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I 

SUMMARY 

The need for a component capable of simulating semi-permanent 

changes in biological neurons, suitable for inclusion in brain models, 

and in perceptrons in particular, is discussed. Various devices intended 

for this purpose are reviewed and evaluated. A novel method of flux 

integration, using a permalloy wire as the flux storing medium, and the 

voltage induced in a search coil as the result of magnetostriction in 

the wire for readout, is described in detail. The design procedure for 

the complete memory of an audio-perceptron, Tobermory, based on the 

magnetostrictive readout integrator, is outlined. Modifications in the 

integrator, intended to render it suitable for larger and topologically 

more sophisticated models, are anticipated. 
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I. INTRODUCTION 

When the Ancients discovered, after a few tentative post-mortems 

during the time of Hippocrates, that the origins of Thought—whether in 

the brain or in the abpdomen—were unfathomable, they postulated the 

existence of the Mind. 

The chief tenet of the Mind hypothesis was that the Mind has no 

physical attributes, hence introspection furnishes the sole means of 

studying its properties. Accordingly, in the next two or three thousand 

years a great deal of effort was devoted to meditation and contemplation, 

with most of the energy directed towards attempting to determine whether 

the Mind was endowed with one particularly elusive quality, that of 

immortality. 

The investigation of this thorny problem was the cynosure of 

scientific endeavpur until the middle of the Eighteenth Century, when 

■dissectionists once more resumed the task abandoned by their Greek 

colleagues. This time progress was swift: by the end of the Nineteenth 

Century, fairly extensive information was available on the anatomy of 

the nervous system, and staining techniques were rapidly coming into 

their own to permit detailed study of the structure of the brain 

itself. It was only then that the full complexity of the Mind 

problem came to light: even early estimates placed the number of 

nerve cells, or neurons, within the Central Nervous System, at upwards 

of five billion! 

Ramon y Cajal (1852-1934) was the first to establish beyond doubt— 

beyond reasonable doubt, that is—that the neurons are the primary 

functional units of the brain. Subsequent workers discovered numerous 

1 
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properties of the neuron: some of these will be briefly described in 

the next section. 

Medical circles, on the other hand, were more interested in the 

gross properties of the brain: functional localization, effects of 

cortical lesions, connectivity, and related experiments. That this 

interest was not misplaced, is evidenced by the amount of brain 

surgery performed today| nevertheless it contributed only indirectly 

towards a fuller understanding of the principles involved in the 

neuronal networks. 

As the body of knowledge increased, it became more and more 

difficult to formulate hypotheses concerning the Mind which would 

satisfactorily explain the known results of innumerable psychological 

experiments without conflicting With established biological facts. 

Several of the hypotheses in general circulation will be presented in 

Section 1.2, as a preliminary to a more detailed description of per- 

ceptrons in Section 1,3« 

Following this somewhat exegetic material, the discussion will 

narrow down to analogue memory mechanisms, whiçh form the proper 

subject matter of this dissertation. Memory devices which have been 

incorporated in brain models, or tested with a view towards such 

applications, wij.1 be reviewed in Chapter II, while the magnéto¬ 

strictive read-out integrator—a device developed in conjunction with 

a particular perceptron, Tobermory,1 at Cornell University—forms the 

topic of Chapter III. Tobermory itself will be described in Chapter IV, 

while speculation concerning its successors will be entertained in the 

concluding chapter, Chapter V, 
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1.1. Properties of the Nerve Cell 

It would be helpful, while studying the nerve cell in preparation 

for theorizing about brain function, to be able to separate the 

properties which are essential for the operation of the system from 

those which are merely an incidental consequence of the organic nature 

of the brain. Such an a priori distinction wouldfhowever, prejudice the 

cause from the very start} the decision as to which properties to ignore 

must be postponed as long as possible. It will be seen that not all of 

the properties enurferated in this section, far from exhaustive as the 

list is bound to be, are taken into account by any of the models described 

in the next two sections; responsibility for this must in each case be 

assigned to the modeller. 

A typical nerve cell in the associative area of the brain^ is 

depicted in Figure 1, The main body of the cell (soma) contains the 

nucleus, which in turn surrounds the nucleolus. From the soma emerge 

numerous processes; one of these is the axon—usually smooth and without 

branches except at the very end—while the rest are dendrites. The axon 

may or may not be enveloped by a myelin sheath, and is capable of trans¬ 

mitting a potential wave along its length. 

. The potential wave, called the action potential, actually consists 

of a depolarization of the cell membrane along the axon. For a given 

cell, it is always approximately of the same amplitude—60 to 100 milli¬ 

volts—and of the same width—0.5 to 2.0 milliseconds, depending on the 

diameter of the axon. 

The action potential is usually initiated by other axonal impulses 

impinging on the soma or on the dendrites—which apparently merely 

serve to increase the surface area of the cell body. The juncture 
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between an incoming (afferent) axon and the cell body or dendrite is 

called a synapse. Synaptic transmission involves a threshold effect, 

as well as spatial and temporal summation. If the single afferent 

impulse is insufficient to trigger the action pôtential, several 

impulses closely succeeding each other at different synapses of the 

same cell will likely do so. Not all synapses, however, are excitatory: 

some have an inhibitory effect. Furthermore, after a cell has been 

fired, an "absolute refractory period" ensues while the cell is in¬ 

capable of being fired no matter what the stimulation; this is followed 

by a "relative refractory period," during which the threshold is higher 

than normal. Thus a cell responds to increased stimulation, not with 

larger spikes, but with an increased frequency of discharge. 

The mechanism of synaptic transmission is by no means clearly 

understood; it is believed that both electric and chemical effects 

are involved. According to one grossly oversimplified hypothesis, a 

transmitter substance, such as acetylcholine, is released from the 

end-bulbs of the afferent axon by the action potential, and temporarily 

depolarizes a portion of the cell membrane. If the depolarization is 

sufficient in magnitude and extent, a spike potential is initiated. 

There is some evidence demonstrating adaptive features in the 

neuron, particularly on a short time basis. Repeated firing may change 

the threshold of a cell, or it may increase its rate of response to 

constant excitation. These properties could evidently hold the key to 

the nature of the memory trace, which still presents one of the most 

puzzling enigmas in neurophysiology. 

The constraints imposed on brain models by the available body of 

data are as follows: to perform the function of the human brain there 
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are available approximately 10^ threshold units connected by means of 
13 

10 synaptic junctions. The maximum frequency to be found in the 

system is of the order of one kilocycle, per second. These figures 

admittedly give the theorist considerable latitude; some of the models 

evolved will now be examined. 

1.2. Brain Models 

Most of the initial work in this area was concentrated on reducing 

the known properties of individual nerve cells to a form suitable for 

mathematical treatment. Among the resultant "model neurons," one which 

has remained particularly popular to this day is the McCulloch-Pitts 

3 neuron. 

The McCulloch cell (Figure 2) is characterized by a fixed threshold 

and complete structural staticity. Transmission of signals is instan¬ 

taneous, with delays occurring only at the synapses. Inhibitory synapses 

are absolute: when an inhibitory signal is present, the nerve cannot 

fire no matter how many excitatory impulses are trying to activate it. 

Thus the condition for the emission of a unit signal by some neuron at 

time t is that at time t-1 it had received a number of excitatory 

signals equal to its threshold, and no inhibitory signal. 

The most attractive feature about the McCulloch neuron is that nets 

composed solely of such devices may be analyzed in a straightforward 

manner according to the rules of boolean algebra. Another noteworthy 

aspect is the universality of such nets: according to a well known 

4 
theorem of Turing, binary devices of this type may be interconnected 

to compute any desired logical function of the input. 



7 

Logict Cell N(e) is activated at time t if at t - 1 the sura of 
i 

the excitatory inputs to it exceeds or equals 6 , and there is no 
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Figure 2. McCulloch-Pitts Neurons 
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Culbertsçn^ actually (¿esígnqd pjjuron configurations using McCulloch 

neurons for a number of common fypct^ons, such 30 ordinary arithmetic, 

timing, and image abstraction. While some of these nets are extremely 

ingenious, the neurons involved in a given circuit are seldom used for 

more than one task, and it can be ehçyn easily that for performance 
V ' 

approaching the complexity of the human brain far more than ten billion 

neurons would be required for the appropriate nets. Such "monotypic" 

models are further open to the criticism that the destruction of a 

single unit may well pui the whole system out of commission; this 

clearly is not the case with biological organisms. 

A theory far less specific ip nature is advanced by Hayek in the 

Sensory Ordert "Mind" according to Hayek, is "a particular order of 

a set of events taking place in some organism and in some manner 

related to, but not identical with, the physical order of events in the 

environment." A scheme of hierarchical classification is postulated, 

with the classes becoming more and more general as one ascends in the 

"sensory order." No hypothesis is put forth to clarify the physiological 

operation of the memory mechanism, although some evidence favouring the 

existence of two kinds of memory, one static and one dynamic (map and 

model) is examined. 

Distant derivatives of Hayeh'js model include implementations of 

7 8 9 
Bayes nets by Uttley,' Buhr, and Qamba. All three of these machines 

are essentially binary conditional probability computers, testing 

hypotheses according to Bayes1 maximum likelihpod formula. They differ 

among themselves, apart from the electronic design, in the order of the 

conditional probabilities which are taken into consideration in making a 

decision. 
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An ecological approach to the problem is favoured by Ashby. The 

horaeostat, described in Design for a Brain, seeks equilibrium in 

multidimensional phase space: at equilibrium, all of the system's 

■essential variables" are within certain specified bounds. The search 

through phase space is not completely random; if it were, the probability 

of a random walk ever reaching the region of the space labelled "equili¬ 

brium" would be very slim indeed. Experiments have not yet been conducted 

on a homeostatic machine large enough to yield significant results. 

The theories listed so far all seem somewhat clumsy and artificial 

when compared to the scheme advocated by Hebb in The Organization of 

Behaviour.11 Hebb's ¿chief neurophysiological assumption reads as follows: 

"When an axon A is near enough to excite a cell B and repeatedly or 

persistently takes part in firing it, some growth process or metabolic 

change takes place in one or both cells such that A's efficiency, as one 

of the cells firing B, is increased." From this postulate Hebb builds 

up the concepts of the cell assembly and the phase sequence, concepts 

whose versatility he then proceeds to demonstrate by producing plausible 

explanations of such diverse phenomena as set and attention, learning, 

gestalt perception, physiological nystagmus, and certain well known 

electrocorticogram patterns. 

While this theory is already appealing in its general form—perhaps 

partly at least because of Hebb's exceptionally elegant exposition— 

certain questions arise as to the quantitative aspect of the processes 

outlined. How many neurons are required to perform a specific "sub¬ 

routine"? What is the average density of the connections? What are the 

temporal dimensions involved in the formation of the cell assemblies and 

the phase sequences? 
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12 
Rochester and his associates attempted to answer these, and 

other, questions by simulating Hebb's connection schemes on a digital 

computer. Their failure to produce clearcut answers is due, at least 

partly, to the fact that Hebb omitted to explicitly postulate inhibitory 

connections, and the resultant positive feedback is likely to result 

in an unstable system. 

A much more ambitious program of theoretical analysis, computer 

simulation, and hardware implementation of a wide class of neural 

networks was undertaken in I956 by Rosenblatt.1-^ Since the present 

undertaking is an integral part of this program, some of the nerve nets 

studied by Rosenblatt—called perceptrons—will now be described in 

detail. 

1.3. Perceptrons 
I 

While rigorous definitions are applicable as a rule only to 

13 particular subclasses of perceptrons, perceptrons in general may be 

described as a "class of minimally constrained nerve nets consisting 

of logically simplified neural elements." These nerve nets have been 

shown to be capable of adaptive or self-organizing behavior} their 

primary purpose is "to shed some light on the problem of explaining 

brain function in terms of brain structure." It is also possible that 

certain types of perceptrons may find technological application as 

pattern recognition devicesi the development of such devices is not, 

however, the main purpose of the program. 

Although the design of Tobermory (Chapter IV) forms, perhaps, an 

exception to the overall philosophy of the program, it should be 

stressed that as a rule Rosenblatt’s approach consists of specifying 
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Retina of 

S-units A-units 

Figure 3. An Elementary Perceptron 



a nerve net or perceptron of some biological plausibility, then 

investigating its properties by the roost appropriate means. By- 

concentrating attention on the perceptrons displaying the most brain¬ 

like characteristics, it is hoped that new psychological and physio¬ 

logical hypotheses may be formulated, to be tested by experiment; only 

by the prediction of novel effects and hitherto unobserved phenomena can 

the perceptron program be fully justified. 

Perceptrons may in general be described in terms of a) topological 

properties (connectivity); b) signal propagation functions; and, c) 

memory functions (training rules). During the past six years perceptrons 

of numerous types, with various schemes of interconnections—with and 

without internal feed-back—and subject to many different types of train- 

14 
ing rules, have been investigated. For the purpose of this paper, it 

will fortunately be sufficient to consider only a very simple perceptron, 

the three layer, series connected, elementary perceptron, and its 

immediate derivatives, such as Tobermory. 

The universe of an elementary perceptron consists of stimuli , 

some of which are in the positive class, and some in the negative class. 

The task set to the perceptron is to separate the stimuli, when presented 

in random order, into the correct classes, i.e., perform a dichotomy. 

The elementary perceptron itself (Figure 3) comprises three layers 

of threshold devices: a layer of sensory (S) units (e.g. light sensitive 

photocells, or a bank of acoustic filters), a layer of association (A) 

units, and a single response (R) unit. Random connections from the S 

to the A layer are many to many, and may have transmission functions of 

1 or -1 (excitatory or inhibitory connections). Each of the A-units 

a^ is connected to the R-unit by a link of value (gain) , and these 
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may be varied in the course of an "error correction" training sequence 

as follows. 

When the stimulus is presented, some of the S-units go "on". 

Consequently, some of the A-units, whose thresholds have been exceeded 

by the algebraic summation of signals from the "on" S-units,also become 

activated. The input to the R-unit consists of the sum of the unit 

outputs of the active A-units, each multiplied by the corresponding vi . 

If the sum of these is positive, the R-unit signals "positive class." 

Should this indeed be the correct classification of the stimulus on the 

retina, we proceed to the next stimulus. If, however, the response is 

erroneous, then all the values associated with active A-units are 

decremented in order to decrease the signal to the R-unit. Thus the 

weight associated with an A-unit is just the time-integral of the 

reinforcement received by that A-unit during the training sequence. 

