on-off” variety, and therefore re-
spond principally to changes in the degree
of illumination, rather than to illumination
itself. This suggested an explanation of the
well-known fact that we see boundaries
between light and dark regions far more
prominently than what is inside them; in-
deed, we can even recognize a line-drawing
of a face or landscape, a feat nobody would
ever believe possible on the basis of simple
considerations of information-theory. The
suggestion arises from the so-called “physio-
logical nystagmus,” or continuous fine
tremor of the eyes that goes on all the time.
This causes the boundaries of regions of dif-
ferent brightness to pass back and forth
continually over the receptors situated
near it, so that they are exposed to continu-
ous changes of illumination, and will re-
spond strongly. The receptors situated in
the middle of regions of nearly uniform
brightness will experience little change, and
therefore soon cease responding, except for
the relatively few “on-and-during” fibers.

This provides in itself a good correlate
of Selfridge and Dinneen’s “edging” opera-
tion, and their “averaging” is represented
by the simple fact that one fiber in the optic
nerve responds to illumination of a fair-
sized “patch” of receptors. Anatomical
knowledge of the successive convergence of
fibers in higher nuclei provides ample oppor-
tunity, under the simplest assumptions, to
provide an iteration of these operations, but
to what extent this actually occurs we can-
not yet say.

Here we might leave the matter, but the
recent experiments of Kuffler provide so
much more direct a correlate to these opera-
tions, in the retina itself, that I must say a
little about them. Kuffler succeeded in re-
cording from a single ganglion cell in the
retina—these cells are the origin of the
fibers of the optic nerve; the receptors (rods
and cones) are connected to them indirectly
—and explored, with a very small spot of
light, the effect of illuminating receptors at
various distances from it on its response. He
found that all the receptors in a certain “re-
ceptor-field” surrounding the ganglion cell
could excite it; but the ones in the center of
the field close to the cell affected it quite
oppositely from the ones farther away. The
“on-center” ganglion cells, as he called them,
gave an “on”-response when he illuminated
only the center of its field, an “off”-response
when he illuminated only the periphery.
The “off-center” ganglion cells behaved in
exactly the reverse fashion. Illuminating at
intermediate distances generally caused an
“on-off” response. He also discovered that
the receptors in the center of the receptor-
field and those at the periphery generally
inhibited one another; the effect on the
ganglion cell, that is, if both were illumi-
nated, was thatits characteristic response to
each group was reduced or abolished.

When we recall that these ‘receptor-
fields” for different ganglion cells form a set
of overlapping patches covering the whole
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retina, and that the ganglion cells are of two
opposite types, the general result becomes
rather complicated, particularly when one
includes the “physiological nystagmus.”
Nevertheless, it is apparent that there is a
premium on inequality of illumination, that
is, that such ganglion cells as respond most
have the greatest inequality of illumination
between the receptors immediately adjacent
to them and those at a little distance, so
that the net result must certainly be a large
degree of “edging” as well as “averaging.”

It is worth reminding you, in conclusion,
that these resemblances between work on
the neurophysiology of vision and Messrs.
Selfridge and Dinneen’s fundamental opera-
tions on the alphabet are not at all wonderful
or surprising. They know these physiological
facts as well as I do, and have deliberately
designed their proposed machine to imitate
them. Nor is this at all unreasonable, when
one reflects that they mean to imitate a
human activity, so that it is merely econom-
ical to begin by throwing away, as soon as
possible, that vast bulk of “information”
present in every visual image, which we
begin by throwing away.

I had meant here to reflect on certain
fundamental presuppositions determining
the thinking of man, and apparently all
other mammals as well, which a machine
capable of inductive reasoning offers the first
hope of really escaping, and therefore under-
standing. These are the epistemological
limitations first discovered by the philos-
opher Kant. These “synthetic a priori cate-
gories of the apperceptive dialectic” consti-
tute perhaps the most fundamental problem
of neurophysiology and psychology. Con-
sideration of them impelled Helmholtz to
initiate these sciences, and has inspired his
successors continuously, until the present.
At the moment I can only explain this rather
cryptic remark by a reference to the con-
tribution by Heinrich Kluver to the Cold
Spring Harbor Symposium, Vol. VII, Visual
Mechanisms.

G. A. Miller (Assoc. Prof. Psychology,
Harvard University). I want to take this
chance to congratulate the speakers in this
session for the excellent quality and clarity
of their presentations of some rather com-
plex research.

I once heard Robert Oppenheimer, who
has a rare gift for the appropriate expression,
say that good science is just that work that
your colleagues are grateful to you for doing.
On that basis, at least, I am sure that I have
been listening to good science here this
morning—it must be good, because I feel
deeply grateful to these men for doing it.

What I want to do here today is to look
at what these men are doing from the point
of view of a psychologist. Now as a psychol-
ogist, concerned with understanding the be-
havior and the minds of living organisms,
I havea lot of problems. In fact, I sometimes
think I have nothing buf problems. So when
I see other people trying to solve some of
these difficult problems for me, I am inclined
to become almost pathetically grateful.

Broadly speaking, psychologists have
two somewhat different classes of problems
which, for simplicity, I will call descriptive
problems and functional problems. A de-
scriptive problem is one in which we try to
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state the properties that characterize an
animal’s behavior. Thus we speak of a man
as being honest, as having self-esteem, as be-
ing intellhgent, well-adjusted, introverted,
dominant, etc. These same properties can
be, and often are, attributed to machines.
We say that our automobile is stubborn for
the same reasons we say a mule or a man is
stubborn—it won’t do what we want it to.
Such properties are often attributed to com-
puting machines.

I have heard a certain amount of discus-
sion as to whether or not it is proper to as-
cribe such human properties to computing
machines. To my mind, these arguments are
completely irrelevant. No matter which side
wins the argument, the practical business of
designing new machines is not changed in
any way. So I will not waste my time arguing
over distinctions that have no consequences.

When we come to the functional prob-
lems, however, the situation is far more in-
teresting. A functional problem is one in
which we try to state how an organism per-
forms a certain function. Thus we speak of a
man detecting a faint sound, recognizing an
object, learning a skill, remembering a name,
solving a problem, performing a job, or com-
municating an idea. These are all psychologi-
cal functions and we would like to know how
it is that living organisms carry them out.

With regard to such functional problems
there is a long history in psychology of inter-
est in machines, in robots, that can perform
the same functions. Descartes may have
been the first to think in this way. The value
of such analogies for the psychologist is
that they often help to clarify his thinking.
If he can express the problem in terms of a
machine, then he feels that he has defined

his terms scientifically and has eliminated
any possible mysticism or magic from his
discussion.

A discussion phrased in the ordinary
language of everyday conversation is often
very ambiguous. In order to be more precise
we often have recourse to the language of
mathematics where we must define our
terms clearly and perform our deductions
according to established patterns of logic.
Psychologists, however, are often unable to
make a precise mathematical statement, and
so they have often resorted to this dodge,
this halfway house on the road to precision,
the conceptual model. A model is certainly
superior to a purely verbal argument, and
is inferior to a complete mathematical
theory. Thus many psychologists have tried
to design machines that would perform psy-
chological functions.

This morning we have heard three at-
tempts to design machines for carrying out
psychological functions. Selfridge and Din-
neen have a machine that recognizes objects.
Farley and Clark have a machine that learns
by being rewarded. Newell has a machine
that solves problems in chess. In all these
cases, the psychologist expects to learn
whether or not such machines, designed ac-
cording to certain stated principles, actually
perform the functions intended. In that way
we get an indirect verification of the ade-
quacy of our psychological postulates.

For a concrete example, consider the
question of recognizing objects. In trying to
conceive how a machine might do this job,

vmany psychologists have imagined that
'seme memory trace of every object ever per-
ceived in the past is stored somewhere in
the nervous system. Then when a new ob-
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ject is presented, its image is correlated
with all the stored images, and that stored
image which gives the highest correlation
with the perception of the present object
determines what we call it. However, when
we in fact get around to really building such
a machine, the inadequacy of such a model
quickly becomes apparent. The machine
cannot remember so much and it cannot
compute that many correlations in the time
allowed. Therefore, we are at once forced to
perform certain operations on the image that
extract from it the significant features, and
these features are then compared with a
much smaller memory. Such a machine is
practical to build, it is in better conformity
with the known facts of human perception,
and Selfridge and Dinneen have shown that
it can work to give the same results.

Similar remarks are also true of the chess
machine. It is not good machine design to
explore all possible consequences of all pos-
sible responses to a problem. And it is not
good psychological theory either. So Newell
considers a machine that forms inductions
and remembers rules and does not try to
store away every item of information it has
received.

To me, a psychologist, this is the prin-
cipal lesson to be learned from the papers
presented here today. Our problem, our joint
problem, is to discover what transformations

‘must be made on the available data in order

to preserve intact the significant features
and to discard the irrelevant details. When
we have discovered such transformations
or operations, we shall be a great deal closer
to building better machines, and also a great
deal closer to understanding human be-
havior.

A New Nondestructive Read for Magnetic Cores
R. THORENSENT AND W. R. ARSENAULTT

Summary—A simple but effective method has been developed for

INIRODUCTION

reading information from ferrite storage cores without destroying
the information. A single ferrite core containing a small radial hole is
used per stored bit. A wire is threaded through the hole and a current
pulse is passed down the wire to interrogate the core. The interroga-
tion current temporarily disturbs the residual flux in the core and
induces a signal in an output winding. The output signal is unique for
the direction of the residual flux and is independent of the direction
of the interrogation current.

The read operation can be extremely fast. Complete read signals
may be as short as 0.3 microsecond, making interrogation cycles of
0.5 microsecond feasible. Laboratory tests have proven these cores
to have all the properties associated with normal coincident current
memories plus nondestructive readability.

Fabrication of these cores should prove practical and economical
as compared to nondestructive read arrangements known to the
authors. Normal square loop ferrite cores can be altered to the new
design or it should be possible to fabricate the radial hole at the time
of manufacture.

{ Res. Labs., The Magnavox Co., Los Angeles, Calif.

computer field for storing information is well

known and has been well covered in the literature.
For those not completely familiar with present methods
of inserting and removing information from such stor-
age systems, a brief review is included.

