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This invention relates to computers, and, more par-
ticularly to a novel means and method of performing
the process of differential analysis.

A differential analyzer may be defined as a device
which may be used for the solution of differential equa-
tions. Two types of differential analyzers have been in
use up to the present time; the mechanical analogue dif-
ferential analyzer and the electronic analogue differential
analyzer. The present mventlon. is a new generic type
of differential analyzer, namely, the digital differential
analyzer. The particular embodiment to be disclosed
herein is more specifically an electronic digital differen-
tial analyzer; and still more specifically a magnetic drum
digital differential analyzer. The specific embodiments,
however, are illustrative only and do not in any way
limit the broad invention therein disclosed of a new
generic type of differential analyzer, namely the digital
differential analyzer.

The embodiment disclosed herein operates in the binary
(or base “two”) number system. However, the invention
can equally well be incorporated in the design of digital
differential analyzers to operate in any desired number
system.

The fundamental unit of any differential analyzer is
the integrator. The mechanical aralogue differential
analyzer employs the well known “wheel and disc” in-
tegrator. The electronic analogue differential analyzer
employs the well known “RC” (resistor-condenser) in-
tegrator made more satisfactory by the use of an opera-
tional amplifier. A watt meter and a feed-back servo-
mechanism have both been satisfactorily used as analogue
integrating devices, as well as other mechanisms. The
digital differential analyzer employs the digital integrator
which is included in the inivention given in this disclosure.
It should be noted that in the computer field the word
“analogue” or “analog” can sometimes be ambiguous.

In certain branches of the computer field the word has
approximately the same meaning that it does outside the
computer field. In this sense an “analogue computer”
or “analog computer” would be defined as a computer
that may be set up to represent an electronic, mechanical,
or even a computational analogy to the physical system
being studied. In someé instances such computers are
called “simulators.” In this usage the words “analogue”
and “digital” are not mutually exclusive. In this usage
“digital analogue computer” would mean a digital com-
puter capable of being used as a computational analogy
of a physical system being studied. In its other usage
the word “analogue” refers to the method of representing
information as physical magnitudes (e.g., voltage, shaft
position, etc.) as contrasted to the word “digital” which
refers to the method of representing information as
numbers.

In the present disclosure, the word “analogue” is used
in the second sense (i.e., as contrasted to the word
“dlglta.l”)

The digital computers have many advantageous fea-
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tures. They are inherently more accurate than the an-
alogue computers. By representing magnitudes of vari-
ables by numbers coded by presence or absence of pulses,
rather than proportional voltages, rotations of shafts,
etc., the digital computers have the property of working
w1th numbers instead of magnitudes and the compu-
tations on them can proceed with all the rigorous accu-
racy associated with numbers.

Thus, it is an object of this invention to provide an
integrating device which embodies the simplified, direct,
logical approach to a differential equation employed in
the analogue differential analyzer while also gaining the
advantage of economy and accuracy associated with the
digital computers.

In order for a differential analyzer to have these de-
sirable features, it is advantageous that a single funda-
mental integrating unit satisfy certain specifications, al-
though they are all inherent in a mechanical manner in
the wheel and disc type; can be usefully incorporated in
an electronic digital manner in- the proposed device.
These specifications for an integrating device are as
follows: ,

(a) 1t is advantageous for it to receive two independent
inputs of varying value and produce from them one out-
put of varying value.

(b) If the time rates of change of the 1nput magni-
tudes are called

dx
@ g

the time rate of change of the output magnitude must be
&
dt

dy

. where the relatip'n 6f the variables is such that

@

K being a constant whlch may be associated with the
integrator.

(¢) Both of the inputs, and the single output may
to advantage be of like nature, just as the wheel-and-
disc type represents’ magnitudes by shaft rotation, the
present integrator may advantageously represent magni-
tudes by sums of eletcronic pulses.