It may be shown that if the perceptron is inherently capable of 

finding a solution to the problem, i.e., if there exists a set of 

weights Vj^ which results in the correct classification of all the 

stimuli, then this state will be reached after a finite number of 

training sessions. Other theorems establish necessary and sufficient 

conditions for the existence of solutions to given problems in particular 

elementary perceptrons, and yield upper bounds to the number of training 

cycles required. 

Tobermory,16 the audio perceptron presently'under construction by 

the Cognitive Systems Research Program, differs from the elementary 

perceptron described above chiefly in having twelve R-units instead of 

one. Thus each one of Tobermory’s 1000 A-units is connected to each of 

twelve R-units. This scheme theoretically permits classification of 
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12 
stimuli into 2 = 4,096 classas. The universe of Tobermory will 

consist of short—one or two syllable—words. It is hoped that the 

machine will learn to classify correctly at least several hundred of 

these, even when pronounced by different speakers. The input to the 

associative system will be the amplitude-frequency-time domain analysis 

of each word, obtained ty sampling the word at intervals of a few milli¬ 

seconds by a bank of 72 frequency and 8 amplitude filters. A more 

detailed description of the input e.id of the system is postponed until 

Chapter IV. The next section contains an outline of the requirements for 

the components to be used in Tobermory’s 12,000 unit memory, as well as 

in the topologically more complicated machines now in prospect. 

1.4. Requirements for Tobermory’s Memory 

As just shown, the memory of an elementary three-layer perceptron 

consists essentially of the gain (or attenuation) associated with each of 

the A-unit to R-unit connections. These weights, it was assumed, could 

be changed from minus infinity to plus infinity by the addition (or sub¬ 

traction) of equal increments. 

It may be proved without much difficulty that, under very broad 

conditions, a given perceptron will converge to a solution even if the 

range of its weights is relatively small (see Neurodynamics 

Chapter IX, bounded value perceptron). In typical simulation problems, 

individual weights seldom exceed ten times the unit of incrementation; 

thus a range of about twenty to one should suffice for a typical memory 

17 
unit. Of course, for a given problem, the variation required for a 

single link is a function of the number of A-units; with enough A-units, 

an equivalent logic could be devised using only binary links. 
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The training cycle in a perceptron constitutes a self-correcting 

negative feedback loop} hence it may also be shown that the addition of 

random noise to the increments does not preclude a solution from being 

attained. Thus equal step size is not essential, though it is desirable 

in as much as the required number of training cycles increases with the 

random nois« added to the corrective increments. The summation of the 

A-unit signals at the R-units effectively averages the step size, and in 

a system of the size of Tobermory it is estimated that a variation of 

three to one in step size could be tolerated. Since an audio input of 

the type destined for Tobermory is very difficult to simulate on a 

digital computer, the reliability of this, and other estimates relating 

to the values of the weights in the final state, the average number 

of active A-units, and the speed of convergence, is not known for 

certain. To test these predictions, as well as the functioning of a 

real-time memory system, is in fact one of the principle reasons for 

building Tobermory. 

The logical design of the system imposes the not too stringent 

requirement that reinforcement should not take longer than about one- 

fiftieth of a second. A more difficult problem is raised by the need 

for long term stability: ^ it should be possible for the machine to 

retain information for several days. After the testing associated with 

a given problem has been completed, there should also be some way of 

erasing from the memory all previous knowledge, and leaving it in a 

non-biased condition, preferably with all the weights at, or near, 

zero. 
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While the requirements outlined here are indeed rather loose, the 

additional limitation on cost excludes most of the conventional devices 

which would be normally used in a smaller system. For Tobermory, an 

upper limit of $1.50 per integrator has been set, but for larger systems 

this figure would have to be substantially reduced. 



II. SURVEY OF PROPOSED ANALOGUE MEMORY SCHEMES 

One may gain some idea of the staggering variety of processes which 

may be potentially harnessed to fulfill perceptron memory functions by 

considering the number of physical phenomena characterized by a first 

order differential equation. Since the requirements for a perceptron 

memory device are rather loosely formulated, the choice between the 

various approaches available is not an easy one; a quantitative evalua¬ 

tion, based on performance curves and cost, would be a major project in 

itself. 

It should be noted that the advantages or disadvantages of a 

particular memory device may be reflected in the design of the rest of 

the perceptron; thus full optimization of the choice between the 

different types of available devices would require a very complete 

analysis of perceptron performance. 

In this chapter an attempt will be made to review the more salient 

features of some of the memory schemes proposed to date. It is hoped 

that even such a superficial survey may be of some help to brain model 

designers. 

2.1. Electromechanical Integrators 

The chief virtue of the electromechanical integrator consists of 

its inherent stability. The "weight" of a given connection is repre¬ 

sented by a mechanical displacement, hence it is not subject to variation 

due to ambient changes or fluctuations in power supply level. 

The design incorporated in the Mark I perceptron,^’^ (400 S-units, 

512 A-units) consists of a double potentiometer mounted on a single shaft 

gear driven by a two watt (input) direct current motor, as shown on 

17 



Figure 4. Mark I Integrator Board

Figure 6. Thermistor
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Figure 4. The voltage at the an# pf one of the potentiometers is a 

measure of the corresponding weight while the other provides a local 

feedback loop to allow decay in the A-unit proportional to its present 

value. The second potentiometer ie used in most experiments only to 

reset the A-units to some arbitrary ?ero (say mid-range) after completion 

of the experiment. It is to be noted that changing the voltage applied 

to the 512 potentiometer terminals (which are connected in parallel) 

merely scales the weights by a constant factor, and does not affect 

convergence. 

The gear-head motors are driven by two power transistors (Figure 5)» 

one for each direction of rotation. The bias to these is supplied by 

two inexpensive switching transistors, which are in turn controlled by 

18 
the A-unit logic and the reinforcement mechanism. Since the potentio¬ 

meter arms move very slowly (0.1 rpm) the resolution of the system is 

limited only by the finite diameter of the resistance wire in the 

potentiometer windings. The number of steps attainable is about 520, 

but the length of the reinforcement period is seldom, if ever, made 

short enough to take advantage of the maximum resolution. 

The chief drawbacks of this system are its size and costs. The 

packing density in the Mark I is only of the order of 10 A-units per 

cubic foot, and each unit runs upwards of ¢40 (in the quantities purchased 
f I 

for the Mark I). 

R. Venezky has suggested that in a larger system cost and space 

requirements could be cut down considerably by mounting a number of the 

potentiometers—possibly as many as 40 or 50—on a common shaft. In 

a two-phase system all the shafts could be geared together, and driven 

first forward, then in the reverse direction, by a common driving unit. 
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Appropriate potentiometers could be clamped to the shaft by a magnetic 

clutch arrangement during either phase of the reinforcement cycle. The 

small currents required by a magnetic clutch would allow it to be 

controlled by a single, not very large, power transistor, while the * 

second potentiometer of each A-unit could be eliminated at the expense 

of an additional phase. 

Although these improvements may be sufficient to extend the range of 

application of electromechanical integrators to large video systems, in 

audio perceptrons operating in real time, the fifty cps. reinforcement 

rate would tax severely even the lowest inertia magnetic clutches. A 

similar system using an escapement or a ratchet mechanism with a 

solenoid plunger may have a somewhat higher frequency range, neverthe¬ 

less none of these devices is simple enough to include in really large 

(upwards of 100,000 variable weights) perceptrons operating at rates 

approaching that of biological systems. 

2.2. Thermistors 

A small perceptron (16 S-units, 20 A-units), using thermistors 

(Figure 6) for variable weights, was built at Cornell University by 

A. Arking and H. Y. Chiu.^ 

The currents that flow through a thermistor raise its temperature 

through ohmic dissipation, and the temperature characteristics of the 

device are such that its conductance is thereby increased. If the 

thermistor can be maintained in this non-equilibrium state it will be 

able to pass larger current for succeeding stimuli. 

The nature of this weighting device obviates the need for any 

auxiliary circuitry : only weights belonging to "active" A-units carry 
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current and are consequently reinforced. Unfortunately reinforcement 

Is strictly monopolar. A further drawback is the short "half-memory" 

of thermistors: it is only of the order of three to four minutes. 

Nevertheless, it is conceivable that the simplicity and low cost of the 

device may render it useful in large cross-coupled systems; the integrator 

requirements of such systems will be discussed in more detail in section 

2.6. 

2.3. Photochromie Integrators 

The photochromie integrator, as presently developed by the Armour 

21 
Research Foundation, is not really an integrator in the previously 

described sense, since it implements an "exponential" weighting scheme. 

In such a system, the magnitude of the reinforcement is proportional to 

the value of the connection at the time reinforcement occurs. 

The characteristic curves of the photochromie or phototropic film 

on which the device is based are displayed in Figure 7. The unique 

property of this film—developed largely by the National Cash Register 

Company—is that its transmission near the center of the visible spectrum 

may be reversibly altered by exposure to high intensity radiation in the 

borderline regions. Curve A shows the transmissivity of the film after 

it has been exposed to a flash of light of the spectral composition 

indicated by curve C (yellow filter), while curve B shows transmissivity 

after an "erase" pulse through blue filter D. Curve E describes the 

"read" filter which has been found to interfere least with the condition 

of the film. Reading is, of course, performed at relatively much lower 

intensities than reinforcement; the overall transmissivity varies from 

about 0.3 to 0.8. The material is not too unstable: at room temperature 



Figure 7. Photochromie Characteristics 
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it decays towards an equilibrium point with a time constant of several 

hours. 

A rather elegant photochromie device, built by Scott H. Cameron, is 

illustrated in Figure 8. The input transparency is introduced into the 

optical path through slit A, mechanically actuating a switching arrange¬ 

ment which "senses" whether the pattern is to be classified into the 

positive or the negative class. The picture consists of two side-by- 

side versions of the same pattern. 

After the transparency has been superimposed on the photochromie 

film, a reading source directs a uniform collimated beam through both 

halves of the picture. The flux through each section is collected at 

two photoresistors which form the ratio arms of a bridge detector. The 

sign of the bridge output corresponds to the input of a perceptron 

R-unit. If the signal is of the correct sign, the next slide is inserted, 

while if an "error” is indicated^ a high-energy gas discharge lamp 

collimated through a filter of the correct type, inserted by the 

mechanical linkage, is fired before the transparency is withdrawn. At 

each reinforcement, one of the segments of the photochromie film is 

flooded with blue light, the other with yellow, depending on the nature 

of the desired response. It is claimed that this structure leads to 

an error correcting exponential adaptive strategy. 

The machine itself is highly automated: it is designed to run 

through the sequence of slides in its magazine until it stops making 

mistakes. Unfortunately, technical difficulties with the photo¬ 

resistors and shutter design have so far impeded experimentation, and 

to the time of writing no significant results have been attained. 
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If the very extensive development program required is discounted, 

the photochromie principle is likely to prove extremely economical even 

in systems of only moderate size. While the optics involved tend to 

restrict the range of the device—it is difficult to see, for example, 

how it could be applied to cross-coupled perceptrons—the idea certainly 

seems attractive as far as two layer pattern recognizers are concerned. 

Future applications will probably be technological in nature, with 

machines such as map-readers and particle-trackers in prospect. 

2.4. The Transpolarizer 

The transpolarizer,22,23 an electrostatic analogue of the trans¬ 

fluxor described in section 2.5» consists of two capacitors with a 

crystalline ferroelectric dielectric and a nearly rectangular hysteresis 

loop. The basic circuit is shown in Figure 9, and the mode of operation 

is as follows. 

One of the capacitors, say , is maintained in a polarized state 

by means of a d.c. bias. Then the transpolarizer is said to be in the 

unblocked state if C2 is polarized in the same direction as . In 

this case the two capacitors in series behave essentially as a single 

ferroelectric element, and present a low impedance to a small a.c. 

sensing signal. If, however, C2 is polarized opposite to C1 then 

any attempt to switch would result in C2 being driven further 

into saturation. Hence no switching occurs, and the transpolarizer is 

said to be in the blocked state. The combination acts as a small linear 

capacitor, and therefore has a relatively high impedance at the driving 

frequency. 
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Figure 9. Basic Circuit of a Transpolarizer 
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The transpolarizer may also be operated in the partially blocked 

state. Then its impedance is intermediate between the extremes designated 

above. In dynamic operation, short pulses of either polarity may be 

applied to set the polarization to the desired level. 

With recently developed materials, such as tri-glycine sulfate (TGS) 

and tri-glycine fluoberyllate (TGFB) extremely stable operation may be 

attained, and sensing voltages several times as large as the coercive 

voltage may be safely applied. Sensing may be performed with either sinu¬ 

soidal or pulse wave shapes. 

H. Y. Chiu has conducted experiments on Barium Titanate (BaTiO^) 

crystals with a view to determining the suitability of transpolarizers as 

24 
perceptron weighting elements. He was able to obtain about 30 discrete 

levels, although the output was far from linear. The high input impedance 

of the crystal offers the advantage of requiring very small amounts of 

control power, but necessitates a very high output impedance source 

(c.100 megohms). A large number of transpolarizers could be controlled by 

means of an accurately focussed electron gun; timing presents no problem, 

since the setting time is of the order of 1 microsecond. 

In conclusion, transpolarizers do not appear to be really suitable 

for perceptrons about to be built. They may, however, become competitive 

once electron beam techniques have been developed to the point where whole 

memory matrices may be deposited on thin films of ferroelectric material. 

2.5. Flux Integration 

Modelled on the core memories so widely used in digital computers, 

flux integrators use the partial switching of the domain in a toroidal 

core under a current impulse as the basic increment. While the mechanics 

of the process cannot be rigorously explained without a quantum mechanical 
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model, some quantitative understanding may be gained by consideration of 

the dynamic hysteresis loop of the core material. The characteristics of 

a dynamic hysteresis loop will be discussed in somewhat more detail in 

conjunction with the magnetostrictive integrator; here only a brief 

description is given. 

Suppose a core is in a partially saturated condition (Figure 10) 

which corresponds to point a* on the hysteresis loop of Figure 11. 

Inside the circular (or cylindrical) boundary a, all the domains are lined 

up circumferentially, while outside this boundary chaos reigns. If now a 

magnetomotive force is set up in the direction of the previous magnetiza¬ 

tion by appropriately pulsing the toroidal winding, the domains most 

affected by the pulse will be the ones in the region immediately surround¬ 

ing the boundary of magnetization. The domains inside cannot line up any 

further, while among the unaligned domains the ones subject to the 

greatest magnetizing force will be those for which the path length is 

shortest (m.m.f. = total ampere-turns per path length). Therefore, if 

we make the pulse sufficiently short—and, at the same time, of sufficient 

amplitude to switch at least some of the domains completely—then we will 

have succeeded in effecting a small radial movement of the boundary of 

magnetization. This corresponds to an increase in the stored flux to 

point d' on the hysteresis curve. A quantitative measure of the flux 

increase may be obtained by equating the area a'b'c’d' of the hysteresis 

curve to the area under the volt-second curve of the pulse. This equation 

represents the energy irreversibly transferred frorti the source to the core. 