Fig. 1 shows a toroidal core and its hysteresis proper-
ties. Fig. 1(b) is a somewhat idealized curve of a square
loop ferrite. The core is shown with three windings, two
carrying switching current and the third, a sensing sig-
nal. A current of (—I) will bring the core to a point
marked (—¢.) on the hysteresis loop and upon removal
of (—1I) the core will come to rest at the point 1. The
core is then said to store a binary 1. In order to sense the
information stored in the core, a current of (I) is applied.
The flux in the core then traverses the loop to (0). The

THE APPLICATION of ferrites to the electronic
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Fig. 1—Coincident current core and hysteresis properties.

flux change is sensed and interpreted as a read signal of
1. If the core had been in the state indicated by O,
there would have been only a very small flux change and
the read signal would have been interpreted as a 0.
It should be noted from the curve that a current of
either plus or minus I/2 will not influence the state of
the core. This property is used to set up a selection plan
in a large memory array. A particular core is selected by
the coincidence of two half currents.

A characteristic of the memory systems described is
that the reading or sensing process is destructive. If the
information is to be retained, it must be temporarily
stored by external means and rewritten into the cores.
This involves two complete flux turnover times of the
core plus the time involved to set up the associated
switching circuits.

The access time of present coincident current core
memories varies from approximately 6 to 12 micro-
seconds. Some special applications of computers require
references to the memory at a much greater rate than is
available with the coincident current type memory.
Since the turnover time of the ferrite cores was already
being pushed to their upper useful limit, engineers
started to look for nondestructive methods of sensing
the information stored in the core. If this nondestructive
reading could be accomplished, the time to rewrite the
information could be eliminated.

Two published methods!-? accomplishing nondestruc-
tive reading are shown in Fig. 2. One uses an auxiliary

1D. A. Buck and W. T. Frank, “Non-destructive Sensing of
Magnetic Cores,” AIEE Tech. Paper 53-409; October, 1953.

Z A, Papoulis, “The Nondestructive read-out of magnetic cores,”
Proc. IRE, vol. 42, pp. 1283-1288; August, 1954.
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core or pole pieces to produce a magnetic field in quadra-
ture to the residual flux in the storage core. So long as
this secondary flux is below some limit, it interacts with
the remanent flux only momentarily and the state or
direction of the remanent flux can be detected. Fig. 2(b)
shows a method of generating a quadrature field in-
ternally in a metallic core. The interrogation current is
sent down the metallic ribbon, producing a flux perpen-
dicular to the residual flux since this flux, too, is in the
direction of the ribbon.

INTERROGATION
WINDING

IRON

MAGNETIZING
WINDING

SENSING
WINDING

REMANENT FLUX TRIES
TO LINE UP WITH
(@  QUADRATIC FIELD

MAGNETIZING
WINDING

SENSING
WINDING

Fig. 2—Quadrature field nondestructive read.

DEescripTioN OF NEW READ METHOD

The authors’ method of nondestructive read-out is
based on generating internally in the ferrite storage core
a secondary field which interacts with the main residual
storage flux of the core. The interaction is such as to
cause a transient change in the residual flux, the direc-
tion or polarity of the change depending solely on the
direction of the residual magnetization around the core.
The flux change is transient as opposed to permanent;
upon the removal of the interacting magnetic field the
orientation of the residual flux around the core has not
been changed nor will it change regardless of the num-
ber of times the interrogation process is repeated. Fur-
ther, since the sign of the transient flux change depends
on the orientation of the residual flux in the core, the
process may be used to read out information in a non-
destructive manner.

The manner in which the secondary field is intro-
duced is illustrated in Fig. 3 which shows a toroidal
storage core with two holes drilled on a diameter. A
wire is threaded through these holes and a pulse of cur-
rent is passed down the line to interrogate the core. The
flux generated by this current temporarily disturbs the
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residual flux ¢z in the core. The change of flux during
this period induces a voltage in the sensing winding and
the state of the core can be detected.

.SENSE
WINDING

SWITCH
WINDING

INTERROGATION
WINDING

Fig. 3—Core configuration for nondestructive read.

The voltage induced in the sensing winding is shown
in Fig. 4. The top line of Fig. 4 shows the interrogation
current pulse. This pulse is approximately 0.2 micro-
second wide at the base. The second line shows an out-
put signal when the residual flux in the core is in a direc-
tion indicated by (¢z) (Fig. 3). The read signal—includ-
ing recovery—takes only 0.4 microsecond. The switch
winding shown in Fig. 3 may be used to change the di-
rection of the residual flux in the core. When the residual
flux (¢r) is oriented in the opposite direction from that
indicated in Fig. 3, the output at the sensing winding
upon the application of an interrogation pulse is that
shown in the third line of Fig. 4. The signals shown on
lines two and three can be interpreted unambiguously
as the storage of a 1 and a 0, respectively.

17

Fig. 4—ZERO and ONE output. Sweep: 0.1 microsecond/division.

Fig. 5 shows an enlarged section of the storage core
with the radial hole. The interrogation winding d, e is
arranged in such a manner that a current through it will
produce a flux of one direction in the upper section and
of the opposite direction in the lower section. If we
assume, for the moment, that the residual flux (¢z)
temporarily decreases in magnitude in the presence of
the field set up by the interrogation current, it is easy to
see that the read signal would be unique for the particu-
lar direction of (¢g). The output E is proportional to
(—d¢)/di. If (¢r) is positive and decreases and increases
respectively upon application and removal of an interro-
gation current, the output voltage E will initially go
positive and then negative. In the complementary case,
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(¢r) is negative and an output of opposite phase may be
expected. Moreover, the output will be independent of
the direction of the interrogation current since the ar-
rangement is purely symmetrical.

SENSE INTERROGATION
SWITCH WIN:)I;G WN?I:G fo0q
WINDING l TTEST

I lo¢
L =G |
$* O~ |—|-|—
ccf ]_5- %c Sk :1 hol.ll-EST

Io I

Fig. 5—Windings arrangement for test core.

EXPLANATION OF THE READ PHENOMENA

The method of influencing the residual flux in the core
by the application of a current through the radially
oriented hole may be explained as the application of an
influencing flux parallel to, but always opposing, the re-
sidual flux. Referring to Fig. 5: the core is first saturated
in the direction indicated by (¢r) by passing a current [
through the switch winding. If an interrogation pulse of
the polarity indicated is now applied, it constitutes a
magnetomotive force which tends to force a flux (¢’)
through the upper leg and a flux (¢”) through the lower
leg of the core. The core however is already saturated in
the direction of (¢z) so that the mmf generated by the
ampere-turns in the upper leg acts through a high re-
luctance path. The mmf acting on the lower leg opposes
the residual flux and is therefore capable of causing a
considerable flux change in the core. In the case illus-
trated it is (¢”) that temporarily reduces (¢r) which in
turn causes an output signal to be induced in the sensing
winding. If ¢z were initially oriented in the opposite
direction, (¢’) would oppose it upon application of an
interrogation pulse and cause a signal of opposite phase
to be induced in the output winding.

Upon the application and subsequent removal of an
interrogation pulse, the residual flux does not return to
its initial value. This action is depicted in the hysteresis
curve of Fig. 6. Assume the core was initially at point a
and an interrogation pulse is applied. The flux path
might traverse a path indicated by ¢, b, and ¢. Note that
point ¢ is somewhat less than ¢ in flux value. Upon the
application of a second interrogation pulse, the path
traversed would be that indicated by ¢, d, and e. Again e
is somewhat less in value than ¢. Upon repeated applica-
tion of interrogation pulses, the flux in the core will
stabilize and traverse some closed path indicated by
/. g. The exact location and size of this minor loop is
dependent upon the interrogation pulse amplitude and
width, and upon the properties of the core. Subsequent
applications of interrogation pulses will produce out-
puts indefinitely with no further decrease in flux. These
signals are represented in Fig. 4. Laboratory tests have
shown that the signals settle down in from 2 to approxi-
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mactely 20 pulses, depending on the properties mentioned
above; output amplitudes can be made to vary less than
10 per cent during the initial deterioration.

¢

o
{\
\
\
o

Fig. 6—Hysteresis properties of core showing flux
traversions during read.

In the complementary case (where the core is initially
in the state represented by point %, Fig. 6), the loop
traversed during a read operation will stabilize at a path
represented by p, 7. It is seen that A¢/Af is opposite
from that which takes place at f, g.

Laboratory experiments showed further that the in-
formation held in the core could not be destroyed, re-
gardless of wide variations in amplitude and duration of
the interrogation pulse current. Referring again to
Fig. 5, it can be seen that the extreme case of high in-
terrogation current forces the upper leg of the core
associated with the radial hole to become saturated in
the direction indicated by ¢’ while the lower leg is
saturated in the direction indicated by ¢”. Under this
condition, assuming that there is no leakage flux and
that the radial hole is oriented in the center of the core,
the net flux around the toroid will be zero. Assuming
further that the core was initially at point ¢ (Fig. 6) this
zero flux condition is represented by point 2. Upon the
removal of the interrogation current, the flux will return
to the point k. Thus, regardless of the amplitude of the
interrogation current, the flux in the core can go only to
zero and never reverse. Because of this, the elastic
properties of the material can always return the core to
some point % which is in the same direction as a. Suc-
ceeding interrogation pulses will cause the core to trav-
erse a loop k&, k£ which is very similar to f, g. Thus, no
information has been lost and readable signals may be
derived indefinitely.

Again, in the complementary case, the core starts at n
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and large interrogation currents drive it to a loop repre-
sented by m, I. The distance from the origin to & or I
represents the net field that the interrogation current
must apply to the toroid to bring the flux to zero. The
direction, whether it be o, &, or o, /, is determined solely
by the direction of the initial residual flux in the core.

EXPERIMENTAL RESULTS

For test purposes several General Ceramics size
F-262 toroidal cores were drilled out as shown in Fig. 3.
The toroid is approximately 0.37 inch O.D., 0.18
inch I.D., and 0.12 inch thick and of S-3 material.
The radial holes drilled were approximately 0.040 inch
diameter.

Fig. 5 shows the winding configuration put on the core
for test purposes. @, b, and ¢ forms the switch winding for
setting the state of the core. A current I, is passed from
a to b in order to set the core in the 0 state while
application of I; from ¢ to b will put the core in the 1
state. The third winding around the core (4, k) is used as
a sensing winding. One winding (d, ) was put through
the radial hole as the interrogation or read current wind-
ing. Two others (f, g and %, 4) were put on as test wind-
ings. The tests carried out on the cores were of a two-
fold purpose. First, the presence of the nondestructive
read phenomena had to be proved. Then other proper-
ties of the cores required for memory application had to
be tested while being influenced by the read method.
The second purpose was to determine the nature of the
read method and ascertain the amount and limit of the
residual flux reduction in the core as a result of the read
method.