(d)- To simulate mathematical processes, it is advan-
tageous if the magnitudes involved be capable of assum-
ing values defined as positive or negative in sign (or the
eqmvalent) )

It is, therefore, another object of this invention to
prov1de an electronic digital integrating device having
the above specifications set forth as desirable.

It is well known that complex differential equations
can be solved with the use of a plurality of mechanical
integrators, by properly interconnecting the outputs of
the integrators into the inputs of others or their own
so as to form either an open or a closed loop systen.
In the mechanical analogue means for solving such com-
plex problems, the integrating devices, composed of -discs
and wheels, are comparatively bulky. Likewise, the inter-
connections are composed of shafts, gears, differentials,
etc., which are cumbersome and take time to change from
one setting to another.

In operating this plurality of mechanical integrators to
solve a problem, one of the shafts is usually designated
as the independent variable “time.” This time shaft is
generally -driven by a motor. Thus, the entire system,
i.e., all the integrator devices, are simultaneously advanced
in time in accordance with- their shaft interconnec-
tions.. -In order to understand the analogy of the digital
_innegration method of the present invention, the follow-
ing concept is helpful. Assume that the independent



2,900,134 : s

variable “time” shaft of the mechanical integrator sys-
tem, above described, is rotated intermittently such that
each operation time or step is defined by a fixed in-
cremental rotation of this shaft. As a result of each one
of these steps all of the individual integrator devices are
re-adjusted, i.e., their input and output shafts are rotated
various discrete amounts in accordance with their inter-
connection. It is further helpful to note that every
time the independent variable shaft is stopped, after an
incremental rotational step, the integrator shafts can be
thought of as storing information, in the form of angu-
lar shaft positions, which is pertinent to the instantaneous
“operation time” of the independent variable shaft. The
shafts can thus be considered to be memory elements
storing numbers which represent the integrator charac-
teristic of each operation time.

.Thus it is seen that, fundamentally, a useful differential
analyzer consists of a number of interconnected integrat-
ing mechanisms, arranged normally in a closed loop sys-
tem, which are driven by a single independent variable
shaft. In other words, a mechanical differential analyzer
consists generally, of a device which carries on several
simultaneous integration processes.

The present invention is highly advantageous in that
it overcomes this need for a plurality of integrating mech-
anisms. What is provided, instead, is a single highly
flexible computer unit which is approximately a digital
counterpart of one mechanical integrator. This single
computer unit is used, successively, to advance by one
step each of the individual integration processes, normal-
ly carried out simultanecusly by many integrators in a
mechanical differential analyzer in one step or operation
time. To accomplish this, in accordance with the present
invention, a memory is provided in place of each of the
mechanical integrators of the above described system.
Information, pertinent to a digital counterpart of a me-
chanical integrator condition or set-up, is then placed in
each of these memories. To perform differential analysis,
the information in each of these memories is serially fed
into the single integrating computer unit which operates
on this information to establish the proper new relation-
ship of the variables normally assumed by a digital type
integrator at any given operation time. This new in-
formation is then recorded back onto the memory, thus
freeing the computer unit to operate on the successive
memory information. By this serial use of a single in-
tegrating computer unit over and over again, the same
results are ultimately achieved as would be obtained by
simultaneously carrying on a plurality of integration
processes; without, however, the need for a large num-
ber of integrating computing units.

It is, therefore, another object of this invention to pro-
vide a single, versatile, digital integrator computer unit
which can be used in a serial manner to advance a plu-
rality of digital integration set-ups ome step at a time so
as to perform differential analysis.

It is still another object of this invention to provide a
novel memory arrangement for the information required
to perform serial digital integration.

It is still another object of this invention to provide a
novel, simple, compact electronic means and method for
perfc?rming digital integration whose size contrasts sharp-
ly with t.hat of an analogue machine of similar capacity.