Two aspects of the process deserve special consideration: the 

linearity of the flux increase with respect to the number of input pulses, 

and the necessity of providing a non-destructive read-out. With regard 



30 

current 

saturated region 
switching region 

Figure 10. 
Toroidal Core 

H 

Figure 11. Hysteresis Loop of Ferrite Core 
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to the latter problem, we must keep in mind that as a rule flux can be 

observed only by its rate of changes so somehow we must effect a 

reversible change in the flux vector. In digital computers the problem 

is sometimes bypassed by conserving the value of the "bit" during read¬ 

out in an auxiliary register, and then restoring the value in the memory 

by a re-write pulse. While this approach is fairly foolproof (a prime 

requirement in digital computers) it is much too uneconomical for the 

analogue integrator. 

The most widely accepted approach to the non-destructive read-out 

problem makes use of quadrature fields. A weak "strobe" field is applied 

orthogonal to the "write" axis of magnetization; it causes the flux vector 

to rotate slightly, generating a voltage proportional to its rate of 

change (and hence its magnitude) in the read coil (which may be the same 

as the write coil). At the end of the strobe pulse, the flux vector 

springs back to its original preferred orientation by virtue of "domain 

elasticity." 

An extensive development program ai the Aeronutronic Division of the 

Ford Motor Company has resulted in a working integrator based on the 

principles outlined above. This integrator was developed especially for 

perceptron type machines, A very adequate analysis of its potential with 

regard to perceptron applications may be found in reference 25, while 

the design of a pilot model employing such integrators is followed 

through in detail in references 26 and 2?. To permit comparison with 

other types of integrators, the main operating characteristics of the 

Aeronutronic integrator, culled from references 28, 29 and 30, will now 

be summarized. 
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Figure 12. Aeronutronic Integrator Core and Steel Cover 
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The magnetic element itself is the hollow ferrite core with steel 

cover shown in Figure 12. The read-write winding consists of 200 turns 

of no. 38 enamelled wire toroidally wound on the taped core, and the 

strobe winding of 30 turns of the same size wire in the annular slot. 

Typical incrementing pulses are of the order of five volts amplitude 

and five microseconds duration. The strobe signal is a series of 50 ma., 

one microsecond pulses. Stored flux is partially destroyed by the first 

strobes applied after a change in value, so it is necessary to wait until 

equilibrium (corresponding to a reversible minor loop) is reached befo 

the stored value is read. Nine strobe pulses are sufficient to reach 

this state. With a 50 ma. strobe the output at saturation is a 

triangular pulse of about ^ volts peak amplitude. The basic machine 

cycle is 240 microseconds. Return to zero is accomplished by a single 

oversized strobe pulse. 

It can be shown theoretically,27 and has been verified experimentally, 

that the stored flux in the integrator and consequently the read-out 

voltage is given approximately by an equation of the forms 

/ ^ 
e = E 1- exp 

Where e = Output voltage 
E = Maximum Output Voltage ,. ., 
n = Number of applied increments (from demagnetization) 
N = Number of increments which would be required to produce 

all the increments were equally effective. 

Differentiating with respect to n , we obtains 

E if 

* - E £ 
Ae ~ Ñ " N 

This equation yields a measure of the linearity of the integrator. 

With current values as above, E/H is 0.2? and N is approximately 25. 

A typical growth curve, with these parameters, is shown in Figure 13. 
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Figure 13. Aeronutronic Integrator Growth Curve 
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In th. machine built to date, each core requires a separate, bl. 

directional transistor gate to control incrementation, but further 

research is expected to result in th. development of coincidence mod. 

»»Itching. In this scheme the output of an active A-unit maintains 

» direct current bias through th, writ, uindings of ai th. Integrators 

associated »ith it, and the reinforcement pulse is of sufficiently small 

amplitude to allow Incrementation to take place only in biased cores. 

This mode of operation requires extremely good square loop characteristics, 

which in a toroidal core aso mean, an I.D.-O.D. ratio ve>y close to one. 

Further versatility is provided ty th, possibility of biassing the strobe 

winding; with a bias of eatable magnitude, the output signa is propor¬ 

tional to the product of th, stored flux and the sign of the stobe current. 

Thus very complete and direct control of the A-unlts over the associated 

weights may be achieved at minimum expense. 

Another working integrator has been developed at the Stanford 

Institute by A. Brain,^ using the multiaperature devices (MAD) 

derived earlier from the transfluxor configuration by H. D. Crane.32 

A schematic of the MAD ferrite, as used for analogue storage, is shown 

on Figure 14. The current through the bias winding holds the core 

material inside the dotted line in a saturated condition, thus -trapping- 

any flux which may be present around the small aperture. Pulses through 

the set winding vary the total amount of flux in the core. A high 

frequency carrier in the drive winding generates a voltage in the read 

winding which is proportional to the flux linking the two coilsj this 

flux will not be degraded unless the drive signal is powerful enough to 

switch flux all the way around the large aperture. 
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READOUT 0.2 AMP 

Figure 14. MAD Integrator 



Figure 15. Storage Characteristics for MAD Integrator 
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The amount of flux switched at each increment is controlled by means 

of a "bucket" coil. The resulting linearity is indeed excellent, as 

shown in Figure 15. The MAD elements also afford a great deal of 

flexibility in the logical designs the two unused apertures may be 

employed to perform various gating functions. The complete logic 

necessary for an elementary perceptron may in fact be synthesized using 

31 only such magnetic elements. The description of a pilot model incor¬ 

porating several dozen MAD cores m*y be found in reference 33» 

The Cornell Aeronautical Laboratory has also Investigated the 
34 35 

possibility of using magnetic cores for perceptron memory elements. ’ 

Theirs was largely a theoretical analysis, with a limited number of 

experiments to check the validity of the simplifying assumptions found 

necessary. 

The chief source of trouble encountered by the CAL investigators 

seems to have been the difficulty of generating a uniform, orthogonal 

"read" field. It is to this obstacle that the marked assymetiy and 

non-linearity of their test integrator, as illustrated in Figure 16, 

is attributed. The data in this figure relates to one microsecond, 

70 volt write pulses with symmetrical, plus or minus 100 volt read 

drive. 

A slightly different version of the toroidal flux integrator is 

36 now being patented by J. DevilbissJ of the University of Illinois. 

His device is shown in Figure 1?. The novel feature here is the short- 

circuited loop, which controls the field available for flux switching. 

Unfortunately, no data is available to show the linearity integration! 
? 

when both positive and negative pulses are applied. 
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4» • 

Figure 16. Storage Characteristics of CAL Integrator 
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In summary, it has been derognstrated that a satisfactory integrator 

may be constructed using ferrite cores. Advantages of magnetic flux 

integrators include compactness, versatility of function, adequate 

linearity over a fairly extended range, 'and long term stability under 

quiescent conditions. Their chief disadvantage J.5 the complexity of the 

required auxiliary circuitry. If a large number of such integrators is 

to be reinforced at once, the total current required is very large. 

Sequential operation is rendered extremely cumbersome, at least with 

pulsed strobe read-out devices, by the complicated timing scheme. From 

this point of view, the carrier scheme developed at Stanford seems 

preferable, but the configuration of the core, and the number of windings 

and connections required, keep the total cost rather high. 

2.6. Charge Integration 

The engineer's concept of a circuit with a memory generally involves 

one or more charged capacitors, so it is reasonable to investigate whether 

these hold any promise for present perceptron applications. A brief 

calculation is sufficient to convince one that they do not. 

In order that a 1000 mfd. (taken as an upper bound to practicable 

values) capacitor may have a time constant of the order of 12 hours, its 

leakage resistance should be over 40 megohms. While this is not too 

outrageous a figure, a voltage sensing device of similar input impedance 

is also required. If the voltage? of all the capacitors in the associa¬ 

tive layer are to be added through a resistive network, each of the 

coupling resistors would have to be of the same order of magnitude to 

avoid discharging the capacitors through one another. With resistors of 

this size, masking of the signal by noise would present a serious problem. 
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Yet a time constant of 12 hours would insure a working period of only 

a few hours. 

An additional difficulty steins from the necessity of adding just 

enough charge to a partially charged capacitor to increase its voltage 

by a more or less constant amount. This would require a close approxima¬ 

tion to an ideal current generator, and the large series resistor 

necessarily associated with it would render the charging of the capacitors 

by the reinforcement pulses painfully slow. 

It should perhaps be mentioned that the effective value of a 

capacitor may be increased by feedback through an operational amplifier. 

While in analogue computers this scheme is often employed to overcome 

the problems described above, it is evidently impracticable for perceptron 

purposes. 

Nevertheless, capacitors may eventually be used in cross-coupled 

perceptrons with a built-in decay. Such systems may operate at a more 

rapid rate than present open loop configurations, if stimuli are presented 

automatically, and the time constants associated with the reinforcement 

and the decay are generally in neighboring orders of magnitude. 

A recent derivative of the capacitive integration is the nickel- 

cadmium battery integrator proposed by Babcock. The circuit is 

illustrated in Figure 18. The use of a vacuum tube to sample the 

voltage level adds to the cost, but Babcock estimates that in large 

quantities the complete unit could be produced at under ¢1.00 apiece. 
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2.7. Solions 

Solions^8’^ is the generic name of a family of amplifying devices 

which function by controlling and monitoring a reversible electro-chemical 

reaction. 

The reaction utilized in solions is a so-called "redox" reaction, 

in which oxidation and reduction take place in turn. In the solion 

tetrode four inert electrodes are immersed in an electrolyte containing 

both the oxidized and the reduced species of an ion, and by controlling 

the charge transferred between two input electrodes, a change in con¬ 

ductivity proportional to the integral of the input current may be 

obtained between the output electrodes. 

A common electrolyte for the solion redox system is an aqueous 

solution containing a small amount of iodine and a comparatively larger 

amount of potassium iodide. The reactions which take place in the system 

are as follows! 

The potassium iodide dissolves in water to yield potassium and 

iodide ions! 

KI K+ + I" 

In the presence of the iodide ion, the iodine exists predominantly as 

the tri-iodide ion! 

* h + 1 ^ I3 

If a current is passed through the solution, the tri-iodide ion dis¬ 

sociates at the cathode! 

I3_ + 2e" 31" . 

while at the anode the reverse reaction takes place! 

31" I " + 2e" . 
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Region 1 I a E Region 2 I a C Region 3 I = f (E) 

Figure 19. Typical Polarization Curves for the Solion Redox System 

for Various Concentrations of Iodine 
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I Input 

S Shield 

R Readout 

C Common 

Figure 20. 
Solion Tetrode Connected as an Integrator 
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The last two reactions proceed at the same rate, so the components 

remain at equilibrium concentration. 

In Figure 19, the current through the solution is plotted as a 

function of the e.m.f. applied between two electrodes. In region I the 

slope of the curve is determined by the conductivity of the electrolyte: 

in this region Ohm‘s Law prevails. In region II, the current is limited 

only by the amount of tri-iodide reaching the cathode by diffusion, 

hence it is proportional to the concentration of tri-iodide rather than 

the applied voltage. In region III hydrogen gas is liberated in an 

irreversible reaction. 

Whenever the concentration of tri-iodide is different at one of the 

electrodes than at the other, (suppose, for example, that they are 

separated by a diffusion barrier) a concentration potential will be set 

up between the two electrodes. This potential is given by the equation: 

E = c 

C 

log10 c 
2 

1 

where Ec - concentration potential 

Ea - a constant (approximately 30 millivolts at 23°C) 

Cj - tri-iodide concentration at electrode no. 1 

- tri-iodide concentration at electrode no. 2 

A simplified diagram of the solion tetrode, connected as a current 

integrator, is shown in Figure 20. The amount of tri-iodide transferred 

from the Reservoir to the Integral Compartment by the input current is, 

by Faraday's Law, proportional to its integral with respect to time. 

The output current is proportional to the concentration of tri-iodide in 

the Integral Compartment (operating in region II), hence to the integral 

of the input current. The polarized shield merely serves to reduce the 
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tri-iodide concentration near it to the point where diffusion through 

the small perforations of the electrode is negligible. 
r 

To achieve small time constants, the Integrator Compartment is made 

very small. This allows the distribution of tri-iodide to come to 

equilibrium rapidly. Sven with precision machined electrodes, however, 

1 cps. seems to be the upper cut-off frequency. 

Because of the concentration potential, the input Impedance of the 

solion tetrode varies from about 3OO ohms to I5OO ohms. A very high 

impedance signal source is required to avoid errors due to this effect. 

A more serious drawback as far as perceptron applications are concerned 

stems from the low output impedance of the device, which causes units 

connected in parallel to discharge through one another. These difficulties 

are similar to those encountered with capacitors, though the time constant 

is greatly magnified in solions by the use of a liquid medium. 

At constant temperature, the stability of isolated solions is 

reported to be excellent, with drifts of only a fraction of over 

periods of several days. Reasonably high packing densities may already 

be achieved—the volume of a tetrode now on the market is approximately 

0.2 cu. in.—but prices range around $15 per unit. If solions were ever 

to be seriously considered for embodiment in large perceptrons, consider¬ 

able redesign would be required, with the emphasis shifted from precision 

to ease of mass production. 

2.8. Electrolytic Integrators 

Yet another form of charge integration is exhibited in an electro¬ 

lytic device tested by the author in I96O-6I. The electrolytic integrator 

consists in principle of two electrodes immersed in an electrolyte 



Figure 21. Schematic of Electrolytic integrator 

Figure 22. Test Circuit for Electrolytic Integrator 



(see Figure 21) in such a way that it is possible to vary their resistance 

relative to one another by transferring metal in ionized form through the 

solution. In practice, one of the electrodes, the variable element, is a 

fairly high resistance conductor with two terminals accessible in order 

to detect resistance changes. The other electrode, the source, is simply 

a bar of metal. 

The basic resistance of the variable element must lie in a relatively 

narrow range. If the basic resistance is too low compared to the 

resistance of the source metal, then in order to produce a detectable 

resistance change, very large amounts of the source metal must be 

deposited on the surface of the variable element. Since the maximum 

plating current is, as subsequently shown, limited, low basic resistance 

entails inadmissably slow integrating action. If, on the other hand, the 

basic resistance is high compared to that of the solution, then the 

resistance change measured at the terminals of the variable element will 

again be small, due to the constant low resistance of the solution which 

is essentially in parallel with it. 