Nondestructive Read Tests

A test cycle was applied to the core as follows:
1. Switch to 0 state.
2. Switch to 1 state.
3. Apply 20 interrogation pulses.
4. Switch to 1 state.
5. Switch to 0 state.
The switch signals applied were 1.8 ampere-turns of 4
microseconds duration while the interrogation pulses
were 1.5 ampere-turns and 0.2 microsecond duration.
During step 3 stated above, the output signals may be
inspected and the amount of deterioration as a function
of the number of interrogations may be determined.
Fig. 7 shows typical read signals for the core in the 1
state. The first signal after switching to the 1 state
(curve 1) and the twentieth signal (curve 2) are super-
imposed. The first signal is slightly larger with little
undershoot. Since ¢ is proportional to fEd¢, the area un-
der this curve represents the flux change in the core.
Since the area above the reference line is greater than
that below, there must be a net flux decrease in the core
during the first read pulse. This is represented by the
path a, b, ¢ of Fig. 6. The twentieth pulse (curve 2) hasa
greater undershoot and the area above the line approxi-
mates the area below. This is represented by the path
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£, g, f, of Fig. 6, and represents no net flux change in the
core. It should be noted (Fig. 7) that the amplitude de-
creases very little with reduction of residual flux in the
core. The undershoot or recovery merely increases as
the core reaches a stable condition.

CURVE |
— ~CURVE 2
A

/
\'4

Fig. 7—First and twentieth read signals of a series.
Sweep: 0.1 microsecond/division.

The amount of reduction of flux in the core as a result
of the interrogation pulses may be measured during step
4 of the program outlined above. During step 2, the core
was set to the 1 state from a 0 state. During step 4
the core is set back to the 1 state after having inter-
rogation pulses applied. Fig. 8 shows the signals de-
rived at the sense winding j, k (Fig. 5) during these
periods. The largest signal (curve 1) is the result of step
2, i.e., switching from the 0 state to the 1 state and
the area under this curve represents the flux change
in the core when going from one orientation to the other.
The intermediate curve (curve 2) is the signal derived
during step 4, and the area under it represents the flux
necessary to restore the core to its original condition
after interrogation. If the area under the intermediate
curve were just one-half that under the larger curve, the
core would have been in a neutral state after interroga-
tion. Graphical integration shows flux area to be ap-
proximately one-third of that under the larger curve so
that the residual flux actually has been reduced by ap-
proximately two-thirds due to interrogation pulses un-
der these conditions.

CURVE |

Y

CURVE 2

Fig. 8—Turnover signal (curve 1) and reset signal (cruve 2) of core.

Fig. 9 shows the signals derived at the test windings
S, g, and &, ¢ (Fig. 5), during the time that curve 2 of
Fig. 8 was taken. One winding shows a considerable flux
change while the other shows none. Therefore all the
reduction of flux that took place during the interroga-
tion process occurred in one leg of the core only. In par-
ticular, the reduction occurred in the leg in which the
mmf set up by the interrogation current opposed the
residual flux in the core. The area under curve 1 of
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Fig. 9 is the same as that under curve 2 of Fig. 8, since
both have been shown to represent the same flux change.

CURVE |

CURVE 2

Fig. 9—Reset signals of each leg of core.
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Fig. 10—Switching properties of cores.
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Switching Properties of the Core

Drilling a radial hole in the core and partially destroy-
ing the residual flux in the core due to interrogation
currents left some question as to whether the square loop
properties were still in evidence. These properties are
necessary for writing information into the core using a
coincident current scheme. Fig. 10 shows three normal-
ized curves for read output vs reset currents. These
curves indicate what could be expected in the way of
output signals after half currents have been applied to
the core in the opposite direction.

It is evident that there is an optimum switch current
that gives the best switching ratio. These curves were
taken for only a single reverse current pulse. Separate
tests showed that with a semi-infinite number of reverse
pulses of 6/10 of the setting current, the signal output
decreased approximately 30 per cent in amplitude and
then no further. This latter test was performed under
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the optimum conditions indicated by Fig. 10.

Read Output vs Read Current

In the event that some form of core switch were to
supply the interrogation current (Fig. 5), there would
be no guarantee that all currents on all interrogation
lines would be zero except the selected one. Currents
from half-disturbed cores could be significant and any
noise produced in the nonselected storage cores would be
accumulative. Therefore it is desirable to have some
nonlinearity in the signal response to the read current.

Fig. 11 shows a plot of signal voltage vs read current
for an optimum switch current condition. If we were to
choose 90 ma as the read current, a variation of 3to 1 in
read current would give a variation of 18 to 1 in output
signal. This desirable effect indicated that selection of
read windings might well be accomplished with core
switching.

The Electrographic Recording Technique

HERMAN EPSTEIN

Summary—A set of criteria for evaluating recording techniques
is reviewed. Features, applications, and the basic technique of elec-
trographic recording are discussed.

INTRODUCTION

N LECTROGRAPHIC recording is one of the re-
4 sults in the continuing search for advanced
recording techniques. This presentation will be
concerned with the technique, as such, and possible ap-
plications to computer technology. Additional applica-
tions will be mentioned briefly.

One of the early phases in the investigation of record-
ing techniques in the Burroughs Laboratories was a
study to establish bench-marks and criteria for evaluat-
ing new developments in this field. As a result of this
study the following representative criteria were chosen
to compare relative merits of the developments in the
laboratory as far as automatic data handling machine
output is concerned:

1. Type of printer: (a) Serial input—serial output;
(b) Serial input—parallel output; (c) Parallel in-
put—serial output; (d) Parallel input—parallel
output.—From the point of view of a minimum
amount of buffering and control circuitry, (a) is
optimum.

2. Choice of characters: (a) Numerical; (b) Alpha-

meric.—A full choice up to 64 characters should

1 Burroughs Corp., Paoli, Pa.

be possible, rather than a limitation to the digits
alone.

3. Speed of printing: (a) Characters per second;
(b) Lines per second.—A technique which offers
high- and low-speed recording capabilities in low-
cost embodiments is desired.

4. Lines per inch.

Character size.

6. Characters per lineal inch.—The technique
should not significantly limit the requirements
listed under 4, 5, and 6.

7. Line feed: (a) Intermittent; (b) Continuous.—
Continuously moving paper during the printing
cycles is normally a definite advantage.

8. Copies.—The ability to prepare copies is neces-
sary in many applications.

9. Recording medium: (a) Type; (b) Durability;
(c) Acceptance; (d) Cost; (e) Unique character-
istics.—Normally, these criteria indicate that
preferred media be similar to an ordinary paper
stock, rather than specially prepared materials.

10. Character formation: (a) Whole; (b) Matrix.—

Depending upon the point of view, one or the
other of these character formations is preferred.

11. Actuator of actual recording mechanisms: (a)

Electromechanical; (b) Electric pulse; (c) Light
flash; (d) Motor driven; (e) Other.—There are
more inherent limitationsin (a), (c),and (d) than

in (b).

@
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12. Selection of the printing actuator: (a) Electro-
mechanical; (b) Electronic.—Normally, elec-
tronic selection is desired and is, indeed, necessary
for high-speed devices.

13. Machine limitations: (a) Number of rectifiers;
(b) Number of tubes; (c) Mechanical complexity;
(d) Cost; (e) Unique features.

14. Applications.—The breadth of application of the
technique is, of course, important.

15. Required type of pulse input from information
source.—The technique should be capable of
making use of general input rather than be
limited to outputs of specific devices or media,
such as punched tape.

Another result of the study indicated that the most
universal technique, if such exists, consistent with the
above criteria, would be an electrostatic technique in
which the actual recording, as such, is accomplished
without moving parts. In addition, basic to a concept
evolved from the study was that the recording should
be done while the paper is moving and that alphameric
symbols should be formed from a matrix array of dots.
Continuously moving recording paper and matrix
arrays tend towards economical embodiments, particu-
larly for designs aimed at the higher printing speeds.
Incidentally, the matrix character formation also makes
direct character recognition more feasible.

An electrostatic process has at least several basic in-
herent advantages:

1. High-speed capabilities.

2. Low power dissipation.

3. High physical forces in the electric fields.

DiscussioN OF THE TECHNIQUE

The electrographic recording technique appears to
satisfy the criteria set forth very favorably. The features
of the technique are listed as follows:

1. Itis a high-speed technique; a mark can be put on
paper in a duration as small as one microsecond,
and printed characters formed from a 5 by 7
matrix can be recorded at rates exceeding 5,000
characters per second. For instance, recording
rates at hundreds of inches per second of paper
strip is potentially possible.

2. The only motion involved in the technique is the
continuously moving paper under the printing
head.

3. The system is basically low in cost.

4. The system consumes very little power; the power
required to print 5,000 characters per second,
serially, is about 5 watts in addition to that neces-
sary to move the paper and fix the recorded images.

5. The system is relatively quiet; the only noise is due
to the moving paper.

6. The printing technique does not involve any
messy, wet, or damp processes.

7. Permanent recording with no fading is achieved.

8. No wear of electrodes or the like is involved.

The electrographic recording technique produces con-
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trolled, visible dots by electrical pulse means directly.
In its essentials, the process utilizes a controlled source
of charge to form small charged areas on a high-resistiv-
ity surface such as a coated paper. The electrostatic
latent image formed by the charged areas is made
visible by inking with a single suitable powder and made
permanent by thermal fixing. In applications in which
the images are to be erased and the medium reused, the
thermal fixing stage is eliminated. Fig. 1 shows the
rudiments of the technique. During the recording stage
the electrical discharge from the point electrode to a
grounded metal plate is used as the source of charge to
form the electrostatic latent image on the high-resistiv-
ity paper surface. The size and shape of the image de-
pend mainly upon the polarity, the electric field
strength and the surface coating used on the paper. A
relatively low negative voltage applied to the point
electrode gives small round dots suitable, for instance,
for high-speed matrix printing. The recording medium
is a relatively low-cost, uniformly and smoothly coated
paper. The coating is a colorless, high-resistivity, ther-
moplastic coating. The thermoplastic feature of the
coating in combination with a suitable ink and appropri-
ate heat processing makes it possible to make the
developed electrographic image completely permanent.
The electrographic ink consists of a single powder con-
sisting of material colored as desired. To ink the latent
image the paper is passed through an inker containing
the powder to give a visible image with virtually no
background discoloration. The image is made perma-
nently visible by passing the inked paper over a temper-
ature-controlled hot plate. The three steps in the re-
cording process are necessarily consecutive and are
performed as the paper moves continuously at the ap-
propriate speed for the particular recording application.