In addition to the new method of performing digital inte-
gration employed in the present invention, a novel meth-
od qf designing digital computers is presented. This meth-
od involves a unique use of symbolic logic and logical
algebra as applied to electronic digital computer circuit
design. Symbolic logic is defined as the science con-
cerned with the validity of systems of thought. A “sys-
tem of thought” is defined as a set of rules, instructions,
or limitations of a procedure, for manipulating a given
set of logical information. - By expressing these rules, in-
structions, etc., in logical algebra, a new and useful man-
ner of presenting the “system of thought” is provided.
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Since a given computer has a defined system of thought,
a novel application of symbolic logic is employed in the
design of the present invention.

Another object of this invention is thus to eliminate the
trial and error methods of design generally associated
with digital computers and replace them by more simple,
direct and logical methods.

Briefly, one particular apparatus embodiment of the
present invention comprises a magnetic wheel function-
ing as a dynamic storage. The numerical and instruc-
tional data required for each digital integrator set-up is
initially stored on this wheel. A single integrating com-
puter circuit is provided for cooperating with this dynamic
storage. This computer circuit provides means for per-
forming integration by a digital process which may be
called the serial additive transfer method. In general,
the computer circuit is composed of a plurality of flip-
flops representing logical propositions needed to accom-
plish counting, simple arithmetical operations, and com-
mands. These flip-flops have their inputs and outputs
interconnected by diode nets which represent means for
physically obtaining logical “and” and “inclusive or” con-
nections or combinations of these. Since several actions
can occur simultaneously while others only for certain in-
tervals of time, a clock pulse is continuously generated
by a recording placed on the magnetic wheel. A change
of clock state from high to low is needed at the input
of the computer proposition flip-flops to enable them to
change their state. Furthermore, counting circuits are
provided to enable indexing of the intervals of time to be
supplied, as will be more fully described later.

More specifically, the data on each arc of the dynamic
storage is fed out at the proper time to the integrating
computer circuit which operates on this data to advance
the particular integrator set-up a given step. The result-
ing altered integrator set-up is then re-recorded in the
memory, and data from the next integrator set-up is
picked up and fed through the computer unit. By this
means several integrator set-ups can be processed in a
serial fashion through the computer unit. Each of the
integrator outputs resulting from a particular integrator
cmputation is fed into an auxiliary memory loop which
acts as a precessing line serving as a central file. These
integrator outputs can be extracted into either of the in-
puts of any integrator or integrators (up to 7) in a pre-
arranged manner in accordance with instructions initially
set-up and associated with each of the integrator mem-
ories. )

In order to introduce -the instructions and initial nu-
merical conditions into each integrator set-up, a read-in
circuit is provided comprised primarily of a control board
which enables informaticn to be placed into predeter-
mined positions of the memory provided for each of the
integrator set-ups. A read-out device is also provided.
This read-out device can take the form of a counter or an
oscilloscope, fr example, for visually reading a y num-
ber appearing in one of the integrator set-ups, this y num-
ber representing some value of the desired solution. How-
ever, the output can also be provided in the form of a
series of pulses or indications which can be used to actuate
and control a mechanism in accordance with the solution
of the differential equation being solved.

The present. invention is a basically new typs of the

‘mathematical machines that are widely used because they

can perform certain calculations more swiftly than any
human calculator could by use of brain and hand. Mathe-
matical machines can be defined as mechanisms which
provide information concerning the relationships which
exist between- a specific set of mathematical or logical
equations. It is to be kept in mind that mathematical
machines, such as described herein, can only practice
methods which are capable of being performed by hand,
given sufficient time and man-power. It is mainly for
conservation of time and man-power that the methods in-
volved are incorporated in specific apparatus that pro-
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duces results equivalert fo fhose which might be produced
by a laberious and time consuming hand system.

The present invention will be made more fully apparent
by reference to the ensuing description of one illustrative
manner by which the present invention may be practiced,
as shown in the appended drawings, in which:

Figure 1 is an illustration for depicting the theory. of
operation of a wheel-and-disc type integrator.

Figure 2 is a schematic diagram for depicting the theory
of operation of the digital counter-part of the integrator
in Figure 1.