In general, the metal least difficult to plate is copper, and most 

of the experiments described below were conducted with copper as the 

source metal and copper sulphate as the electrolyte. The considerations 

discussed in the previous paragraph dictate that with this combination 

the basic resistance of the variable element be between 5 and 100 ohms 

for an acceptable geometry. 

Three schemes which satisfy the resistance requirement are: 

1) Very small diameter wire, 2) Ground down carbon composition resistors 

and 3) Thin metallic films. 
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To measure the resistance of the variable element it is necessary 

to use alternating current, since a direct current flowing through the 

element will establish a potential gradient which will in turn cause 

transfer of metal from the high to the low end with possible attendant 

changes of resistance. 

A schematic of the circuit used for testing is shown in Figure 2?. 

Provisions are made for pulsing up to four integrators simultaneously, 

in order to detect possible interaction among the elements. The timing 

relay was set for all tests at 0.4 seconds. 

Tests on single integrators were run in open plastic containers 

15 centimeters long by 8 centimeters wide. The wire is held at a slight 

tension and either pressure or soldered contacts used. The source 

consists of a number 12 wire parallel to the integrator and 4 cms. away 

from it. Both electrodes are covered to a depth of about 1 cm. by the 

solution. 

For the simultaneous tests, 5 c®» lengths of integrator wire are 

placed parallel to each other and 1 cm. apart in a sealed plastic box 

holding 12 to 25 wires. (See Figure 23.) Here the source wire runs 

perpendicular to the integrator wires. 

Carbon composition integrators were prepared by grinding down half 

watt 5# resistors to the point where the end connections show. This 

surface is then polished and the lead wires are coated with rubber cement 

in order to limit the electrolytic activity to the carbon surface. Two 

or three such integrators may be placed in a single test tube and copper 

(or nickel) plated from one onto another. 

Metallic film integrators may be simply painted on a microscope 

slide (Figure 24). Silver paint, suitably protected by a coat of lacquer, 
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Figure 23. Plastic Tank for Multiple Integrator

Figure 24. Thin Film Integrator
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* 

foras a satisfactory connection to miniature alligator clips gripping the 

edge of the slide. If reasonably linear performance is desired, a film 

of uniform thickness is imperative, and more refined techniques must be 

adopted. 

The effects of the composition of the electrolyte will be reviewed 

briefly before proceeding with a more systematic examination of the 

properties of specific types of electrolytic integrators. 

The simplest commercially used plating formulae40’41 consist of an 

almost saturated copper sulphate solution, with acid added to regulate 

the pH factor, and a "brightener" to provide a more lustrous surface 

film. 

In the application under consideration, the addition of acid to the 

basic electrolyte, even in minute quantities, presents two serious draw¬ 

backs. First, an acidic copper sulphate solution dissolves copper. In 

commercial plating this is not a disadvantage, since the rate of solution 

is slow compared to the rate of deposition, and in industrial practice 

the plating current is never interrupted. At maximum current, and 

recommended acid content, the ratio of the rates is about 6:1, resulting 

in very high "forgetfulness." Second, the presence of acid lowers the 

solution resistance, thus imposing a severe limitation on the resistance 

of the integrator element. 

^y way of brighteners, dacolyte and sodium lauryl sulphate were 

tried. Since neither led to observable improvement in performance, and 

dacolyte, in fact, tends to dissolve copper, a solution of copper sulphate 

in tap water (evidently a possible source of impurities) was adopted for 

all further tests. 

0 
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The maximum allowable current depends on the concentration of the 

copper sulphate solution. With low ion densities, extensive polarization 

occurs at the electrodes,^° decreasing the "limiting" current value. If 

the plating current exceeds this density, "arboreal" or spongy deposits 

are formed; these usually include hydroxides or basic salts. Accordingly, 

a solution of 240 grams of CuSO^ per liter of water was used. Although 

this is an almost saturated solution, its resistance is not excessively 

low with respect to most of the integrators tested. 

Table I lists the relevant properties of the various integrator wires. 

Advance. Chromel A. Chromei C. and Copel all contain some copper, and 

consequently erode more or less rapidly if reverse plating current is 

maintained after all the copper has been deplated from the wire. Hence 

none of these materials would be suitable for the projected application. 

Nickel and Molybdenum form a granular and unstable deposit. Due to 

the unevenness of the deposited copper film, resistance cycles could not 

be obtained with a satisfactory degree of reproducibility. Tantalum, 

Zirconium. Platinum, and Tungsten all display to some extent the phenomenon 

of "anodization." Anodization is the name given to the formation of a 

thin insoluble film of oxide on the bared surface of the integrator 

electrode upon reversal of the plating current (i.e. when the integrator 

becomes the anode). On the other hand, to remove the film it is not 

sufficient to simply reverse the current again and more cumbersome methods 

must be employed. 

Zirconium and tantalum do not form films of the required degree of 

smoothness and the limiting current characteristic of these metals is 

too low to achieve the required sensitivity with commercially available 

sizes of wire. With platinum, relatively high current densities are 
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Figure 25. Sensitivity of Platinum Wire Integrator 

Figure 26. Sensitivity of Tungsten Wire Integrator 
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practicable: the sensitivity in shown in Figure 25. However, the film 

formed on anodization has only moderately high back resistance} with 

constant voltage the current drops only by 25 to 50 percent, depending 

on the geometry. All the copper is not removed before the current starts 

to drop, hence initial conditions cannot always be easily re-established. 

If this difficulty could somehow be circumvented, the excellent plating 

properties, chemical inactivity, and high resistivity of platinum would 

certainly render it very attractive for integrator applications. 

Tungsten also exhibits sensitive and predictable resistance varia¬ 

tion as shown in Figure 26. Here the salient feature is the extremely 

high back resistance (of the order of megohms) of the anodic oxide film. 

Common solvents, such as phosphoric, hydrochloric, sulphuric, and nitric 

acid, acetone, alcohol, or carbon tetrachloride do not dissolve this film. 

Sodium hydroxide will attack it slowly. By far the easiest way to de¬ 

compose the oxide is to establish a 30 volt potential difference across 

the film (tungsten negative) for a few seconds. If this process were to 

take place in the plating bath, the large resulting current would deposit 

a considerable amount of granular copper on the wire, thus defeating the 

purpose of "initializing" the resistance. If however, the overvoltage 

is applied in a saline or acidic solution of more or less arbitrary 

concentration, near perfect cleaning action ensues. (See Figure 27.) 

Reproducibility is demonstrated in Figure 28, where the performance 

of four different specimens of tungsten wire is displayed. Also, 

experiments were run to see if there was any interaction between 

integrators in close proximity (one cm. apart). No such interaction was 

observed. The "retentivity" of such integrators is not so impressive 

since at any given setting the copper dissolves with a time constant of 
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Saturated copper sulphate solution 

.001^Tungsten Wire 0 - plating 

Figure 27. Cleansing of Tungsten Wire 

Figure 29. Dissolution of Copper from Tantalum Wire 
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two or three hours (Figure 29). This is likely due to the presence of 

both impurities and free oxygen in the solution, since chemists maintain 

that copper is insoluble in CuSO^. 

The range of the integrator described depends of course on the 

length of the resistor wire outside the solution (and connections) and 

the amount of non-linearity which may be tolerated. As a first approxi¬ 

mation, the useful range may be taken to equal one-half of the basic 

resistance. In perceptron applications a twenty percent variation in 

resistance would probably prove adequate. 

The deposition of nickel was also attempted. The following is the 

recipe of the nickel bath used: 

NiS04 • 6H20 

NaCl 

2l8g/X 

9.7g/X 

25g/i 

Sodium Lauryl Sulfate .42g/X, 

(Na) Saccharin 6.0g/i 

Although this solution was not tested under a sufficient variety of 

conditions to permit comparison with the copper bath, in no case was a 

satisfactory resistance cycle obtained. In most cases a rough uneven 

film was deposited, and upon reversal of the plating current, an unsoluble 

oxide of rather low back resistance was formed. The process was accompanied 

by considerable gassing of the electrodes, even at very low current densi¬ 

ties. 

In general, the limiting current of nickel is less than that of 

copper, and the same amount of charge will deposit less nickel. Further¬ 

more, since the resistivity of nickel is five times that of copper, 

approximately five times as much nickel must be deposited on a given wire 
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1 mil. W vire - 3.5 cm. long 

CuS04 - 5H20 240 g/t 

30 ma., .4 sec. puises 

8.0 

WIRE NO. 
-I 
- 2 
-3 
-4 

4.0 J—-1-J_I_J_I 
50 100 150 200 250 

Number of Pulses 

Figure 28. Behaviour of Four Tungsten Wire Integrators in a Common Tank 
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to effect the same resistance change as a similar layer of copper. These 

considerations impose very serious restrictions on the sensitivity 

attainable with nickel solutions, and the tests were consequently dis¬ 

continued. 

The few survey experiments undertaken with carbon composition 
42 

resistors were prompted by the admirable results achieved ty Widrow. 

It soon became clear, however, that the low inherent sensitivity of 

ground down resistors (due to the large surface area) would render this 

type of integrator unsatisfactory for a high speed audio perceptron. 

Vlhen properly prepared, carbon resistors plate smoothly, but the 

slightest imperfection in the surface will give rise to flagrant non- 

linearities in performance. Anodization presents no problem here. 

The only precaution necessary is to coat the end connections with some 

chemically inert materiell such as wax. In a concentrated solution of 

either copper sulphate or nickel sulphate (or in a dilute but slightly 

acidic solution) the resistor tends to swell and increase its resistance 

by an order of magnitude within a few days. In a dilute solution, a 

six percent change in the basic resistance was observed over a period of 

twenty-five days. Carbon resistors in coated condition are more stable 

than wire resistors—perhaps because more copper would have to dissolve 

or oxidize in order to give ri%e to the same resistance change. 

An experiment was conducted to determine whether carbon resistors 

would be suitable for a perceptron operating under gamma system reinforce 

ment rules.^ In this experiment copper was transferred back and forth 

between two resistors, after the initial source had been removed. This 

process is very difficult to control adequately and at present offers 

little hope for a large scale system. 
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A few experiments were also performed on platinum films prepared 

on glass by baking on commercially available 5* Liquid Bright. The 

films typically have a resistivity of 20 to 50 ohms per square, depending 

on the thickness, and of course one may vary the geometry to obtain any 

desired resistance value. Connections are easily made with lacquer covered 

silver paint. The integrator properties appear to be limited mainly by 

the unevenness of the films obtained by painting—no doubt this mode of 

deposition could be improved upon. 

Widrow reports excellent results (so far unpublished) with industrially 

manufactured tin oxide film on glass. This substrate lends itself readily 

to mass fabrication techniques, although extremely strict control is 

apparently required over the purity of all th.e components. Even a very 

slight contamination of the cell results in egregious degradation in per¬ 

formance; it is necessary, for example, to use rhodium plated leads. 

Initial experiments on thin films conducted by the Cornell 

43 
Aeronautical Laboratories have yielded results somewhat less favorable 

than those reported by Widrow. Plating currents run consistently higher 

than deplating currents, and long term stability (over a period of days) 

is poor. 

So far none of the electrolytic integrators described have been 

implemented on a large scale, and it is very difficult to make an estimate 

of eventual production costs. Presumably the cells would be moulded onto 

printed circuit boards, so as to avoid the necessity of extra leads. 

Widrow has each of his integrators hermetically sealed in a separate 

compartment, but it may be possible to house a number of integrators 

together. The resistance changes could be sensed most easily with a 

bridge arrangement. Since precision elements are not of the essence, 

resistance paints may be used to advantage on the ratio and balance arms. 
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TABLE I 

Characteristics of Electrolytic Substrates 

Material Resistivity Diameter 
Resistance 
per meter Remarks 

microohm 
cm. 

mils ohms 

Advance 

Chromel A 

Chromei C 

Copel 

Copper 

Molybdenum 

Nickel 

Platinum 

Tantalum 

Tungsten 

Zirconium 

48 

90 

112 

49 

1.72 

5.1 

8.6 

10 

14 

5.5 

4.1 

3.1 

2.0 

5.0 

5.0 

4.0 

2.5 

5.0 

3.0 

1.0 

0.7 

0.5 

3.0 

98 

440 

85 

38 

7.0 

27 

7.8 

30 

108 

218 

432 

8.9 

Dissolves in CuSO., 

Does not anodize 

Poor sensitivity 

Partial anodiza¬ 
tion 

Anodizes 

Irreversible 
anodization 

Anodizes 
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A slight variation on the electrode resistance integrator, proposed 

by H. ï. Chiu f deserves mention. Chiu advocates the use of cells where 

the resistance between the electrodes, rather than that of one of the 

electrodes, is changed as the result of copper transfer. For example, 

the cathode of such a cell may be a cylinder of copper foil, while the 

anode would consist of a thin gold wire concentric with the cathode. 

Chiu analyzed a number of different geometries, but discontinued experi- 

mental investigations after he found his process to be irreversible and 

of very limited dynamic range. 



111• MAGNETOSTRICTIVE readout storage 

in appraisal of the contents of the previous chapter reveals that 

not one of the devices listed therein meets, at its present state of 

development, the criteria specified in section 1.4. It is seen that most 

of the non-magn.tic.devices fall to meet the necessary performancs 

standards, whils the magnetic storage elements require elaborate and 

expensive readout arrangements. 

In 1961, Dr. C. Bosen of the Stanford Research Institute, suggested 

a novel, and, it appears, fructuous approach to the magnetic readout 

problem. When a magnetostrictive element is acoustically excited, an 

alternating flux wave is generated «hose magnitude is proportional to 

the initial magnetisation of the element. Would it be possible to use 

voltage induced by this alternating flux for readout in a suitably 

designed magnetic integrator? It did not take long to demonstrate that 

this «as indeed a practicable method for non-destructive sampling of 

flux levels. From then on, the Stanford group concentrated on improving 

the square loop characteristics of magnetostrictive materials by the 

application of various stress modes and electrolytic deposition in a 

magnetic field »ith a vie» to eventual "coincidence" suitching in ,ery 

large systems, «hile at Cornell University the author undertook to 

develop a someuhat less elegant system specifically designed for Tobermory. 

Once the operation of the system »as sufficiently understood to put 

bounds on the range of parameters to be considered, the next step »as to 

run a series of experiments designed to systematically optimise these 

parameters. In particular, decisions were required concerning the 

transducer, the storage material, the driving frequency, the reinforcement 

63 
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pulse width and amplitude, and coil design. Two further problems also 

arose at this point! the necessity of counteracting the magnetic bias 

due to the earth's field, and the need for a simple erase mechanism which 

would leave all the memory elements at "zero". 