PULSER

RECORDING

e PIN.
\1—— RECORDING

= s

T~

{;) INKING
IO

RECORDING

FIXING

Fig. 1—Rudiments of electrographic printing.

Fig. 2 illustrates the recording head structure and the
5 by 7 matrix character formation. The recording head
in this case is a set of seven 0.005-inch diameter flat-
faced wires in a row, maintained at a fixed distance from
the surface of the continuously moving paper. The
figure shows sketches of the head. The character is built
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up by five successive choices of the seven pins. Fig. 3 is
the electronic pulsing circuit; one is used for each pin.
The circuit consists of one standard tube transformer
coupled to the printing pin. A 250-volt supply voltage is
used with an input voltage of the proper duration and
amplitude; for instance, 40 microseconds and 20 volts.
A voltage bias below the recording threshold is main-
tained at the printing pins. This allows the use of smaller
pulses and closer pin spacing in the head.

Fig. 2—Recording head structure.

6197

=

5
RECORDING
'é”g' sexk L sTYLUS

20 VOLT
PULSE

100K

BIAS +250V STYLUS

BIAS

Fig. 3—Electronic pulsing circuit.

There are other features of the technique which may

be of interest in special applications:

1. The latent electrostatic image and inked visible
image will remain on the paper for a long time
before fixing.

2. The powdered ink and corresponding electrostatic
image can be erased, if desired, and new informa-
tion recorded on the same medium. Of course, at
any time, the inked image on the medium can be
made permanent by carrying through the heat
fixing.

3. Itis possible to detect latent image electrically be-
fore inking. Thus, the technique offers possibilities
for use of the recorded medium after each stage of
the process; that is, recording, inking and fixing.

Fig. 4 shows a 5 by 7 magnetic matrix and decoding

unit to buffer the pulsing circuits to the pins and the in-
formation source. The high pulsing rates made possible
by this printing technique allow reasonably high re-
cording speeds to be obtained with seven pins in five
pulse times, using one decoding matrix and one 5 by 7
magnetic matrix. This results in a small-size, low-
powered, cheap recording device. If straight parallel
printing with a buffer unit for each channel is used, then
phenomenally high speeds are made possible. In fact,
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the limitation becomes the speed at which paper can be
handled.

DECOD!NG UNIT
(RECTIFIERS ON MAGNETIC CORES)

p—
pR——
pR—-

INPUT

I CO— i 1210 O 0
r D\ C‘ \ i
SWITCH 1
READOUT PULSES
1 [SEVEN CHANNEL P’uLSER_UNnI ]
-

TO RECORDING HEAD OR HEADS

Fig. 4—Decoding unit.

APPLICATIONS

Fig. 5 is a picture of the laboratory model which has
been used in the investigations of the technique. Some
other applications of the particular technique are as
follows:

High-speed labeling or strip-printer applications.
Digital computer output systems.

Page-printer applications including plotters.
Teletyping and telemetering applications.
High-speed strip-chart type of recorder.

Facsimile applications.

Applications in which the capabilities of high-
speed recording coupled with high-speed reading
(photoelectric or magnetic reading) are necessary,
made possible through the use of a dark-colored
magnetic inking powder in the technique.

No R wNe

Fig. 5—Laboratory model of electrographic printer.
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An Electronic Digital Polynomial Root Extractor
R. R. JOHNSON+t

Summary—Many mathematical techniques exist for factoring
algebraic polynomials. Most require much computation and program-
ming and are practical only for large machine computers. A different
approach to the general problem is described. The mathematical
method is an adaptation of a Taylor series approximation used to
connect the problem and its formulation with a special machine im-~
plementation. The result is a simple digital computer capable of
extracting the complex roots of an #th degree polynomial.

INTRODUCTION

HE ADVENT OF the large-scale digital com-

puter has resulted in a general emphasis on nu-

merical methods. This emphasis has led to many
applications of digital techniques to problems having
special characteristics; computers designed to capitalize
on these characteristics can obtain solutions rapidly and
with considerable savings in computing equipment. Re-
ductions in preparation and programming time can re-
sult from machines designed to handle problems appear-
ing repeatedly in practice.

In scientific computations, one universally belabored
problem is that of factoring algebraic polynomials.—®
Many analog devices*® and many mathematical
methods!—1¥ have been developed to solve this prob-

T California Institute of Technology, Pasadena, Calif.
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tions,” Blackie and Son, London, ch. VI; 1940.
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lem. A special-purpose computer has been designed and
constructed at the California Institute of Technology to
reduce the programming and scheduling delays in-
volved in placing polynomials in large-scale machines.
Other reasons for its construction were the development
of new computer techniques and the desire for a machine
having more versatility and accuracy than any of the
devices now available.

This computer is designed to handle polynomials up
to the sixteenth degree. Operating in the binary num-
ber system, it requires 20 flip-flops and approximately
200 germanium diodes. The operating memory is one
circulating register with one clock channel on a small
magnetic drum. Input is bit by bit, using a pair of
switches, and output is visual on an oscilloscope. The
only modifications necessary to extend this to higher
degree polynomials would be a larger drum or a higher
pulse density. The computer obtains the complex roots
of polynomials having real or complex coefficients with
an accuracy of approximately six decimal digits. Solu-
tion times average about 16 seconds per root.

PrINCIPLE OF OPERATION

The general method is that of evaluating a poly-
nomial in the complex domain. The computer is de-
signed to: (1) Evaluate the polynomial for successive
increments in its complex argument, and (2) select the
complex increment that always decreases the absolute
value of the polynomial. A brief description is given of
the problem preparation requirements and of the nu-
merical accuracies attainable.

Mathematical Techniques

The computer generates values of the polynomial by
repeated steps of A in its complex argument. Before
each step the value

+é

A
+j8 = A

is chosen such that the step will diminish the absolute
value of the polynomial. In this fashion the argument is
modified as the computer assumes the direct path to the

16 H. E. Salzer, “Calculating zeros of polynomials by method of
Lucas,” Res. Jour., U. S. Bureau of Standards (RP 2348), vol. 49,
pp- 133-134; August, 1952,

17 J, F. Koenig, “On zeros of polynomials and degree of stability
of 51inear systems,” Jour. Appl. Phys., vol. 24, pp. 476-482; April,
1953.

18 1., Tasny-Tschiassny, “Location of roots of polynomial equa-
tions by repeated evaluation of linear forms,” Quart. Appl. Math.,
vol. I, pp. 319-326; October, 1953



120

nearest root. When it reaches a minimum value for the
polynomial, the normal A selection causes the computer
to encircle the point of minimum absolute value.

The single memory channel contains 19 word po-
sitions. The real and imaginary components of the
polynomial are in the first word; in each of the following
16 words is located the corresponding derivative of the
polynomial (see Fig. 1).

Lo Taa Toupen, -~ Tl |

flz)=apz" 4 .- +qz + q, 0]
Fl2 s nap™ty .. 4 q
) = nla,

Fig. 1—The polynomial and its computer representation.

These derivatives, evaluated at some convenient
point such as the origin, comprise the initial input data.
The computational principle is to evaluate each deriva-
tive at an incremental distance A away from the initial
co-ordinate (see Fig. 2). This approximation is the first
term of a Taylor series expansion of the polynomial. All
derivatives are recomputed for each step A using this
principle.

A
store L

@
add

times A
t™ze ) » tM(z)+ 2™+ (2) @

Fig. 2—The computation principle.

For the initial root location an improved approxima-
tion formula is used with a larger value of 6. Higher-
order terms could be taken from the Taylor series, but
a more elegant technique is to use part of each newly
computed derivative:

fz +4) = f(z) + 3A1'(2) + 3Af'(z + A). (3)
The (m—1)st derivative is computed:
(4 A) = D)+ BAS(E) + BAF G+ A). (4

Repeated approximations permit the computer to
evaluate its polynomial for any complex argument.
Coupled with the direction decision elements, the com-
puter follows the shortest path to the nearest zero of the
polynomial.

Several alternatives exist for finding all # roots. The
method used is to continue the normal computation
cycle but to force a desired A selection. The operator
chooses the direction in which he wishes to look for roots
and forces the computer to move in that direction. Re-
leased, the computer seeks the nearest root. Complex
conjugate roots can be eliminated immediately.
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Direction Decision

Consider the simplified approximation formula; the
real and imaginary components for each step are found:

J(@) = u(z) + ju(z).

For A= +39,
u(z + A) = u(z) + 64/(z),
(5a)
2(z + A) = 2(2) + 6v'(2).
For A= 433,
u(z + A) = u(z) F 6v'(z),
9z + A) = v(z) + 64'(2). (5P)

The selection of A is that which will assure
| fe+a)| = [7@].

For example, if both % and v are positive and their first
derivatives are positive, A = —§. However, if # and v are
positive and their first derivatives differ in sign,
A= 137§ is the proper selection.

A simple case illustrates the behavior of the direction
control when z approximates a root to within an amount
0. Consider all signs initially plus. The sequence of de-
cisions prescribed by the rules above forces the computer
to encircle the root. The computer remains in this mode
until forced in another direction.

Problem Preparation

There are two restrictions placed on the polynomial.
It is necessary to convert the coefficients to binary num-
bers and to limit all numbers to absolute values less than
1.0. There are 30 significant binary places available for
the real and imaginary components of each derivative.
Numbers are absolute value with sign when positive and
zero's complements with sign when negative (see Fig. 3).

v—l blanks

1~~signs

T

—— imaginary
----- real

Fig. 3—The biplexed word structure for each derivative.

To insure that Izl =1 for all roots, it is necessary to
compute the radius of the contour in the z plane which
encloses all # zeros of the polynomial

ar

an

R> -1, (6

where |a:| is the largest coefficient in the polynomial.
A new argument is defined:

w=-]—€—; (7)

which transforms the polynomial into

f(w) = an(R)*w" + - - - + ax(R)w + ao. (8)
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The computer obtains the roots of (8). The roots of the
original polynomial are found using (7). To insure that
the absolute value of the # derivatives never exceed 1.0,
it is necessary to divide f(w) by the largest coefficient:

_w
F(w) = \ 2n!R‘ai| } ®
=Anw"—|—-" +A1w+A07 (10)

where 1 is the index of the largest coefficient in (8).
These computations must be done manually before
inserting the derivatives into the computer. This is done
to retain the computational simplicity of the computer.
No multiplications or divisions are provided internally.