Figure 3 is a graph illustrating generally how the pres-
ent invention performs the process of mtegratlon

Figure 4 is a perspective drawing showing, in pamcu-
lar, a magnetic wheel memory suitable for use in practic-
ing the present invention.

Flgure 5 is a chart listing the word structure which ap-
pears in each integrator memory arc of the wheel.

Figure 6 is a diagram of one integrator memory arc
showing how the word structure is arranged thereon.

Figure 7 is a view of a portion of the memory track
showing, -in particular, the time-wise location of the pick-
up and record heads.

Figure 8 shows the electrical circuit provided in the
clock channel for transferring and generating the clock
pulses.

Figuer 9 shows the electrical circuits provided in the
Y, R and Z channels for transferring the information
from the magnetic wheel to their respective memory flip-
flops.

Iglgure 10 shows the basic circuit provided for accom-
plishing the “inclusive or” logical algebra operation, ie;,
logical summation,

Figure 11 shows the basic circuit provided for accom-
plishing the “and” logical algebra operation, i.e., logical
multiplication.

Figure 12 shows a schematic diagram of the Y channel
flip-flops . together with the logical algebra equations of
their inputs.

Figure 13 shows a schematic diagram of the R channel
flip-flops and the logical algebra equations of their inputs.

Figure 14 shows a schematic diagram of the Z channel
flip-flops and the logical algebra equations of their inputs.

Figure 15 shows the time-wise relationships of the
waveforms at various points in the Z channel.

Figure 16 is a simplified general functional diagram of

the present computer.

Figure 17 is a diagram of the P counter flip-flops to-
gether with the input equations for each of the stages.

Figure 18 is a table showing the states -of the flip-flop

stages for counting in the P counter, together with logical’

algebra equations defining the required time propositions.

Figure 19 is an electrical diagram of the circuit used
in the P counter for generating the logical product repre-
senting the false input to the first flip-flop stage.

Figure 20 is an electrical diagram of the circuit used
in the P counter for generating the logical product repre-
senting the false input to the second flip-flop stage.
 Figure 21 is an electrical diagram of the circuit which
can be employed in the P counter for generating the logi-
cal product representing the false input to the third flip-
flop stage.

Figure 22 is a simplified tree circuit diagram for ob-
taining the products shown in Figures 19, 20 and 21.

Figure 23 is a circuit diagram of the entire counting
diode net used for interconnecting the flip-flop stages of
the P counter.

Figure 24 is a diagram of the I counter fhp-ﬂops to-
gether with the input equations for each of the stages.

Figure 25 is a table showing the states of the flip-flop
stages for counting in the I counter.

Figure 26 is a circuit diagram of the counting diode
net used for interconnecting the flip-flops of the I counter.

Figure 27 is a matrix showing how the flip-flop outputs
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of the I counter are interconnected to enable each inte-
grator interval to be sensed on a separate line.

Figure 28 is a diagram of the selector switch and out-
put circuits for the I counter matrix shown in Figure 27,

Figure 29 is a diagram of the 2dy counter flip-flops to-
gether with the input equations for each of its stages.

Figure 30 is a table showing the state of the flip-flop
stages for. countmg in the 2dy counter.

Figure 31 is a diagram of the start flip-fiop together
with the logical algebra equations of its inputs.

Figure 32 is a table showing how the Zdy counter per-
forms the stepping out operation.

Figure 33 is a circuit diagram of the counting and
stepping diode nets used for mterconnectmg the flip-flops

-of the =dy counter.

Figure 34 is chart explaining the operation of the dz
precession line.

Figure 35 is.a diagram of the circular slide rule that can
be used for coding the computer.

Figure 36 is a table showing the binary numbering
system used for denoting the y number.

Figure 37 shows examples of how addition is per-
formed in the Y --2dy adder.

Figure 38 is a truth table of the Y4-2dy adder to-
gether with logical algebra equations derived therefront.