This chapter begins with a qualitative description of the modus 

operandi of the magnetostrictive readout integrator, followed by a quanti¬ 

tative discussion of magnetostriction and flux storage. Some analytical 

results, incorporating numerous arbitrary constants, are forced out of 

the theory? then theoretical considerations and experimental data, pertain¬ 

ing to the optimization referred to above, are presented. Some space is 

also given to the purely technical difficulties, such as the attachment 

of transducers and the fabrication of 10 mil diameter self supporting 

coils, which were encountered in the course of the investigation. The 

solutions proposed to the shielding and erasure problems are evaluated, 

and the chapter closed with a description of the operating characteristics 

of prototype integrators. 

3.1. Principles of Operation 

When a ferromagnetic material is heated above the Curie Temperature, 

all domain structure disappears. If the individual domains formed as the 

material cools are anisotropic in shape, the material is said to be 

magnetostrictive: most iron-nickel alloys, for example, display this 

phenomenon. A positive coefficient of magnetostriction denotes that the 

longitudinal axis of the domain is essentially parallel to the axis of 

magnetization, while a negative coefficient means that the axes are 

perpendicular. 
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Figure 32. Origin of Flux Change 
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Figure 30 shows a material with a positive coefficient, such as 

iron, in the demagnetized state» the domains are completely randomly 

oriented. Under tensile stress (Figure 30b), the domains line up parallel 

to the axis of stress in order to minimize the strain energy, but there 

is no resultant flux, since there are just as many domains "pointing" in 

one direction as in the other. Compression causes a corresponding align¬ 

ment perpendicular to the stress axis (Figure 30c). 

If, however, the material is originally in a magnetized state 

(Figure 31a), with some alignment of the domains in a direction parallel 

to the stress axis, then tensile stress tends to increase the net flux 

(Figure 31b), and compression decreases it (Figure 31c)» The resultant 

change in flux, depicted in the vector diagram of Figure 32, provides a 

measure of the initial magnetization of the sample. 

Thus, if we can find a material with reasonable square loop character¬ 

istics, which has magnetostrictive properties as well, then we may store 

information by means of the mechanism described in section 2.5, and retrieve 

it by observing the flux change produced by alternating tension and compres¬ 

sion. 

This scheme may be realized with the arrangement shown on Figure 33* 

The magnetic medium is a thin permalloy wire attached at one end to a 

piezo-electric crystal. Current applied to the crystal at ultrasonic 

frequencies sends an alternating stress wave down the wire. "Writing" 

is accomplished by narrow width pulses through the "write" coil, and the 

level of magnetization is continuously monitored by a "read" coil wound 

concentrically with the "write" coil. If the frequency and the root mean 

square amplitude of the stress wave is maintained at a constant value, 

then the open circuit output of the "read" coil is approximately pro¬ 

portional to the flux stored in the portion of wire directly under it. 
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3*2. Magnetostriction 

The relation between the applied stress and the change in domain 

orientation will first be derived along the lines suggested by Becker and 

Doring.^ 

Consider a small spherical globule of magnetostrictive material, of 

diameter d , above the Curiç point. If, on cooling, it is spontaneously 

magnetized into a single domain, there will be a change of shape which 

may be represented to a first approximation by the equation 

2 
r = A + Bcos 9 , 

where r is the length of a diameter measured in a direction at an 

angle 0 to the direction of magnetization. 

In the ensemble of such domains, oriented at random, the average 

length of a domain, measured in any one direction in the ensemble, would 

be 

rQ = E + Bcos2e] * A + 1/2 B. 

At saturation, when all the domains are aligned in the 0 = 0 direction, 

the length of each domain in the direction of magnetization of the ensemble 

is 

rs = 

Let 
X = 

X = 
s 

then 

X 

A + B . 

r-r 

r -r s_o 

cos 20 . 
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The strain energy per unit volume of material can now be evaluated 

by letting the domains rotate from their original direction at strain ^ 

to perfect alignment under the influence of a constant external tension a . 

Thus, 

S 

E = / d(oA ) = 2 A a sin20 , 
8 / 8 

where zero strain energy is arbitrarily assigned to the saturated material. 

It is seen that when A is positive, the strain energy is a minimum for 

6 = 0, and when A is negative, it is a minimum for 6 “ J • This 

justifies the assertion implicit in Figure 30 of the previous section. 

When a small stress is applied to a magnetostrictive material sub¬ 

jected to a steady "polarizing" field, the change in induction so produced 

46 is proportional to the stress. In the application under consideration 

the assumption of a "small" stress is justified by the' very small output 

voltage, which is indicative of a change of flux of only about 30 gauss. 

47 Bozorth and Williams have calculated the incremental change in induction 
» 

due to stress-A at small stress values to be: 

-A 
a a o=0 

where X 
''s 

B 
8 

B 

K 

= magnetostrictive expansion (contraction) at saturation 

= saturation flux density in gauss 

= polarizing flux density in gauss 

= crystal anysotropy constant in ergs/cnr 

This relation, which has been thoroughly verified experimentally, 

is almost linear for polarizing flux densities less than about a third 

of the saturation flux density; in practice, the integrator is always 

operated in this condition. 
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The actual value of A obtained from the Bozorth-Williams equation 

cannot be readily checked with the apparatus used, since the effect of 

the loading of the permalloy wire on the crystal is not known. Necessary 

information could perhaps be obtained by Q measurements on the loaded 

crystal, but the check was not considered to be of sufficient interest 

to compensate for the labor involved« 

3.3. Flux Storage 

The mechanism of flux storage in toroidal cores has been amply 

investigated both theoretically^8’49’50 and experimentally,51’52 and the 

concensus of opinion seems to be that there is no accounting for the 

peculiarities of domain behaviour. The following effects are, however, 

deemed important: 

1. The reduction of the effective magnetic field inside the material 

by induced eddy currents. 

2. The damping of domain rotation due to "spin relaxation." 

3« Hysteresis, which is the name given to losses arising from 

imperfections, inclusions, and inhomogeneities in the material. 

4. Inertial terms affecting the acceleration of domain walls. 

5. The influence of "wall energy" on wall motion. 

The various mathematical treatments of the problem all reduce to the 

principle that the "free energy" of the system must remain a minimum 

throughout the switching process. Then classical eddy current theory49 

demands that the velocity of wall motion be proportional to the difference 

between the applied magnetic field and a somewhat nebulous entity called 

the coercive force of the material. The volume distribution of the eddy 

currents is to be such that the value of the field at the boundary of 
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magnetization is this same coercive force. Because of the non-linear 

nature of the ferromagnetic B-H loop (whether static or dynamic) none of 

the approaches yield numerical results which check with experiment, 

though several of the models are quite descriptive of particular aspects 

of the process. 

With toroidal cores where the ratio of outer diameter to inner 

diameter is not too close to unity, it is reasonable to assume that flux 

will be switched first around the inner perimeter, where the magnetic path 

is shortest. As the inner regions become saturated, more and more domains 

would have to be switched by each pulse in order to advance the wall 

boundary by a constant amount; in effect, pulses at this stage of the 

proceedings will produce a smaller change in output. 

If an infinite, axially magnetized cylinder is considered instead of 

a toroid, no such simple principle can be applied to explain the reduced 

effectiveness of cumulative pulsing. The eddy current considerations 

merely suggest that the boundary of flux switching moves from the outside 

in. Of course, one may equate the volt-time integral (energy) of the 

input pulse to the J\idB integral, and note that with a non-rectangular 

hysteresis loop less energy is required for a unit increment in flux 

density at the lower flux level than at the higher one, but this is a 

heuristic explanation at best. Quantitative predictions based on 

hysteresigrams obtained at 60 cps or at 400 cps, check only roughly with 

the nearly exponential flattening of the counting curves shown in section 

3.7. 

The low frequency, or static, hysteresigrams are, however, sufficient 

to show that the sides of the loop are steepest at the low flux densities. 
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It is therefore desirable to operate at the low levels, even apart from 

the magnetostrictive requirements of the system. In order to subdivide 

the range of flux available into as many levels as possible, it is 

necessary to write by means of very narrow width pulses. Limitations on 

pulse forming equipment led to the adoption of a standard .1 microsecond 

pulse in all experiments, while the pulse amplitude was dictated in each 

case by the width of the B-H loop at the level of the maximum flux. 

The inadequacy of the present analysis of flux storage is keenly 

felt by the author, and further developments in the field are eagerly 

awaited. 

3.^. Transducers and Operating Frequency 

Transducers used to impart vibrational energy to solids at ultrasonic 

frequencies may be either piezoelectric or magnetrostrictive in nature. 

Both kinds of transducers have been used to drive the integrator described 

in the previous sections, and the advantages and disadvantages of the two 

types are rather evenly balanced. 

Among piezoelectric materials, Rochelle Salt, Quartz, and Barium 

Titanate are typical of the crystals available. Rochelle Salt"^ is 

highly unstable above temperatures of about 4(^0., hence the soldering of 

leads to the crystal is difficult. Quartz has excellent mechanical 

properties, but in order to obtain a sizeable longitudinal strain a 

driving voltage of several thousand volts is required. Barium Titanate 

seems in all respects the best choice} the particular ceramic tested is 

Clevite's PZT-4.54 

Relevant properties of PZT-4 are listed in Table 2. This crystal 

can be submitted safely to temperatures of up to 200°C., and its aging 
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TABLE II 

Characteristic» of PZT-4 Crystal 

Piezoelectric Coupling Coefficient 

Dielectric Constant 

Frequency Constant 

Poisson’s Ratio 

Density 

Resistivity 

Mechanical Figure of Merit 

Dielectric Dissipation Factor 

Maximum Non-resonant Driving Field 

Maximum Safe Operating Temperature 

Maximum Safe Tensile Stress 

Maximum Strain for Linear Operation 

= 1200 

N = l650 çyçlemeters 
1 second 

a = .30 

d = 7.5 g/cc 

13 p = 10 ohm cm. 

Q = 600 

D ? .005 

10 KV/cm. 

150°C 

10® newtons/m^ 

3 X 10"4 
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characteristics, as shown in Figure 34, are also satisfactory. For many 

of the tests, the crystals were driven at the resonant frequency (130, 

200, 250 Kcps) fcy a Hewlett Packard signal generator supplying about 

30 volts r.m.s. This drive is sufficient to produce an output voltage 

of about 100 microvolts peak-to-peak per turn with a remanent flux of 

about 2,000 gauss. At non-resonant frequencies, much more driving voltage 

is of course required to produce a detectable output. 

The crystal may be either a rectangular prism or a cylinder; spurious 

resonances were less bothersome in cylindrical crystals. In any case,- the 

largest diameter of the crystal should be less than .29 X where X is 

the wave length of the crystal at the resonant frequency. If this caution 

is not observed, transverse vibrations will be set up within the crystal, 

greatly reducing the output. For optimum coupling, a mechanical impedance 

matching device, such as an exponential horn,^ should be used, but the 

slight gain in energy transmission did not seem worth the additional 

expense. 

The magnetostrictive wire was butt-soldered to the face of the crystal 

with Divco. Rosin Core Silver Solder (Figure 35)» Ordinary solder tends 

to remove the thin film electrodes from the face of the crystal. The 

importance of a good joint can hardly be overemphasized; many of the 

initial experiments came to grief before the right technique was mastered; 

in particular, care must be exercised not to damage the crystal by the 

application of too much heat. Contacts to the electrodes were much more 

easily attached, since the No. 38 wire used here did not have to be butt- 

soldered—also, it took solder much more readily than the various perm¬ 

alloy and nickel wires. 



Figure 35. k" Crystal Transducer

Figure 41. Coil - Assembly
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Several glues, such as Carter’s Epoxy Cement, Vinyl Cement, and 

Eastman 910 Adhesive, were also tried, but without success. 

57 
Two simple crystal holders-' were constructed. One held the crystal 

at its node of vibration by means of three pointed plastic screws} this 

is a satisfactory mounting for resonant operations. The other consisted 

of a depression in a small piece of stiff plastic foam, with enough 

clearance to allow the sonic line to pass through. This mounting permits 

rapid interchange of crystals. 

The magnetostrictive transducer consists simply of a coil wrapped 

around the sonic line; the magnetostrictive properties of the line itself 

are used to generate the stress wave. This configuration is very similar 

to the widely used ultrasonic delay line; the difference is that a con¬ 

tinuous wave rather than pulses are applied at the drive end, and the bias 

at the receiving end is varied by storing flux in the line. The optimum 

value of the bias at the drive end may be calculated by maximizing A with 

respect to Bq in the last equation of section 3*2. If the coil is driven 

to saturation, the bias should be of the saturation flux density. The 

coil may be biased by circulating a direct current through it, or by 

placing a permanent magnet in its proximity. In practice, the optimum 

value is easily attained by varying the current or the position of the 

magnet until the output is largest. 

In delay lines of this type an attenuation of 20 db. or more between 

input and output is typical.^ Most of the loss is due to poor coupling 

between the coils and the line; the attenuation of the line itself is only 

of the order of l/2 db. per meter.^ In order to obtain a measurable signal 

in the read coils, it is necessary to drive the input transducer very hard. 
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Figure 36. Frequency Response of Coil Transducers 
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The length of the coil must be kept under half a wave length at the driving 

frequency s for nickel at 250 Kcps, this is about 1 cm. The coil cannot 

be too thick either, lest the leakage flux spread out beyond the half wave 

length limit, and cause cancellation. Thus, the physical dimension, and 

consequently the allowable power dissipation, is severely limited, and 

one may not be able to obtain a sufficient number of ampere-turns to cause 

an appropriate strain in the delay line. 

Figure 36 exhibits the variation in output voltage with frequency 

for input transducers of the same length but different number of turns. 

In each case, the output is small at the lower frequencies because the 

voltage generated in the read coil is proportional to the rate of change 

of flux. At very high frequencies the gain due to the increased rate of 

change of flux is swamped by the eddy current effects, which are propor¬ 

tional to the square of the frequency, and by the decreased input due to 

the increase in the impedance of the driving coil. The maximum in the 

curves occurs at different frequencies for the different coils because 

of the variation in impedance. In thicker wires (wires up to 20 mils, in 

diameter were tested) the eddy current losses are even more pronounced. 

Even if piezoelectric input transducers are used, it is necessary to 

keep the amplitude of the stress wave small in order that the flux change 

at the'’output may remain proportional to the stress. In some instances, 

when a crystal was driven hard at resonance, distortion of the wave shape 

was noticeable. This occurred in the linear operating region of the 

crystal, so the distortion was doubtless due to the non-linear magneto¬ 

strictive effect. 
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The desirability of using a single layer read uinding requires that 

the operating frequency of the device be above 50 Kcps., while the eddy 

current losses61 would make it impractical to operate above 500 Kcps. 