D. Accuracy

Each step in the approximation of the function and
its derivatives has a truncation error

= 3 G- 200, (11)
t=m43 402

This is the error in the approximation to the mth de-
rivative. The error in the function itself is of the order of

A3
— f(3)
12f (2).

Two values of § are used: 271 and 2-%°. The computa-
tion sequence is to locate the root with the larger and
refine it with the smaller §. With the coarse 8, the trun-
cation error at each step is of the order of 2734 The total
error in 2! steps is 2724 The root is refined using ap-
proximation (2) with 6 =2-20 In 2!%steps this produces
an error of 2—%,

Roundoff errors may propagate to the twenty-first
binary position in 2!° steps so that the polynomial, its
derivatives, and the value of z may be considered ac-
curate to the twentieth binary place. The smallest in-
crements in z are § =229,

To obtain full accuracy for all roots, it is necessary to
normalize by (7) and locate the roots approximately.
Full significance is obtained for the smaller roots by
renormalizing the polynomial to an R just greater than
the modulus of the desired root.

MacHINE DEsIGN

The computer has three modes of operation:
1. Input.

2. Computation with § =279 or § =272,

3. Direction decision.

The operational aspects of these modes have been de-
scribed. This section gives a general description of the
techniques by which that functional behavior is ac-
complished. The detailed logical design will be available
from the California Institute of Technology.

Input
To describe the input routine, it is necessary to under-
stand some of the internal features of the computer.
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Input itself is so simple that it will be convenient to
present a more detailed picture of the computer in this
section as well.

During the first moments of the input phase the com-
puter orients itself with respect to its internal timing.
This feature arises from a general consideration of the
computer configuration (see Fig. 4).

Sequence
Inverter

read reod write read
I #(z) s £l | f(zﬂ)l %'.(u‘)

e
¢ — — — — |
-

T:lalem|an l'f"(z)

lf(zon) lf’(zv'l.\)lf"(zu )L

Fig. 4—The computer block diagram.

To minimize the number of reading and writing heads
on the drum, it was necessary to use one circulating
register. This implied a single clock channel with no
reference to an origin pulse on the drum. Timing signals
are required, however, to indicate certain word posi-
tions; without having the circulating register exactly
one drum circumference in length it is necessary to
generate certain timing markers inside the register
itself.

In addition to the polynomial and its derivatives, the
memory channel contains two words, “z” and “A.” “A”
holds a marker used to add the correct A into “z.” “z”
holds the value of the complex argument z of the poly-
nomial. The timing signals are those necessary to dis-
tinguish:

1. The words f(z), “A,” “3,” and f" (),

2. The internal word structure: blank bits, sign bits,

real or imaginary bits, and the position of the éth
binary place.

Phase Control designates the first group of timing sig-
nals; the second group are general timing signals.

The blank bits between words may contain two mark-
ers. These markers are entered under the control of the
general timing signals when the input mode switch is
closed. One marker precedes the words holding f(z) and
“g" . it serves to synchronize the phase control. The other
is a movable marker identifying any particular word.

The general timing signals originate in the clock
channel. Originally the drum is uniformly divided into
1,344 positions. The clock channel is derived by oc-
casionally omitting a single pulse (see Fig. 5). The clock
pulses to operate the computer are obtained from a free-
running phantastron synchronized by pulses from the
clock channel. An omitted pulse is filled in for clock-
pulse use by the phantastron. With one pulse omitted at
a time, there is little drift. The missing pulse operates
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the general timing flip-flops; they change state when-
ever a pulse is omitted from the clock channel. Syn-
chronization of the general timing pattern with the drum
pattern is self-controlled and may take several word
times after the computer is turned on.

IIIIIIIIl% ||l| II*IIIIIF_IIHIH
ML

Fig. 5—One word of the pulse configuration on the clock channel.

The input bits are entered via two lever switches;
each bit is inserted in the word identified by the mov-
able marker. Input is most significant bit first. The bit is
placed in a flip-flop and the desired word circulates back
to the memory through that flip-flop.

Computation

There are three operations in the computation mode:
1. Multiplication by %4,

2. Inversion of the bit sequences as indicated by (5),
3. Addition of the respective components.

Multiplication by 26 is done by shifting the reading
heads. This is indicated in Fig. 4; it is also the reason for
limiting the absolute values to 1.0.

Inversion merely exchanges the biplexed positions of
the real and imaginary components when A changes
from real to imaginary. Two flip-flops are used for the
inversion, and two separate adders are used to obtain a
compromise between numbers of flip-flops and numbers
of diodes.

Subtraction or addition is governed by Direction
Control. $6f'(z) and %8f'(z-+A) are always added, but
their sum is added to or subtracted from f(z). The sim-
plest technique is to combine the conversion to zero’s
complements of the subtrahend with the sequence in-
version.

Direction Control

This is the most complicated logical operation in the
computer. The decision is based on a truth table of all
sign conditions in (5). The logic is derived from a similar
table based on the information available internally in
the computer. That is, due to sequence inversion and
zero’s complementation in D1 and D2 (Fig. 6), it is

Read
— §(z)
5512 : | .
Dok Write
Read f(zm)
Fala)

Fig. 6—Inversion of the bit sequence. (The logic is represented by a
gang switch; the switches change state every clock time.)
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necessary to consider the form in which the sign in-
formation is available. One additional limitation on the
decision logic is that the modified sign bits are not all
available during any one clock time.

Two flip-flops, G and H, are used to perform the de-
cision. After each circulation of the memory channel a
new value for A is determined from the new signs of
f(z) and f’(z) and from the original states of G and H.
Referring to Fig. 6 and using the additional notation

=odd-even clock timer,
M1 =reading flip-flop for f(2),
TO0=sign bit times (the real sign is in M1 during
B-T0=1, and the imaginary sign is in M1
during B-T0=1),

the input equations to G and H are written:

= (D1 X D2 X B)-(D2 X M1)-T0

0G = 1G
e (12)

1H = (D2 X M1)-T0

OH = 1H.

These equations are given to illustrate the form in
which the logical design is obtained. The bar denotes
complementation and the (X ) denotes the exclusive “or”
operator

D1 X D2 = D1-D2 + D1-D2.
The 4+ and the - symbols designate logical union and

intersection, respectively. Eqs. (12) describe a flip-flop
having the following behavior.

Input: Output:
1G, 0G, Gri1
0 0 Ga
0 1 0 (13)
1 0 1
11 Gn

The output is delayed one clock interval with respect to
the input; # denotes the clock interval.

The decisions produced by (12) are not exactly cor-
rect. In a few cases G and H will select the correct real or
imaginary A but will give it the wrong algebraic sign.
The computer takes one step in the wrong direction and
then recognizes its mistake and proceeds properly.

This is a situation where it is easiest to make an oc-
casional wrong decision without hurting the functional
operation of the device. Several additional diodes and
an extra flip-flop would be required to make the correct
decision at all times.

Physical Specifications

Two types of flip-flops are used. Those described by
(13) are the first. The second kind are described by the
middle two rows of (13). The second type introduces a
delay and power amplification only (see Fig. 7).
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Fig. 7—Single-Input Flip-Flop. (The output swings from +5 to +20
volts; the clock pulse is referenced to +20 volts.)
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Note that only two power supplies are required. These
supply the flip-flops, diode matrices, and the read-write
amplifiers. Approximately 100 watts is dissipated ex-
clusive of heaters.

The basic clock frequency is 80.7 kc derived from
1,344 pulses on a S-inch drum rotating at 3,600 rpm.

Mode selection is under the control of several switches
on the control panel. They are used for starting, insert-
ing the timing markers, input, A selection, forced direc-

Fig. 8—The computer.
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tion control, locating the movable marker, and selecting
any desired output (see Fig. 8).

CONCLUSION

Several observations result from the design and con-
struction of the machine. It requires about half the
equipment necessary for a medium-speed general-pur-
pose computer of moderate memory capacity. Where
there is need for its special purpose, the ready availa-
bility of the computer and its ease of programming
make it a valuable scientific tool. The binary coding and
bit by bit input and output are limitations, but it is still
felt that the equipment savings warrant them. Even
more equipment could be eliminated if certain other
features of the present computer were omitted.

While the logical techniques developed for the root
extractor are conceptually useful in other digital de-
vices, the computer itself has several other uses.

The machine can be considered as a function genera-
tor in two variables in the sense that it evaluates a
polynomial of high degree. Inputs are any desired x and
y. Internal programming is set to approach the x and ¥
inputs rather than to diminish | f(z+A) l . Discontinuous
functions could be generated if there were some par-
ticular behavior characteristic of a higher derivative.
Input could be to the derivative word position in this
case.

In the field of servomechanisms the computer could
be used to obtain root locus plots. A curve-plotter
would be attached to read the “z” word in this case, and
some form of internal gating would be used to indicate
that a root had been located.

/
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A Set of Transistor Circuits for Asynchronous,
Direct-Coupled Computers
R. A. KUDLICH?Y

~ XTENSIVE operating experience with the
~ ORDVAC! and the ILLIAC has demonstrated
to members of the University of Illinois Com-
puter Laboratory the advantages of computers which
are direct-coupled and operate asynchronously. This
paper describes a set of building block circuits, which is
the first result of a program to develop transistor cir-
cuits which would be suitable for an asynchronous
machine.

This paper will not go into the detailed mathematics
of the circuits. Instead, its purpose will be to explain the
design procedure that was used, and to describe briefly
some of the results obtained with the circuits. A rela-
tively complete discussion of the design of the flip-flop
circuit will be used to illustrate the general technique,
whose principle is undoubtedly familiar to many read-
ers. Instead of studying the behavior of the circuit for
the nominal values of the components, expressions are
obtained for its behavior when every parameter value
varies to some specified extent. The circuit is designed
to operate properly with these extreme values; ordi-
narily a malfunction will then occur only if several
components vary simultaneously by slightly more than
the allowable amounts, or if a single parameter exceeds
the allowable variation to a very great extent. (One
example of the latter might be the sudden decrease of
the current gain to zero when a point contact transistor
burns out.)

Two fundamental characteristics of asynchronous
computers are vital considerations in the design of such
circuits. First, the binary signals in a direct-coupled
computer are dc voltage levels rather than trains of
pulses produced by a clock. Second, the individual
switching operations, such as changing the state of a
flip-flop, do not have any predetermined maximum
duration. Instead, the machine waits until a signal has
been produced, signifying the successful completion of
the operation, before initiating the succeeding step. Asa
result, variations in the transient response of the indi-
vidual circuits will not cause a malfunction. Because of
these two factors, it is feasible to concentrate upon dc
behavior when designing building block circuits for
asynchronous operation.

The flip-flop circuit is shown in Fig. 1. Two point con-
tact transistors are used, with their emitters connected
together and returned through a bias resistor, R,’, to

B2 1§ Bell Telephone Laboratories, Whippany, N. J.; formerly Uni-
versity of Illinois, Urbana, Ill.

L R. E. Meagher and J. P. Nash, “The ORDVAC,” Rev. of Elec.
Digital Computers, pp. 37-43; 1952.

a positive supply voltage, V... To the best of the present
writer’s knowledge, this circuit was first proposed at the
Air Force Cambridge Research Center.? This circuit can
have two stable states, in each of which one transistor is
cut off, the other conducting.

Vee -Vee

Fig. 1—Flip-flop circuit with two point-contact transistors.

With appropriate values for R,’ and R,’, the relation
between v, the emitter-ground voltage, and 14, the
emitter current for either transistor, is the familiar
N-curve, shown in Fig. 2. The N-curve represents an
approximation to the nonlinear characteristics of the
transistor in which the device parameters are con-
sidered to be constant throughout each of three operat-
ing regions.® These regions are:

I. Cutoff Region: emitter current is zero or nega-
tive.
II. Active Region: normal transistor action takes
place.
III. Saturation Region: collector-base voltage is too
small to maintain transistor action.

leg o
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Fig. 2—N-Curve for point-contact transistor.

Values for the N-curve which are critical for the de-
sign of the flip-flop circuit are the peak voltage, v.,, the

2 A, W. Carlson, “High Speed Transistor Flip-Flops,” AFCRC
Tech. Report 53-16; June, 1953.

3 A, E. Anderson, “Some switching aspects of transistors,” The
Transistor, Bell Telephone Labs, pp. 283-334; 1951.
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saturation current, 7.,, and the valley voltage, Ve, Both
the zero-voltage current, ¢, and the saturation-region
slope, 7717, are almost independent of the transistor
characteristics. The approximate expressions which are
used for these values are listed below:

Approximate expressions used in the analysis:
1, vep = - Rchc/Rb + ¥e _l" Rcl
(Ry = Ry + 7).

2 tee = Vef/(e — 1)Ry + aR/.

3. v, = — (@ — D)RwVe/(e — 1)Ry + aR..
4. o= Ve/R/.

5 fiir = RbRa//Rb + R/.

The expressions given imply the following abrupt
changes in parameter values:

1. The current gain* ¢ changes from zero to its active-
region value at zero emitter current.

2. The collector resistance, 7., is constant throughout
regions I and II, and becomes zero throughout re-
gion III.

It can be seen that if variations in external components
and 7; are neglected, then v,, is a function only of 7., .,
and v, are functions only of a, and that 4y and 771 are
constants.

This is taken into account in Fig. 3, which shows two
N-curves (dashed lines) for transistors with different
parameter values, and segments of the combined input
characteristic for both units, as seen at the common-
emitter point of Fig. 1. (Note that the region III seg-
ment is the same for the two N-curves.) If transistor Q1
has the minimum permissible 7, value, and Q2 the maxi-
mum, then all acceptable transistors will have peak
voltage values between those of Q1 and Q2. Similarly, if

Ve

‘or, 'e2
s ier ez

Fig. 3—Unequal N-curves and segments of the combined input char-
acteristic (v, —7%:x) for the circuit of Fig. 1. (Dashed lines are the
N-curves.)

. *The current gain @ used here is the ratio 7../7. and for most tran-
sistors is almost equal to alpha, the short-circuit current gain.
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Q1 has the maximum permissible value of @, and Q2 the
minimum, valley points for all acceptable transistors
will lie on the region III segment between those for Q1
and Q2. A flip-flop circuit which operates correctly for
all combinations of these extreme peak and valley volt-
ages will therefore function properly with any pair of
acceptable transistors.

The solid lines indicate the relation between v,, the
common-emitter voltage, and 7;,, the total current flow-
ing to both transistors through R.’. The various seg-
ments correspond to different combinations of operating
conditions for the two transistors. For example, the seg-
ment marked (II, I) represents the combined input
characteristic when Q1 is operating in the active region
and Q2 is cut off.

If the circuit is to be bistable, it is necessary that the
peak point for Q1 be less negative than the valley point
for Q2; otherwise, there will be no stable state with Q1
cut off and Q2 conducting. The first requirement to be
met is:

min > ! Ve, Imax- (1)

This inequality is set up in terms of the extreme al-
lowable transistor parameters (e.g., minimum 7. in
]v%‘ max), and of the specified tolerances for supply volt-
ages and external resistors.

The additional requirements which were placed upon
this particular circuit are those which allow greatest
variation in the transistor characteristics. To begin with,
it is necessary to preclude the possibility of simultane-
ous saturation of both transistors, since this would be a
third stable state. Thus the load line for R, and V..
must lie to the left of point C of Fig. 3, which corre-
sponds to a total input current twice as large as the
minimum saturation current (¢, for Q1, point B). The
second expression is therefore:

Vee + l Ve, !max
R/

I Ve,

< 2(i,,) min. (2)

The left-hand side of (2) is the available current through
R, .

Faster operation could be obtained by insuring that
the conducting transistor did not saturate, but operated
in the active region in every instance. However, this
would require that the load line lie somewhat to the left
of point B, and thus further restrict the choice of R.’
and V...

The third condition imposed to insure bistable opera-
tion is that the load line must be to the right of point 4,
in order to have a stable state with Q2 conducting, Q1
cut off. Requirement (1) insures the possibility of this
state; the present requirement insures a load line po-
sition which utilizes this state. (For reasonably large
maximum ¢, and reasonably small minimum 7., require-
ment (2) will prevent the load line being to the right of
point D, Fig. 3.) The voltage at point 4 is !”eplmax; the
current is simply the difference between the peak points
of Q1 and Q2, divided by the active-region slope for Q2.
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The inequality to be satisfied is:

Vee + | ‘ve,, lmax >
R/

| vep Imax - | vep Imin
.

3)
l rix le
When requirements (1) through (3) are written in terms
of transistor parameters and component values, the
supply voltages V.. and V, enter only as a ratio V,./ V...

Since some transistors will operate in the active region
when conducting (e.g., Q2), it is necessary to limit the
capacitance between the common-emitter point and
ground to prevent instability and oscillation.® If the
conducting unit were required to saturate in every in-
stance, this limitation would not be imposed, but the
load line would have to lie to the right of point Z. In
summary, allowing the conducting transistor to operate
in the active or saturation region, depending upon its
particular parameter values, has certain disadvantages
but permits the greatest variation in the transistors
themselves.

Having chosen acceptable ranges for the transistor
parameters, based upon measurements or published
data, expressions (1) through (3) can be used to find
satisfactory values for the resistors and the ratio of the
supply voltages. There is, of course, no certainty that all
three requirements can be satisfied for any particular
set of transistor specifications; as more stringent re-
strictions are placed upon the transistors, it becomes
easier to satisfy the requirements.

The design of the remaining circuits followed the
three-step procedure illustrated above:

1. The requirements which the circuit must meet are
determined by careful study.

2. Mathematical conditions necessary to meet the
requirements are derived.

3. Component values and device specifications are
chosen to meet the mathematical conditions.

Consider now the voltage levels appearing at the col-
lectors of the point contact transistors. Once the com-
ponent values for the circuit have been chosen, the ex-
treme values of all parameters are known, and the mini-
mum and maximum collector voltages can be deter-
mined for both the conducting and the nonconducting
unit. Fig. 4 shows the relation among various voltage
levels; both ground and the collector supply voltage are
shown as references. The shaded regions include the
possible output voltages from the conducting transistor
(v1) and from the nonconducting transistor (vo). The
levels — | 29| min and — | 91| max are therefore the “worst”
zero and 1 signals, respectively, produced by the flip-
flop. However, as binary signals pass through successive
stages of logic circuits, they may be attenuated, and the
actual input signals to reach a given circuit may be
“worse” than the extreme values just mentioned. Ac-
cordingly, two additional voltages, v.er, and v, of Fig. 4,
are designated the “defining values” for zero and 1 sig-

5 B. G. Farley, “Dynamics of transistor negative resistance cir-
cuits,” Proc. IRE, vol. 40, pp. 1497-1508; November, 1952.
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nals. These defining values include a margin for losses
in the logic circuitry, and no acceptable signal in the
computer will lie between these levels.

Ground
4 "lvllmin
////// g |
n 3 Vi Imax
% Margin for I’s Vone
$Margin for 0% Tte(o
I min
7 /////// Y mi
‘|Vo|max
-VCC

Fig. 4—Voltage levels of the Binary Signals. The range of collector
voltage for the conducting flip-flop transistor is #1; the range for
the nonconducting transistor is vp.

The circuits other than the flip-flop are now designed
to operate properly with input voltages of v, and
Yone; they will then function satisfactorily for “better”
binary signals. The levels — lthmin and ——lvo[mx are
important if the transistors in the other circuits are to
be kept from saturating.

Associated with the flip-flop are read-out circuits and
gating circuits; the combination will be termed a tempo-
rary storage device, abbreviated TSD. The complete
TSD is shown in Fig. 5. Q1 and Q2 are the point contact
transistors of the flip-flop circuit; the remaining tran-
sistors are junction units.

The read-out circuits are simply grounded-collector
stages to provide impedance matching and isolation be-
tween the flip-flop and the logic circuits. The voltage
drop across R,” (or across the point contact transistor
when #z-p-n read-out transistors are used) insures that
Q3 and Q4 will not saturate. At the complement output,
a more positive signal is obtained when the flip-flop is in
state zero, a more negative signal when the flip-flop is
in state 1.