In addition, at frequencies at the lower edge of the broadcast band the 

is appreciable radiation even with leads of a few meters in length, and 

the size of Tobermory would make it difficult to avoid such leads altogether. 

Since both the piezoelectric and the magnetostrictive drivers adequately 

cover this frequency range, the choice between them must be based on cost. 

Crystal, of suitable size are quoUd at ¢1.60 in lots of a thousand, while 

coils cost about iZi .piece in the same quantity. The coils are somewhat 

easier to mount, because a pad is not needed, and they obviate the neces¬ 

sity of handling and transporting three foot lengths of delay line with a 

crystal attached to one end, but these advantages may not be sufficient to 

offset the additional driving circuitry require^. 

Crystals may be operated in either a resonant or a nonresonant mode. 

At the fundamental resonant frequency a 50 volt r.m.s. source is ample, 

but if several crystals are to be operated fro. the same source, precaution, 

must be taken to ensure that the resonant frequencies, under loaded condi¬ 

tions, are exactly the same. Even a slight deviation in frequency will 

cause a significant reduction in the energy transmitted to the delay line, 

and hence in the output voltage induced in the read coils. The C of the 

loaded crystal is about 50, and its input impedance is 2,000 ohms capacitive. 

Under nonresonant conditions, an r.m.s. input of several thousand volts is 

required for a similar output, but the currents involved are of course 

small, so that it may not be necessary to provide a repeater for every 

crystal. 



81 

The coils have a much lower impedance than the crystals, typically a 

few hundred ohms inductive. Because of the indirect coupling, a driving 

current of several hundred milliampères is needed. Furthermore the coils 

have to be spaced exactly the same distance from the driving end of the 

delay line, otherwise reflections will cause variation in the amplitude 

of the stress waves in the different lines. An alternative to the accurate 

spacing is to put damping pads on both ends of the line. 

While standing waves on the line are economical from the energy point 

of view, when several integrators share the same wire a flat line is 

desirable in order to conserve magnitude and phase relationships among the 

output voltages. These phase relationships are indicative of the "sign" 

of the stored flux. Damping pads used on conventional delay lines include 

neoprene pads,62 synthetic sponge pads,6^ and p.v.c. in the form of Welvic 

Paste,^ which forms a soft rubbery solid after oven curing at 150 C. 

Gum rubber, Faber plastic cleaner, art eraser, and plastic tape were also 

tested for attenuation; the most effective among these is the plastic type 

cleaner. If care is taken to mould the pad into a conical shape, just 

barely touching the delay line at the narrow end, a standing wave ratio 

as low as 1.05 may 1)6 attained. A quicker method is to put kinks of 

increasing sharpness at the end of the line. The wave is reflected back 

and forth between the kinks until it is finally dissipated by the inherent 

scattering in the wire. 

3.5. Ferromagnetic Magnetostrictive Materials 

The application of stress affects the magnetic properties of most 

ferromagnetic materials to such an extent that stress may be ranked with 

field strength as one of the primary factors affecting magnetic behaviour. 
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TABLE III 

Properties of Magnetostrictive Materials 

Material Initial 
Permea¬ 
bility 

Maximum 
Permea¬ 
bility 

Saturation 
Flux 

Density 

Coercive 
Force 

Maximum 
Strain 

Sensitivity 

gauss oersteds gauss per 
kg_ 

mm^ 

Iron 

Nickel 

Cobalt 

Permalloy *2036 

3036 

4036 

5036 

6036 

803Í 

200 

25O 

70 • 

200 

800 

2,500 

3,000 

3,500 

6,000 

5,000 

2,000 

245 

1,000 

5,000 

15,000 

17,000 

17,000 

80,000 

21,500 

6,000 

16,000 

20,500 

3,000 

15,000 

16,000 

14,500 

10,000 

1.0 

0.7 

8.9 

11 

.8 

.4 

.25 

.13 

.06 

500 

0 

13OO 

2600 

3500 

500 

Figures refer to air-quenched permalloy. 
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In discussing the effect of unidirectional stress it is customary to speak 

of materials whose magnetization increases with tension and which expand 

when magnetized as having positive magnetostriction, and of materials 

whose magnetization decreases with tension and which contract when 

magnetized as having negative magnetostriction, '’’hese definitions agree 

with the ones proposed in section 

The ideal material for the integrator would have a high magneto¬ 

strictive coefficient, a dynamic B-H loop with very steep sides, high 

saturation flux density, and a coercive force which is large compared to 

the earth's field, yet small enough not to require excessive magnetizing 

currents. Unfortunately, square loop material? display very little 

magnetostriction (because the domains seldom lie in an intermediate 

orientation), so a compromise must be expected. 

Among ferromagnetic metals, cobalt yields alloys which are brittle 

and generally unsuitable for drawing in wire form. One exception, 

Vicalloy, has a coercive force of several hundred oersteds, and need not 

be considered here. Iron and most steels have a very low magnetostrictive 

coefficient. Nickel has a high magnetostrictive coefficient, but its 

hysteresis loop is very far from square. Thus one is led to the iron- 

nickel (permalloy) alloys. The hysteresigrams of several of these materials, 

in wire form, are exhibited in Figure 37- The slight assymetry is due to 

the earth's magnetic field; the coercive force is in each case rather low. 

Figure 38 shows that the loop may be "squared up" by the application of 

various modes of stress. It is, however, difficult to maintain a wire 

soldered to a crystal, or smothered in damping pads, under tension and/or 

torsion, and consequently this line of experimentation was abandoned. 



Figure 37. Hysteresigram of 152 permalloy - No Strain

Figure 38. Hysteresigram of 152 permalloy under tension, 
twist, and tension and twist.
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Initial experiments showed, in any case, only a slight improvement in the 

linearity of the counting curves over the non-stressed case. 

Properties of interest of the various materials tested are tabulated 

in Table 3. The best initial linearity was shown by the ?2 percent 

Nickel-28 percent Iron alloy, but the .1 microsecond write pulses are too 

long to take advantage of the square loop properties of this material. 

On the basis of overall performance, Driver Harris 152 wire (52 /o Ni, 

balance Fe) was selected; with this wire up to 70 observable flux levels 

may be obtained under optimum conditions. 

The 60 cps hysteresigram shows that the B-H loop of a material 

becomes more and more square as thinner and thinner wire is used; this 

may be due either to the additional stretching during the drawing of the 

wire, or to behaviour approaching thin film single domain switching as 

the diameter becomes very small. The output voltage, however, also de¬ 

creases in direct proportion to the cross-sectional area, and although 

the output impedance of the read coil is very low, noise perturbs the 

system due to radiation from the input transducer. With wire diameter 

above about 10 mils, driving frequency eddy currents introduce additional 

coherent noise. 

3.6. Coil Design 

The aspect ratio (length to diameter) of the write coil has consider¬ 

able bearing on the overall linearity of the integrator. The magnetic 

poles induced in the wire at the ends of the coil reduce the field inside 

in proportion to the flux density (B is, of course, continuous throughout). 

^ 46 
The field at the center of the coil is given py: 

« = «0 - h 
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B 

Figure 39. Integrator nonlinearity Due to -Tilt- of Hystereais Curve 
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where H is the field due to an infinite solenoid carrying the same 
o 

current, 

B is the flux density in the wire, 

and N is the demagnetizing factor, which depends on the aspect ratio 

of the coil as well as the permeability of the wire. 

Now suppose that the coercive force of the wire material is Hc , 

that the maximum level to which the wire would be magnetized is 2,500 

gauss, and that the field required to reach this level of flux is 1.5 Hc . 

This situation is depicted in Figure 39—the numbers are appropriate for 

42 permalloy. On the basis of the simple calculation outlined in section 

3.3, we would expect a magnetizing pulse to be about 3 times less effective 

than a demagnetizing pulse in changing the flux level at either the upper 

or the lower extremity of the flux range. The corresponding areas of the 

B-H loop are shaded to emphasize the difference. Thus, in order to avoid 

additional non-linearity in a counting curve, one would like the change 

due to the demagnetizing effect of the coil ends at the maximum flux level 

to be small compared to Hc . 

Arbitrarily selecting .1 H as the maximum tolerable change, and 
c 

solving the demagnetization equation for N with H = 7 oersteds, and 

B = 2500 gauss, a figure of 120 is obtained from Figure 40 for the aspect 

ratio. With permalloy wire .010 inches in diameter, a minimum I.D. of 

12 mils is required for the coil} if number 38 enamelled wire is used 

for the winding, the mean diameter is 15 mils, and the length of the coil 

should be at least 1.8". In the initial experiments, the coils were 

wound on .035" to .050" diameter sleeving, but this construction was 

abandoned in favour of self-supporting bonded coils. 
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Figure 40. Demagnetizing Factor for Round Rod 
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The design of the read coil is less critical; here the only important 

consideration is that the length of the coil be less than half an acoustic 

wave length at the operating frequency of the line. Fifty turns arranged 

in a single layer were found to yield a sufficient output voltage at all 

but the lowest drives. While in order to enclose as many flux lines as 

possible it is desirable to have the search coil wound next to the delay 

wire, in the interest of a uniform magnetizing field the read coil was 

wound outside the write coil. A photograph of a complete coil assembly 

is shown in Figure 41. 

3.7. Magnetic Erasure 

In order to remove all traces of previous learning from a perceptron 

and have it start on a new problem with an unbiased outlook it is necessary 

to reset the integrators from time to time. With toroidal flux integrators 

of the type described in section 2.5 this is easily done by passing an 

extra large pulse through the strobe winding, thus orienting all the 

domains in a direction perpendicular to the normal direction of magnetiza¬ 

tion. With the delay line configuration it is, however, difficult to 

generate an orthogonal erase field, and other means of erasure must be 

sought. 

One possibility is to heat the delay wire momentarily above the 

Curie point; on cooling, the distribution of the domains will be completely 

random. Unfortunately, the Curie Temperature of 42 permalloy is of the 

order of 600°C, which is above the safe operating temperature of even the 

best enamel insulation. 

In the experimental setup a commercial portable recording tape de- 

magnetizer, known as Jiffy-rase, was often used to advantage. This device 
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Figure 42. Demagnetization 
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consists of a very powerful 60 cps electromagnet, and erasure is accomplished 

simply by approaching and retreating the magnet in the vicinity of the wire. 

The solution actually adopted makes use of the write coil itself to 

effect demagnetization. A 400 cps current, of initial amplitude about 

three times that of the write pulses, and gradually decreasing to zero 

over a period of several seconds, is circulated in the winding. What pre¬ 

sumably happens to the B-H relationship in the wire is illustrated in 

Figure 42. The variation in the magnetizing field with time is shown in 

Figure 43, and a schematic of an electromechanical arrangement used to 

generate this wave form in Figure 44a. A ten-turn helipot was used 

instead of an ordinary composition rheostat in order to obtain a finer 

current gradation. An even smoother wave form is generated by the voltage 

controlled, variable gain amplifier, illustrated in Figure 44b. The 

exponential decay of a step input in an R-C circuit controls the amplifi¬ 

cation; the decay constant may be varied continuously from .2 seconds 

to 4 seconds, and the compression ratio is better than 20C:1. 

Demagnetization is most thorough when sections of the wire adjacent 

to the main write coil are also demagnetized. This was accomplished by 

connecting three coils in series. It is also of paramount importance to 

cancel out the earth's field during demagnetization, otherwise the remanent 

flux after demagnetization will be a considerable fraction (as much as 

30 °/0) of the maximum flux level induced by the write pulses. Methods of 

neutralizing the earth's field will be discussed in the next section. 

In some applications a much cruder sort of zeroing, requiring neither 

demagnetization nor cancellation of the earth's field, may be acceptable. 

It would be sufficient to saturate all the integrators in a given direction, 



Figure 43. Demagnetizing Current Waveform 
(Horizontal scale: 1 cm. = .5 sec.) 

(Vertical scale: 1 cm. = 50 ma.)
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and then pulsing ¿11 of then at the sane rate until the total output, as 

nonitored at the R-units, is sero. Because of local variations, however, 

this will in no way guarantee that the Individual integrators are anywhere 

near the sero setting. Furthemore, if sone of the integrators «re once 

biased beyond their normal range by a stray magnetic field or a switching 

transient, their counting curve would remain thereafter highly assymetrical. 

3.8. Shielding 

Provisions have to be made to guard the coils against interference 

at the driving fequency, incoherent noise from fast pulses elsewhere in 

the system, cross-talk from adjacent coils, and the steady bias of the 

earth's magnetic field, taong all of these, the earth's field alone 

offers a significant problem. 

Radiation emitted by the input transducer at 200 Kcps is about 10 

times as large with a magnetostrictive coil as with a crystal, but if 

coaxial leads are used right up to the transducer, and if the read coil 

is at least 5 cms away from it, then the signal radiated by the transducer 

constitutes only about 2 °/o of the output signal. 

The output impedance of the read coil is below 5 ohms, so that 

60 cps. noise, and interference from other low frequency sources are 

negligible. The sharp spikes picked up by transformer action from the 

write coil are too short to affect the normal operation of the sense 

amplifiers and threshold devices. 

Cross talk from adjacent coils, which would be significant if the 

read winding sampled the flux level under the whole write coil, is 

eliminated by the 1.5 cm guard band extending on either side of the 

central "active” area. It is thus permissible to leave no spacing what- 

ever between adjacent coil assemblies. 
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Customary expedients to neutralize the earth’s field include 

Helmholtz coils and metallic shielding. Helmholtz coils are evidently 

impractical in the present application, while shielding is prohibitively 

expensive. In any case, a single layer of .014- Conetic AA foil 

($6.30 per ft.2) reduces the 80jt assymetry due to the earth’s field on 

demagnetization only to about 75*, while three layers of .005- Conetic 

(¢3.50 per ft.2) reduce it to 60*. These figures refer to a coil orienta- 

tion at about 45 degrees to magnetic north. Orienting all the coils at 

right angles to the earth’s field is not easily feasible either, because 

structural steel and heavy steel equipment in the building distort the 

field, as shown by the map of Figure 45. 

In this instance, too, recourse was finally had to the write coil. 

A direct current of the order of 3 or 4 milliamps is sufficient to 

neutralize the earth's field. If this current is very carefully adjusted 

by repeated trial and error, the integrator may be demagnetized to about 

3 percent of its original level. The remanent flux, expressed as a per¬ 

centage of the original level, corresponds roughly to the assymetry 

obtained after continuous pulsing, and this in turn is proportional to 

the difference in effectiveness between a positive and a negative initial 

pulse. 

The optimum neutralizing currents required by a particular integrator 

in different positions in the relay rack are shown in Figure 46. Depending 

on the excellence of performance required in particular applications, a 

trimming potentiometer may or may not be needed for each assembly. The 

unbalance resulting from various current deviations from the optimum is 

plotted in Figure 4?. 
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Figure 46. Neutralizing Current Required for Different Locations in ma. 

Figure 4?. Assymetry Resulting from Deviations from the Optimum Neutralizing 

Current 
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) 

TABLE IV 

Output Voltage and Optimum Neutralizing Current 

in Twelve Integrators on tha Same Line 

Coil No. Maximum Output Voltage Neutralizing 
Current 
Required 

millivolts milliamps 

1 

2 

3 

4 

5 
• 

6 

7 

8 

9 

10 

11 

12 

i-—
-
-
-
-

 
+ 1.5 

+ 1.4 

- .7 

+ 1.4 

+ 1.8 

- 1.1 

+ 1.0 

+ .2 

+ .5 

+ .9 

- 1.9 

- 1.6 
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The presence of a direct current as well as of the occasional 400 cps. 

demagnetizing current in the write winding offers some grounding diffi¬ 

culties, but the different component frequencies are so far apart that 

they may be separated by cheap capacitors and chokes. 

It is interesting to note that the effect of the earth's field is 

most pronounced during demagnetization; if the neutralizing current is 

slowly removed after demagnetization has been completed, the resulting 

unbalance is only 60ji of the full output. 

3.9. Operating Characteristics 

The test circuit designed to check the performance of a single 

integrator is diagrammed in Figure 48. The signal from a Hewlett- 

Packard 200-C signal generator is amplified (amplifier schematics in 

Figure 49) and fed to the transducer. A 30-cm. length of the wire under 

test stretches from the transducer to a damping pad at the other end. 

A photograph of the complete apparatus is shown on Figure 50. 

Pulsing is accomplished through an inverting switch by a Dumont 404B 

Pulse Generator with a 10 ohm resistor inserted into the circuit to monitor 

the current. The pulse generator is triggered by a low frequency free- 

running multivibrator. The circuit on Figure 51 is capable of supplying 

trigger pulses at the rate of one every two seconds; the slow speed 

facilitates direct counting of the number of steps required for complete 

reversal. 

The output signal is observed directly on the screen of a high 

sensitivity Tektronix Oscilloscope. The CRC should be triggered by the 

drive voltage to permit observation of the phase changes in the output. 

If the output is to be monitored on a graphic recorder as well, it must 
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Figure 51* Slow Trigger Circuit 
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Figure 50. Test Equipment for Magnetostrictive 
Readout Integrator
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first be rectified and filtered, but this is not as satisfactory an 

arrangement as demodulation with a fixed phase reference. 

The envelope of the output voltage is shown in Figure 52 for differ¬ 

ent pulse amplitudes. When the output is rectified and filtered, the 

result is Figure 53* It is seen that it takes about three times as many 

pulses to reach 90 percent of "saturation" on ascending than on descending; 

as explained in previous sections, this is a consequence of the assymetry 

about the B axis of the hysteresis curve. Figure is a photograph of 

the output sinosoid, on an expanded scale, during pulsing. This picture 

shows clearly the change in phase as the flux level skirts zero. The 

fact that the output voltage is never actually zero in amplitude, although 

the phase shifts close to 180 degrees, would seem to indicate that the 

boundary of magnetization moves along the longitudinal axis as well as 

from the outside in. 

Photographs of the write pulse, with amplitudes set as above, are 

shown in Figure 55. A comparison with the current through a 4?-ohm 

composition resistor suggests that the pulse impedance of the write coil 

is of the order of 50 ohms. Since this is also the output impedance of 

the pulse generator, very little impedance matching is required. The 

improvement in the pulse current wave shape resulting from the addition 

of a 100 picofarad parallel capacitor is illustrated in Figure 56c, but 

this does not affect the counting curve significantly. For completeness, 

a photograph of the voltage wave form, exhibiting the typical inductive 

peaking, is also included in Figure 57« Figure 58 is an oscillograph of 

the current wave form in a write coil with the permalloy core removed— 

evidently the permalloy wire absorbs only ¾ small fraction of the input 

power. 
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Figure 52. Envelope of Readout Voltage

Figure 53. Rectified Envelope 
of Readout Voltage

IJTTT I Ui

Figure 54. Readout Voltage

I I I T I I I
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Figure 55. Current into Saturated Integrator
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Figure 56a. Photograph of write pulses 
of different amplitudes

Figure 56b. Write pulse into 50 ohm resistor

Figure 56c. Waveform improved by addition 
of 100 microfared capacitor

Figure 57. Voltage developed across write coil

Figure 58. Write pulse with permalloy wire removed from coil
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The relation between drive voltage and output in the case of a 

crystal transducer, and drive current and output in case of a magneto¬ 

strictive transducer, is quite linear, as seen in Figure 59» 

Several prototypes for Tobermory, consisting of 12 coil assemblies 

strung on 50 cms. of wire, were also prepared. A photograph of one of 

these lines, with the associated control box, is shown in Figure 60. 

A schematic diagram of the control box is shown in Figure 61. The box 

selects which read coil is observed, which write coil is pulsed, the 

polarity of the pulse, the magnitude of the 400 cps. erase, and the 

polarity and magnitude of the neutralizing current. In addition, pro¬ 

visions are made to connect all the write coils in series in order that 

they may be demagnetized simultaneously and that the same neutralizing 

current may circulate in each coil. 

The optimum neutralizing current and the "saturated* output voltage 

of the different coils on the line are tabulated in Table 4 , these 

numbers refer to the line oriented at 45 degrees to magnetic north. 

The inequalities in output voltage are the result of imperfect damping 

of standing waves. That the Average is only slightly smaller at the far 

end of the line than at the drive end is proof that the coils do not 

materially load the line. 

There is a 12 degree phase shift observable between adjacent coils: 

this agrees well with the shift predicted from the velocity of propagation 

57 of longitudinal sound waves in permalloy. 

The inherent stability of the flux level is plotted in Figure 62. 

The slight variation exhibits no bias, and is likely due to change in 

the frequency of the signal generator. 
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Figure 59. Plot of Output Voltage vs. Drive Current 
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IT A

Figure 60. 12-Coil Integrator Assembly

■a*
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Figure 61 Schematic Diagram of Control Box 
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IV. TOBERMORY 

This chapter contains a preliminary description of the audio- 

perceptron, Tobermory. Although construction of some parts began over 

nine months ago, Tobermory is still essentially in the design stage; 

consequently not all aspects of the machine will be treated in equal 

detail. 

At the time of writing, the main functional units of the sensory end 

have been all but completed, and prototype input channels are being tested; 

the wiring of the sensory to association layer plug board has absorbed 

approximately 500 man hours; final experiments are being conducted on the 

memory system "in vitro"; several implementations of the error-correction 

reinforcement scheme are at the breadboard stage; and the design of the 

R-unit sense amplifiers and threshold units is well under way. At a less 

advanced stage of planning are the threshold units of the associative layer, 

the control logic of the whole system, and the physical layout of the 

soundproof control booth. 

A simplified block diagram of Tobermory is presented in Figure 63. 

A word enters through the microphone or tapehead, then it is split up into 

amplitude and frequency components at 10 to 100 millisecond intervals by 

a filter bank and associated asynchronous delay bank. The output of the 

delay units constitutes the sensory mosaic which serves as input to the 

association layer. The A-units are monostable threshold devices; once 

triggered, they stay "on" for a preset time interval. Each A-unit is 

connected by variable weight links to each of twelve R-units, which are 

again on-off devices. 
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The twelve-bit binary representation of the class into which a word 

is to be classified is fed into the machine immediately preceding the word 

itself. Whenever, during the passage of the word through the sensory 

delay lines, a particular R-unit shows a response which disagrees with the 

• prescribed code, all the weights connecting the R-unit with active A-units 

are changed in the direction which would force the correct response. 

Speech spectrograms (a typical speech spectrogram is shown in Figure 

64) indicate that there is at least some continuity in the frequency 

components, as well as in the amplitude, in spoken words. This is also 

true of most other audio signals which Tobermory may be called upon to 

classify. Hence we may expect the A-unit activity pattern of a given word 

at successive short time intervals to be somewhat similar to that shown in 

Figure 65, with considerable overlap between consecutive patterns. 

Accordingly, the only initializing required is to ensure that reinforce¬ 

ment will not begin until the whole word has entered the delays, and that 

it will cease before the word leaves. Typically, a word may be expected 

to be reinforced half a dozen times during its sojourn across the "retina". 

Tobermory differs from the elementary perceptron described in the 

first chapter in several respects. The most significant deviation is that 

we are no longer dealing with a synchronized system’, because the sensory 

delay lines are free-running, a particular A-unit may go "on" at any given 

time, and stay "on" for an arbitrary period independent of changes in the 

stimulus world. The R-units are no longer "simple" either: they go "on" 

whenever the sum total of the input from active A-units reaches a positive 

threshold, and remain "on" until the signal falls below the negative 

threshold. Of course, these R-units may be converted to "simple" R-units 

by setting both thresholds identically equal to zero. 
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Word A 

Word B 

Figure 65. Typical A-unit Activity Pattern for 

Two Words at Four Consecutive Time Intervals 
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The analysis referred to in section 1.3 is still applicable if we 

consider Tobermory a set of 12 elementary perceptrons with identical S 

to A connections, and each word a set of equivalence classes imbedded 

in a larger equivalence class of words which share identical symbols 

(one or zero) in some position of the classification code. For complete 

solution of a problem, modification of the weights associated with a 

particular R-unit should cease only if the R-unit shows the correct response 

on presentation of every word in the training sequence. 

Tentative designs for the circuitry required to utilize the magneto¬ 

strictive read out integrator introduced in the previous chapter will be 

discussed under the headings "A-units", "R-units", and •Reinforcement", 

in sections 4.2, 4.3, and 4.4. For the sake of completeness, the S-units 

will also be briefly described in section 4.1, although the author was 

not directly involved in their design and construction. 

4.1. S-units 

The two alternative inputs to Tobermory consist of a low impedance 

dynamic microphone with a built-in blast filter, and a two channel fully 

metered tape recorder with automatic repeat mechanism and remote control. 

Normally the tape recorder will be used for training; one channel, tapped 

at the read head, will carry the stimulus words, while the other will be 

used for "start of word," "end of word," and "desired classification" 

signals, as well as for instructions to the operator. 

The output of the tapehead is channeled to an automatic gain control 

amplifier and a linear amplifier in parallel. The AGC amplifier normal¬ 

izes the amplitude in preparation for spectral breakdown, while the linear 

amplifier feeds the signal to eight unilaterally inhibited voltage compara¬ 

tors which retain the amplitude information lost during normalization. 
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The signal from the AGO serves as the input to seventy-two active 

filters. The center frequencies of these narrow band filters are 

distributed in the "useful" audio frequency range, from 80 cps. to 

6,400 cps. Each filter is followed by a Schmitt trigger} the thresholds 

of adjacent frequency bands are set cyclically at one of four levels. . 

The Schmitt triggers, and also the voltage comparators used for 

amplitude detection, activate the first of 20 identical series-coupled 

delay units. These are simply monostable multivibrators, whose period 

may be varied from 10 to 100 milliseconds. Each delay unit drives the 

next one, and also serves as one of l600 input points to the plugboard 

connecting the Sensory to the Association units. 

On the plugboard the sensory mosaic is duplicated 25 times by means 

of parallel wiring. There are 20 sockets available for each A-unit, 

10 for excitatory and 10 for inhibitory connections. The plugboard makes 

it possible to experiment with different sensory to association layer 

connection configurations} in addition, it provides for eventual extension 

to inputs in other sense modalities. 

4.2. A-units 

The threshold devices of the A-units are monostable multivibrators 

with a period adjustable down to a minimum of 10 milliseconds. The inputs 

from the plugboard are summed through 20 Kilo-ohm resistors. These inputs 

are all of the same polarity, but the excitatory inputs are connected to 

the base of one of the transistors of the multivibrator, while the inhibi¬ 

tory links are connected to its emitter. The value of the threshold may 

be varied with a potentiometer. 
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The A-unit multivibrators control the amplifiers which drive the 

transducer (crystal or coil) for the twelve integrators associated with 

each A-unit. When the A-unit is "on", the amplifiers are biased in the 

middle of their linear operating range, and each integrator puts out a 

sine wave corresponding in magnitude and in phase to its previous history 

in regard to reinforcement. When the A-unit is "off*, the amplifiers are 

in the cut-off region, and all the integrators are silent. 

An additional function performed by the A-unit threshold devices is 

the opening of a gate which permits reinforcement of integrators belonging 

to active A-units. This function will be treated more explicitly in 

section 4.4. 

The four transistors, neon indicator light, and sundry passive 

elements which form an A-unit are to be mounted on printed circuit boards 

at the head of the magnetostrictive delay lines supporting the integrator 

coils. Tentatively a 7" by 27" board has been assigned to each A-unit 

and its 12 integrators, with boards spaced I'J-" apart. 

4.3. R-units 

The 1000 inputs to the R-unit are added in a resistor network. 

A tentative design for the threshold device of an R-unit is shown on 

Figure 66. The first stage is just an intermediate frequency preamplifier, 

while the second stage amplifies and clips the wave form. If the input 

is large enough, the output of the second stage is a square wave, while 

for smaller inputs it is a distorted trapezoid or a pure sine wave. The 

output of the clipper is- fed to two phase detectors, which compare the 

phase of the signal, either to the output of the main ultrasonic frequency 

oscillator, or to its inverse, suitably phase shifted (possibly by a delay 
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line) to correspond to the position on the delay line of the integrators * 

associated with that particular R-unit. 

The phase comparators consist of a single transistor} the signal 

whose phase is to be established is fed to the base, and the reference 

signal to the emitter. The base is slightly back-biased, so that a pulse 

is emitted only if the base and the emitter are subjected to a sufficiently 

large voltage difference. The width of the output pulse depends on how 

close the output signal is to a square wave, and hence is proportional to 

the initial amplitude of the input to the R-units. The output of the 

phase shifters are filtered and serve as triggers to a bistable multi¬ 

vibrator (flip-flop). This multivibrator changes state only if the output 

of one of the phase comparators exceeds that of the other by a preset 

amount. 

The guard-band between the two thresholds reduces the effect of noise, 

and prevents the R-unit from oscillating in response to small changes in 

the À-unit configuration. 