The flip-flop is set to the desired state by lowering the
base voltage of the point contact transistor which is to
be conducting (e.g., in Fig. 5 the base voltage of Q2 is
lowered when the flip-flop is to be set to 1). The gating
transistors, Q5 and 6, which are normally nonconduct-
ing, do this by drawing current through R;’. The clamp-
ing diodes prevent saturation of the gating units. (This
type of clamping imposes an upper limit on alpha of the
gating transistor to prevent excessive power dissipa-
tion.)

Once the flip-flop transistor begins to conduct, the
common-emitter point will tend to follow any additional
negative excursion of the base voltage, and the previ-
ously conducting point contact unit will be turned off.
To minimize the turn-off time, the common-emitter
point should be made at least as negative as point 4 of
Fig. 2. Point 4 is the extension of the saturation-region
segment of the N-Curve to the voltage axis. A transistor
which has been saturated will tend to follow this ex-
tended characteristic, rather than the normal N-Curve,
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Fig. 5—Complete TSD circuit.

until the excess carriers have been removed. This volt-
age level is therefore necessary to reduce the emitter
current to zero.

The design of the gating circuit follows the same tech-
nique as that of the flip-flop. The circuit requirements
to be considered are that the gating transistor be cut off
for zero input signals; that the flip-flop be set properly
for 1 input signals; and that the gating transistor be
prevented from saturating. Values of the resistors, sup-
ply voltages, and transistor parameters are chosen to
meet these requirements.

The logic functions which are included in the building
block circuits are “and,” “or,” and “not.” Conventional
diode circuits are used for the “and” and “or” functions,
with the addition of a grounded-collector junction
transistor circuit between successive stages.

Two “not” circuit designs are shown in Fig. 6. Cir-
cuit (@) is a conventional inverting amplifier, with a
voltage divider circuit to restore the voltages at the
collector to the normal 1 and zero signal levels. Circuit

Fig. 6—Two types of “not” circuit with junction transistors.
CRyq is a silicon junction diode.

(b) uses a silicon junction diode for shifting the voltages.
Because of its constant-voltage behavior at the break-
down voltage,® this diode behaves like a floating
battery. The voltage changes at the collector are re-
produced at the output with negligible attenuation.
This second circuit requires less input-to-collector
amplification.

The larger collector voltage swing for circuit (a)
dictates the use of the less desirable clamping arrange-
ment shown. The speed of the two circuits is comparable
if the minimum current through the breakdown diode is
at least 0.5 milliampere or thereabouts. The “not” cir-
cuit also performs the function of an amplifier. The
circuit is designed to operate with input signals which
are at least as “good” as the defining levels, v,., and
Vone, but it produces output signals which meet the re-
quirements for the output from a TSD. It thus restores
the margin which may have been lost in the logic cir-
cuitry.

Tests for dc voltage levels and transient response
characteristics were made with the “not” circuits and
the diode logic circuits. These tests were intended pri-
marily to verify the design calculations and to disclose
any factor which had been overlooked in the theoretical
study.

Much more extensive tests were made with the TSD,
since it was felt that this was the most important build-
ing block circuit, and that its design was less straight-
forward than that of the logic circuits. The tolerance re-
quirements which were placed upon the transistor
characteristics and other components for the TSD are
listed below:

6 G. L. Pearson and B. Sawyer, “Silicon -z junction alloy diodes,”
Proc. IRE, vol. 40, pp. 1348-1351; November, 1952.
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Requirements for TSD transistors:

Q1 and Q2 are point contact units:

16 <a <30
15K <7, < 30K
7y < 0.8K.

Q3 and Q4 are junction units, either p-n-p or n-p-n:
a = 0.95
7y < 1K.
Q5 and (@6 are n-p-n junction units:
0.9 = a = 0.955
rs < 0.8K.

The time required to change the state of the TSD varies
from about 1 to 3 microseconds. The logic circuits re-
spond to waveforms of this speed without introducing
any appreciable additional delay.

The first step was to verify that the flip-flop circuit
would be bistable with a wide variety of transistors. It
would have been desirable to make extensive tests with
a large number of transistors which met the specifica-
tions for TSD transistors. Unfortunately, the limited
number of transistors on hand made this impossible.
The first test was made with a group of 10 point-contact
units which had seen considerable previous use. Only
about half of the possible combinations of two transis-
tors operated in a bistable manner in the flip-flop cir-
cuit. Measurements of these 10 units indicated that
their characteristics had altered considerably during
previous use, and only a few transistors still met specifi-
cations. The bistability test was repeated with two
groups of 10 transistors each, which had not been previ-
ously used. Only a very few of the possible pairs in each
group were not bistable. Subsequent measurements
showed that at least one unit of each of these latter
pairs had extremely poor characteristics in one respect
or another (e.g., 7, values of 7,000 ohms, alpha values
of 1.2).

A three-bit shift register was next constructed to test
the dynamic characteristics of the circuits. Its logical
diagram is shown in Fig. 7. The two sets of TSD’s are
necessary for an asynchronous shift register. Because
there were not sufficient transistors available to build a
truly asynchronous shift register, pulse trains from a
separate circuit were used for synchronous control of
the shifting operations. These pulses are indicated on
the figure.

Since the left end of the register is connected to the
right end, a three-bit number can be placed in the
register and it will then cycle continuously through the
register as successive right-shift operations are per-
formed. An oscilloscope can be used to monitor the out-
put of one of the TSD’s, and a failure will result in a
change in the pattern on the oscilloscope.
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Fig. 7—Logical diagram for a three-bit shift register.

Error-free runs of more than two hours were obtained
with this circuit, with a period of about 40 microseconds
for a complete right-shift operation. This is of the order
of 10% operations, which is a disappointing figure for a
circuit of this simplicity. One factor was felt to be
primarily responsible. The circuit was unusually sensi-
tive to slight changes in transistors, since several of the
point-contact transistors being used failed to meet the
specifications in one particular or another. Initially the
circuits would operate properly, since all of the other
parameters were well within the limiting values, and
there was sufficient margin to compensate for the sub-
standard units. As soon as temperature variations or
other causes made significant changes in the transistor
characteristics, the additional margin would be used up,
and the substandard transistors would cause a failure.

It was difficult to correct this condition for two rea-
sons. First, it was difficult to locate the source of the
failure, since the register was not operating asynchro-
nously. In addition, there were not enough transistors
on hand to replace all of the marginal units.

Two conclusions were drawn from the results of these
tests. First, that the technique described will lead to
successful circuits if two conditions are satisfied:

1. The point-contact transistors are sufficiently ideal
to be represented by the three-region N-Curve.

2. The transistor parameters are actually within the
range given by the manufacturer’s data sheet.

The second conclusion was that a large percentage of the
transistors available” did not satisfy these criteria. A
three-region approximation was not adequate for many
units; a more elaborate design technique would be re-
quired for these transistors. The manufacturer’s specifi-
cation sheet often gave only an approximate idea of the
initial characteristics of the transistors. The type of
circuits described here are not practical unless the
transistors do meet the above criteria.

ACKNOWLEDGMENTS

This work was carried out at the University of

7 These tests were made in September 1954, with units which had
been obtained between November 1953 and August 1954.



Rudin: A Theorem on SPDT Switching Circuits

Illinois. It was partially supported by funds from ONR,
on contract No6ori-71, Project ONR NR 048094, and
from the Radio Corporation of America, through an
RCA fellowship. Professors R. E. Meagher and G. H.
Fett offered considerable guidance and assistance.

129

H. N. Yu of the Digital Computer Laboratory of the
University did much of the experimental work. Portions
of this material were submitted in partial fulfillment of
the Ph.D. degree in the Department of Electrical
Engineering.

A Theorem on SPDT Switching Circuits

B. D. RUDIN{

Summary—It is first demonstrated that networks of SPDT
(Single Pole Double Throw) switches can be represented abstractly
with a Boolean algebra in much the same way as networks of SPST
(Single Pole Single Throw) switches have been treated by Shannon,
provided a certain set of network wiring rules is established. A
theorem is then proved which shows that all networks represented in
this way can be handled as though each network were itself a single
SPDT switch. Proof of a corollary then allows discussion of tech-
niques of network construction. The component minimization prob-
lem is also discussed and several detailed examples are given.

INTRODUCTION

HE ANALYSIS and synthesis of two-terminal
switching circuits with the aid of a Boolean alge-
bra has been treated extensively by C. E. Shannon
and others'™® and is now a commonplace procedure
which has been available for a number of years. Brevity
demands that it be assumed here that the reader is
reasonably familiar with two-terminal circuit tech-
niques as given in the references.
For purposes of this paper, only certain general fea-
tures of the analytical methods for two-terminal net-
works need be noted, and they are as follows:

1. The basic network element is an SPST (Single
Pole Single Throw) switch.

2. There are just two ways to connect two elements
together—in series or in parallel.

3. Any two-terminal switching network composed of
SPST elements is itself an SPST switch.

The third feature assures us that complicated networks
may be built up without a mass of detail since large seg-
ments of the network can be reduced analytically and
diagrammatically to single primitive elements. This is
not surprising, for in any Boolean algebra a Boolean
function or polynomial of elements of the algebra is also

t Lockheed Aircraft Corp., Van Nuys, Calif.

L C. E. Shannon, “A symbolic analysis of relay and switching cir-
cuits,” Proc. AITEE, vol. 57, pp. 713-723; 1938.

2 C. E. Shannon, “The synthesis of two-terminal switching cir-
cuits,” Bell Sys. Tech. Jour., vol. 28, pp. 59-98; January, 1949.

3 W. Keister, A. E. Ritchie, S. H. Washburn, “The Design of
Switching Circuits,” D. Van Nostrand Co., Inc., New York, N. Y.,
pp. 69-103; 1951,

an element of the algebra. The second feature is a state-
ment of network wiring rules. Series and parallel can be
made to correspond to product and sum in the descrip-
tive algebra; 0 and 1 can denote open and closed cir-
cuits, respectively. (This is the opposite of Shannon’s no-
tation, but is of course just as good.)

In the physical realization of a two-terminal switching
or relay network, SPDT (Single Pole Double Throw)
elements are introduced wherever their use is indicated
for reasons of economy. With relays, for example, the
addition of a contact point is cheaper than the addition
of a spring and contact point. As long as the network is
relatively simple, the places for introduction of SPDT
elements are easily found: they exist wherever an ele-
ment and its negation are wired in parallel. Fig. 1 gives
some simple SPST networks, showing the conventions
and also showing the insertion of an SPDT element.

XY
—o X o— —o XY o
L X X+Y
X=0 (oR)
—o— Y
NORMALLY OPEN
CIRCUIT

an
—Zgoio—oZ

SERIES AND PARALLEL CONNECTION

XY+XZ

r'—\
NORMALLY CLOSED x F—OY_‘ xvxz
- 2¥
INSERTION OF SPDT ELEMENT
Fig. 1

Now, in the design of multifunctional networks one
often finds that the negation of entire networks is called
for. Using two-terminal methods, the designer develops
the network and its dual separately and then proceeds
to realize them as best he can. This can be quite a task.
Fig. 2 shows an example of a selective two-terminal net-
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work and its dual taken from Shannon’s first paper.*
The desired network (top figure) requires 14 SPST ele-
ments, and even if SPDT elements be inserted in indi-
cated places, it is hard to see further simplifications.
However, a formal analytical procedure exists by which
both of these networks can be reduced to a single three-
terminal network containing nine SPDT elements (Fig.
3). This example will be treated at length later in this
paper, after such an analytical procedure for three-
terminal SPDT networks has been devised.

GAs

ANl e
ool

I

Fig. 2
Y z
X
S1,3,4
—
So0,2
I ———

Fig. 3

SPDT SwITCHING NETWORKS

The objective to be sought in what follows is the pro-
vision of an analytical technique for networks of
SPDT switches having features analogous to those
given above for SPST networks. The desired features
are:

1. The basic network element is a SPDT switch.
2. There is an unambiguous set of rules for connecting
two elements.

3. Any three-terminal switching network composed
of SPDT elements is itself an SPDT switch.

The symbolism to be used for an SPDT switch has al-
ready been shown in Fig. 1. Zero and 1 again mean open
and closed circuits, respectively. The normally closed

742§hannon, “A symbolic analysis of relay and switching circuits.”
p.
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contact will always be designated with the bar for
negation.

A Boolean algebra can be set up as an analytical tool
for the design of SPDT networks as well as for SPST
networks, since both SPST and SPDT switches have the
necessary two-valued property. A rigorous postulational
treatment need not be given here; rather, an emphasis
will be placed on the correspondence between logical
equations and circuits. The first step will naturally be
the setting up of a circuit correspondence for the
Boolean product and sum. This was not difficult with
SPST elements; however, with SPDT elements am-
biguities are immediately encountered. As an example,
consider the problem of wiring a two-terminal network
for the Boolean sum X+ Y using two SPDT switches.
Figs. 4a and 4b represent the two ways of constructing
the circuit. In Figs. 4c and 4d, the remaining terminals
in the circuits of 4a and 4b have been used to form three-
terminal circuits with the algebraic descriptions of the
third terminals included. The advantages of circuit 4d
are immediately apparent, for this circuit has the de-
sired third feature specified above: the network itself is
an SPDT switch by virtue of the algebraic identity

X+7V =XV
From this example and others which are easily obtained,

the following rule is suggested:
Wiring Rule I—Poles must not be wired in parallel.

" i X+Y
—%X v
(a)
v i X+Y

Fig. 4

As another example of an ambiguous wiring situation,
consider the problem of obtaining a two-terminal net-
work using SPDT elements for the algebraic expression
of the logical notion “exclusive and,”

AT B=AB+ 4B.

This circuit can be obtained using as few as two and as
many as four elements, and some of the possible solu-
tions are shown in Figs. 5a, b, ¢, d. Note, however, that
the four-element solution in 5d is immediately ruled out
by Wiring Rule I. We would also like to rule out the
circuit in 5a, since it is a pure two-terminal solution, it
being impossible to obtain a third terminal at which the
network negation might be obtained for realization of
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our third desired feature. The negation of “exclusive
and” is “exclusive or”; symbolically,

41+B=41B=A4B+4B.
Both the networks 5b and 5Sc satisfy the SPDT require-
ment. This ambiguity can be removed with

Wiring Rule II—In o given network of SPDT elements
all but one of the poles must be wired in series with non-

poles.
R
A+B
A+B B _OA_L&EE_ A+ B
{a) (b)
A+B N B5 \II_T—
A B A B |

(©) (d)
Fig. 5

This eliminates both the solutions 5a and 5c in the
example, leaving only 5b, Two 4 elements and one B
element may be used instead of the arrangement shown,
but this would only be done if it were important to con-
serve B elements. The one open pole mentioned in the
rule will always be the pole terminal of a three-terminal
network. We are now in a position to state and prove
the following:

Theorem—Given a two-terminal switching network con-
structed of SPDT elements in accordance with Wiring
Rules I and II above, which represents a Boolean func-
tion F of n variables, the negation of F can be wired
through the same elements which represent F without
affecting the network for F.

Proof: There are just ten distinct Boolean functions of
two variables which will produce just five distinct three-
terminal networks giving the ten functions in negation
pairs. The functions and networks are shown in Figs.
4d, 5b, and 6. Hence, the theorem is true for #=2. Now,
assume the theorem is true for functions of #—1 varia-
bles and consider a function F of # wvariables,

X, X, + » +, Xu By the expansion theorem of Boolean
algebra,
F(Xy, -+, Xa) = XhF(Xy, - -+, Xpory 1)
+ X F(Xyy ooy Xpoy, O).
Let
fi=FXy -+, Xn 1),
fo=F(Xy, -+, Xuy, 0).

Since the theorem ho_l_ds for »—1 variables, the function
fi and its negation f; can be represented by a single
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SPDT element. The same is true for f. Fig. 7 shows the
realization of the network for Fand F through the same
elements. The expansion could have been made about
any of the # variables and the result arrived at would be
the same. Furthermore, the Wiring Rules guarantee
that the original network for F must have been achieved
by expansion around one of the variables. Consequently,
the theorem has been proved by finite induction.

.

&

Fig. 7

Corollary—Given the conditions of the theorem, the nega-
tion network F may be obtained by connecting in parallel
all the unused contact points on the switches used to con-
struct the network for F.

The proof of this statement is almost identical to that
of the theorem so that time need not be spent on it. The
corollary provides us with a concise method of instru-
menting the stated objectives for SPDT networks which
have now been achieved.

DxsieN CONSIDERATIONS

As an illustration of the application of the theorem
and corollary, we may use the example of Figs. 2 and 3.
The original problem was to obtain a network which
provided a closed circuit whenever any one, three, or all
four of relays w, «x, ¥, and z were picked up. The alge-
braic expression for this network is a so-called sym-
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metric function of the variables which is usually written
S1,3,4(w, %, 9, 2) = wrys + Wayzs + wEkyz + wryz + wryz
+ wiyz + wxyz -+ wiyz + 0ijz.

The networks for realization of symmetric functions
have been discussed at length by Shannon and others.?
These networks are usually called “trees.” It is easily
recognized that the network for

So,2(w, %, v, 2) = WEJZ + DFEyz + Wxyz + WxyE + Wiz
+wiyz -+ wadz,

which provides a closed circuit whenever none or any
two of the relays are picked up, gives a tree which con-
tains fewer SPST elements than the desired tree would.
This network is at the bottom of Fig. 2. It is also readily
seen that the expressions given above are duals of each
other. Since “tree” networks are planar SPST networks,
the dual SPST network can be derived in the usual way,
and this was done to obtain the desired network at the
top of Fig. 2 from the one at the bottom.

Trees are naturally constructed with SPDT elements.
If this is done in the example, the corollary tells us that
the desired network can be obtained merely by paral-
leling the unused contact points in the dual. This is what
was done in the network of Fig. 3. Furthermore, the
theorem tells us that the labor spent in obtaining the
dual network first was wasted. The tree for S 3.4(w, x,
¥, 2) gives the same SPDT network, for a function and
its dual must be obtainable in the same network.

For the design of multifunctional networks the follow-
ing set of rules seem to be suggested by the above re-
sults:?

1. Write the algebraic expression for the system, be-
ing careful to introduce new dependent variables
for each time sequence step.

2. Simplify the expressions if possible.

3. Search for duals. Often an entire expression for one
of the independent variables may be removable by
writing it as the dual of a combination of other de-
pendent variables.

4. Draw the circuits for all dual portions, combining
networks where possible.

5. Fit the remainder of the network in wherever con-
venient. Note that portions of the final network
may contain SPST elements.

These rules are essentially not different from those
given by Shannon. The only addition is the third rule,
which may save time in arriving at a suitably economi-
cal network to meet a given situation. The most im-
portant thing to remember is that it is just as easy to
draw an SPDT network as it is an SPST network, and

5 Shannon, “A symbolic analysis of relay and switching circuits,”
p. 719.

6 Keister, Ritchie, Washburn, op. cit., ch. 4.

7” Shannon, “A symbolic analysis of relay and switching circuits,”
p. 721
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the labor of obtaining the dual is eliminated. However,
the theorem does not guarantee that a three-terminal
network developed by use of the wiring rules and the
corollary is the most economical network from the com-
ponent minimization point of view. It is true that mini-
mal networks have been found for certain algebraic
forms (i.e., symmetric functions), but ingenuity will
generally be required before a final network is com-
pleted. This is certainly true in the design of multifunc-
tional networks which could contain both SPST and
SPDT elements.

As an example, consider the problem of obtaining the
network for

U=XAB+7)+ XCY

V = XBY + XCY
W=XAB+7)+XC+7)
W = X(4 + BY) +XCVY.

This problem was encountered during the construction
of a computing system. The network which was used is
shown in Fig. 8. The result was obtained by first draw-
ing the three-terminal network for W-and W, and it was
then observed that U and V could be conveniently ob-
tained as offshoots of the three-terminal network. One-
way elements were used to avoid back circuits. It is
possible to wire a combined SPST and SPDT network
for this problem without the use of one-way elements,
but in this case the given network was felt to be the best
solution. Many arrangements were tried before this net-

work was accepted.
v
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It is hoped that the discussion given above has not
been too brief. The basic objective has been to give the
logical network designer some additional tools to help
save designing time and possibly to help in the simplifi-
cation of networks by component elimination. If the de-
tails given above are lost through hasty presentation, it
is hoped that at least the broad idea of the application
of the theorem has been put across. If this is so, the facile
designer should have no trouble in developing detail
enough to solve his particular problems. The author has
found the techniques described above to be very helpful
and hopes that others may benefit as well.
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Fig. 8