A voltage comparator compares the actual output of the R-unit 

( + 1 ) with the desired output. If the actual output is smaller than 

the desired output, then the blocking oscillator attached to the R-unit 

emits .1 microsecond 100 milliampere positive reinforcement pulses, while 

if the actual output is larger than the desired output, the blocking 

oscillator emits pulses of negative polarity. If the outputs are identical, 

the blocking oscillator puts out no pulse. The reinforcement pulses are 

channeled to the proper integrators by the mechanism described in the 

next section. 
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4.4. Reinforcement 

The increase in flux level in the integrator is, as seen in the 

previous chapter, extremely sensitive to variations in the magnitude of 

the reinforcement pulse. It would, therefore, be desirable to have a 

separate pulse generator for each integrator, then we could guarantee 

that if a particular integrator is not to be reinforced, because the 

A-unit to which it belongs is inactive, it would in no way effect the 

incrementation of other integrators. A pulse generator capable of 

delivering 100 milliamps in .1 microseconds costs, however, at least 

¢5.00, so that this arrangement is hardly practicable. 

In the opinion of several manufacturers of pulse generating equipment, 

it is difficult to design a high speed pulse generator whose output would 

be unaffected by a load change of 10 to 1, or even 3 to 1. Thus any 

effective paralleling of integrators is precluded. 

Fortunately the length of a reinforcement pulse is only .1 microseconds, 

while significant changes in A-unit configuration take at least 10 milli¬ 

seconds} consequently we may have time to visit each integrator in turn 

between A-unit changes. With twelve pulse generators, one for each R-unit, 

we would only have to make one thousand "call", allowing 4 microseconds 

for each ,,call,,, the total time required would be well within schedule. 

Several implementations of this scheme are now under experimental 

investigation. One is illustrated in Figure 67. Each R-unit blocking 

oscillator generates positive pulses, negative pulses, or no pulses, 

depending on the required reinforcement. The pulses are generated at 

the rate of 250 Kcps. A central clock also drives a three-decade 250 KCS 

counter, which has partial control over gate . is a four way 

coincidence gate;^ it opens whenever the number of the A-unit to which 



Figure 6?. Bidirectional Diode Gate 
Write Coils 

Figure 68 Reinforcement Schematic 
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it is attached comes up on the counter, and the A-unit threshold device 

is "on". The counter emits 1 microsecond pulses, thus each coincidence 

gate is open for at most 1 microsecond every 4 milliseconds. When 

is closed, both diodes and are back-biased and no pulse can get 

through gate Gg • Chokes and keep the oscillator from being 

loaded hy the control circuit of Gg • When is open, and 

are floating and pulses of either polarity may pass through the coil. 

The two capacitors, which are necessary to keep the diode back-bias 

from flowing through the integrator coil in case of unbalance in the 

control voltages, must be sufficiently large so that a single pulse will 

not charge them up appreciably. Some external discharge path may also 

have to be provided. The success of this scheme depends largely on how 

much the open diodes and chokes of 1000 gates in parallel load down the 

pulse generator; this point is being investigated at present. 

Another possible solution is illustrated on Figure 68. The advantage 

of this arrangement is that it requires only a single bi-directional gate, 

instead of twelve, for each A-unit. This gate could be a bi-directional 

transistor, or two ordinary transistors, or a conventional four or six 

diode bridge.The gate would be opened by the selector gate and the 

A-unit threshold device as before. To prevent the coils from being 

reinforced through one another, the pulse generators would have to present 

an infinite output impedance between pulses, and the firing angles should 

be staggered. 

Further modifications may be introduced. For example, instead of a 

three stage decade counter with four-way coincidence gates, it may be more 

economical to use two 32-digit counters and three-way gates, or even to 

dispense with the counter altogether and adapt a delay line to activate 
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each A gate in turn. Or, if the bi-directional gates are too expensive, 

two superimposed write coils, grounded at opposite ends, may be used. 

Another possibility is to have separate phases for positive and for 

negative reinforcement} the twofold loss of time is tolerable. 

4.5. Auxiliary Circuits 

The auxiliary circuits in Tobermory may be divided into two categories; 

those which facilitate training and help monitor machine performance, and 

those which are essential to the operation of the memory. 

The former include automatic recycling of training sequences, inter¬ 

rogation programs, arrangements to study frequency and amplitude distribu¬ 

tion, metering of A-unit activity, keeping track of R-unit reversals, and 

similar housekeeping operations. Provisions will have to be made to change 

the thresholds of all units. The reinforcement rate will also be variable; 

whether the pulse height, the pulse width, or the pulse repetition frequency 

is to be the "manipulated variable," is still to be decided. 

The auxiliary circuits required for the smooth operation of the 

magnetostrictive integrators are the neutralizing circuits, and the de¬ 

magnetizing circuits. Both of these are very simple. The neutralizing 

current is regulated by a trimpot provided for each A-unit board (Figure 

69). The high resistance Rs in series with each coil serves the dual 

purpose of equalizing the direct current in the coil in spite of slight 

differences in coil resistance, and of rejecting the reinforcement pulses 

from the DC circuit. 

The erase circuit consists of the voltage controlled amplifier 

shown in Figure 44b. It is not yet certain that 400 cps., rather than a 

somewhat higher frequency, will be used for this function. Toggle 
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Figure 126. Magnetic Neutralizing Current 
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switches will render it possible to erase only the coils belonging to one 

particular R-unit at a time. Four 12-position rotary switches, inserted 

into the circuit just ahead of the R-unit summing resistors, will enable 

an operator to monitor the performance of any selected integrator. 



V. CONCLUSIONS 

Eÿ way of conclusion, the first section of Chapter V contains a 

comprehensive review of the integrators described in Chapter II. The 

second section summarizes the operating characteristics of the magneto¬ 

strictive read out integrator, and it also includes an estimate of the 

fabrication costs likely to be encountered in the portion of Tobermory 

directly involving the integrators. Section 3*3 explores possibilities 

of improving the magnetostrictive integrator to the point where the 

prospect of systems larger than Tobermory by an order of magnitude will 

not seem entirely impracticable. 

5.1. How To Select An Integrator 

This section is a commentary on Table 5» which contains numerical 

and other data pertinent to the various integrators. The entries in the 

table are reviewed in order of their appearance. 

Electromechanical iTitegratcfrs have done yeoman service, but for 

neuron memories they are about as obsolete as the Bush Differential 

Analyzer displayed at the Harvard Computer Museum. 

Thermistors are grossly assymetrical with respect to incrementing 

and decrementing, and hence unsuitable for most perceptron applications. 

Photochromie Integrators seem well suited to two layer processing 

of visual data, but there appears no way of adapting them to more compli- 

cated topologies. 

The Transpolarizer is still in the initial stage of development. If 

accurate crystals could be formed by optical techniques and a suitable 

circuit worked out to control polarization, the transpolarizer might well 

turn out to be the answer to a large number of problems. The most 

128 



#129 

attractive feature about the transpolarizer is its high input impedance: 

with appropriate gates there should be no difficulty in incrementing or 

decrementing hundreds, or even thousands, of crystals simultaneously. 

Flux Integration, in its various forms, is by far the most popular 

method of loosely keeping track of pulses. The linearity of these 

integrators, and the area of the hysteresis curve formed by the counting 

curve, depends on the resolution and the number of levels required. Un¬ 

fortunately, the most linear region does not contain the origin. Flux 

integrators share the characteristic that the cost of the integrator 

itself is negligible compared to the associated circuitry. The object 

is, therefore, to make the requirements for the driving and sensing 

circuitry as simple as possible. In order to reduce the magnetizing 

current, the cross-sectional area of the toroid should be small, yet the 

interior diameter should be large enough to provide room for the additional 

turns on the read coil required to sense the decreased flux. The drive 

signal must in any case be fairly small, otherwise it will disturb the 

flux level. The complete read-write cycle of most toroidal integrators 

is just slightly too long (3-80 microseconds) to permit sequential opera¬ 

tion in a machine such as Tobermory, but in other systems the logical 

flexibility of multiaperture cores may render them quite economical. 

Charge Integration in capacitors presents the problem that the large 

series resistance required for linear operation renders incrementation 

intolerably slow. The sensing of the charge offers a further problem. 

These difficulties are largely overcome by Babcock's cadmium-nickel 

battery, but full details are not yet available. 
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TABLE V 

Characteristics of Proposed Integrators 

Integrator Number of 
Available 

Levels 

Time Req'd 
for Re¬ 
inforcement 

Stabil¬ 
ity 

Means of Approximate 
Reinforce- Cost 

ment 

Electro¬ 
mechanical 

500 .1 sec. infinite 2 amp. 
d.c. 

$40.00 

Thermistors continu¬ 
ous 

5 sec. 5 min. 40 ma. 
d.c. 

$ 0.50 

Photochromie 2 6 hours high 
energy 
flash 

Transpolarizer 40 1 usee. 6 months electron 
beam 

Ferrite 

Capacitor 

Solions 

Electrolytic 

20-200 3-80usec. infinite 

continu¬ 
ous 

continu¬ 
ous 

100 

1-1000 
milli¬ 
seconds 

1 second 

100 milli 
seconds 

6 hours 

30 days 

6 months 

1 micro¬ 
second 

$10.00 

1 amp. 
pulse 

1-1000 
milli¬ 
second 
pulses 

50uamp. 
d.c. 

$ 1.00 

$15.00 

100 milli 
second 
1 ma. 
pulse 

$20.00 

Magnetostrictive 50 .lusec. infinite .1 usee, 
pulse 

$ 1.00 



131 

Sollons áre, at present, far too expensive to be competitive. The 

elaborate impedance matching required and inherent slowness renders them 

even less likely candidates for brain model applications. 

Electrolytic Integrators are now commercially manufactured} it is 

claimed that in a few years they will be available at ¢2.00 or ¢3.00 

apiece in large quantities. Present quotations range, however, from 

¢13.00 to ¢50.00, so that in spite of their reputedly excellent perform¬ 

ance and ease of application they must be restricted to small demonstra¬ 

tion models. 

5.2. The Magnetostrictive Integrator 

The magnetostrictive read out integrator fulfills the requirements 

outlined in Chapter I. 20 to 80 levels of flux are available with .1 

microsecond magnetizing pulses, and the ratio between incrementing steps 

and decrementing steps is not more than 5*1 even at the extreme limits 

of the useful range. The power required for reinforcement is 80-100 

milliamps into a 5011 inductive load, and for driving 60 volts r.m.s. 

into 2000-0. (crystal transducer) or 200 milliamps r.m.s. into 5OO 

(coil transducer). Erasure is accomplished by passing a 400 cps. 

alternating current of decreasing amplitude through the write coils of 

the integrator. The integrator is insensitive to environmental conditions 

with the exception of stray magnetic fields? in particular, the effect of 

the earth's magnetic field must be neutralized for optimum performance. 

Because of the relatively large amplitude and short duration of the 

magnetizing pulses needed for setting the integrator, in a moderately 

large system, such as Tobermory, it is practicable to use only a small 

number of pulse generators and to reinforce the integrators in sequence. 
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TABLE VI 

Cost of Componenta for Magnetostrictive Readout Integrator 

Circuit Component Cost 

Integrator proper 

Selector gate 

coil assembly 

permalloy wire 

4 diodes, 1 tran¬ 
sistor 

$ .30 

negligible 

$3.00 

(1 req'd. per 12 
integrators) 

Bidirectional gate 2 transistors $4.00 

Pulse generator blocking oscil¬ 
lator (1 req’d. 
per 1000 integra¬ 
tors) 

$50.00 

Drive Transducer PZT-4 Crystal 
(1 req'd per 12 inte¬ 
grators) 

$1.62 

Amplifier 3 transistors, 1 trans¬ 
former (1 req'd, per 
12 integrators) 

$10.00 
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A major part of the cost of the memory resides in the switching circuitry 

required to implement the sequential reinforcement scheme. 

More explicitly, the cost of a coil assembly, in lots of 10,000, 

is approximately 30¿ apiece. The cost of the permalloy wire is negligible, 

and 200 Kc/s crystals, mounted on the magnetostrictive wire, are quoted at 

¢1.63 each. The components required for a two-transistor bi-directional 

gate would come to about $4.00 (500 Kc/s transistors could be used), 

while the four-way coincidence gate could be built for less than $3.00. 

The pulse generators have to be quite powerful in order to overcome the 

loading imposed by 1000 closed gates, but even so $600.00 for the doien 

would be ample. These figures are summarized in Table 6. It is seen 

that the total cost of the circuitry required for each integrator, 

exclusive of labor, cabling, and printed circuit boards, is about $1.30. 

This figure compares favorably with the other alternatives available. 

5.3. Further Research 

The devices used in Tobermory by no means represent the ultimate in 

magnetostrictive read out integrators? they should rather be regarded in 

the light of a project smoothing the way for larger and more sophisticated 

brain models. 

The next important step will be the elimination of the cumbersome 

semiconductor gates required for each A-unit? with square loop materials, 

it will no doubt be possible to use the inherent threshold characteristics 

for coincidence mode switching in a manner analogous to the selection of 

the proper bit in standard computer core memory matrices. Next, to reduce 

the magnetizing current, and improve the speed and linearity of the response, 

deposited thin film techniques will be perfected? research in all these 
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areas is in progress at the Stanford Research Institute. It appears 

likely that within the next five years integrators offering superior 

performance will be available under 30>i apiece. 

In spite of such developments, the pair of electromechanical trans¬ 

ducers required for each integrator is eventually bound to hinder further 

increases in the speed, and reduction in the sise, of the magnetostrictive 

readout integrator. Models which will be built to study the higher 

centers of the brain will require considerable cross-coupling and inter¬ 

action between memory elements, and the spatial requirements of the 

magnetostrictive integrator will prove a hindrance to the implementation 

of such logical complexity. By then, however, electron-optical fabrication 

techniques, now being developed ty Dr. K. Shoulders^ in Palo Alto, may be 

sufficiently advanced to allow the construction of a "cryogenic* machine. 

Such a machine would be many orders of magnitude more compact than 

any presently built, and the power level required to operate it would also 

be much lower. The memory of such a system may have to operate on only 

two levels, but it can be shown that a perceptron logically equivalent to 

any conventional perceptron may be designed using a sufficient number of 

binary devices. The cryogenic perceptron would, in fact, be more likely 

to be a fairly general purpose parallel computer, with the connection 

scheme necessary for a given experiment established by external control, 

and a separate input section. 

In spite of the very considerable improvements in components now 

within reach, it is not to be hoped that the hardware will keep apace 

with the desires of the brain modeller. Still, as much as ever, the 

investigator will have to display the utmost ingenuity in the design of 

both machines and experiments; only then can he expect to extract signfi- 

cant information from systems so piteously limited in comparison to the 

biological scale. 
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