Figure 39 is a schematic diagram of the carry delay
flip-flop in the Y-}-2dy adder together. with the logical
algebra equations of its input.

Figure 40 is a schematic diagram of the sign dx register
flip-fiop,

Figure 41 is an example of the operation of the YR

adder when the dx unit is positive.

Figure 42 is an example of the operation of the Y +R
adder when the dx unit is negative,

Figure 43 is an example of the operation of the YR
adder which explams the 1-0 system.

Figure 44 is a diagram depicting the general operatlon
of the (Y+R) adder.

Figure 45 is a truth table of the (¥Y'+4R) adder to-
gether with logical algebra equations derived therefrom.

Figure 46 is a schematic dlagram of the delay flip-flop
in the (Y-+4R) adder.

Figure 47 shows the two “go” flip-flops together with
their logical algebra input equations.

Figure 48 shows the “halt” flip-flop and its logical al-
gebra input equations.

Figure 49 is a diagram of the “fill digit” flip-flop X1
together with its associated input circuitry.

Figure 50 is a diagram of the push button switches for

- manually selecting the various operations that. can be

performed by the computer.

Figure 51 is a circuit diagram of the record heads and
their associated circuits.

Figure 52 is a diagram of a driver circuit.

Figure 53 is the diode network for generating the in-
puts to the start flip-flop, the dx register flip-flop, and the
time propositions. )

Figure 54 is the diode network for generating the inputs
to the go and halt flip-flops.

Figure 55 is the diode network for gemerating the in-

" puts to the DZ delay flip-flop and the Q' proposition.

Figure 56 is the diode network for generating the com-
puter output equations for the Y, R and Z channels to-
gether with the input equations for the D1 flip-flop.

Figure 57 is an illustration of the preferred embodiment
of the computer together- with an operator.

Figure 58 shows the arrangement of a work sheet for
coding a problem for the machine.

Figure 59 is a graph showing the solution of a problem
solved by the machine. .

Figure 60 is a portion of the graph in Figure 59, show-
ing the nature of the integration in each AX increment.

Referring first to Figure 1, the well-known mechanical
wheel-and-disc type analogue integrator is illustrated as
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an aid in explaining the theory of operation of the present
invention. There a vertical wheel 100 has attached, at
its center, one end of a horizontal shaft 101. Horizontal
shaft 101 is cantilevered from a fixed bearing pedestal
102 in which it is rotatably mounted. It should be noted
that the shaft 101 is carefully restrained from moving
axially with respect to the pedestal 102. The periphery
of vertical wheel 100, whose plane is thus fixed, rests on
a horizontal disc 103 which can be rotated about the axis
of a vertical shaft 104 extending downwardly from its
center. Vertical shaft 104, in turn, is rotatably supported
in a movable carriage 105 which is connected so that it
can be driven along horizontal guide rails 106 by the
rotation of a lead screw 107. This action enables the
distance of the point of contact of the wheel 100 from the
center C of the disc 103 to be varied; since the carriage
105 can be moved horizontally with respect to bearing
pedestal 102, while the wheel 100 is always at a fixed dis-
tance with respect to the bearing pedestal 162.

Consider the point of contact of wheel 100 and disc 103
to be, at a given instant, a distance y from the center C
of disc 103. If the disc 103 rotates through a small frac-
tion of a turn, say dx, due to a rotation on the vertical
shaft 184, the wheel 180 will rotate through ydx/a turns.
This rotation of the wheel 109 is evidenced as an equiva-
lent small fraction of a turn, say dz, on the horizontal
shaft 101. In the above expression, a is the radius of
the wheel 100.

If the distance y is now varied by a small fraction of a
turn, say dy, on the lead screw 107 while the disc 103
is rotating, the total rotation of the wheel 180, and con-
sequently the horizontal shaft 101, is the sum of each of
the contributions ydx/a, that is, fydx/a turns. Xt is to
be noted here that 1/a can be taken outside of the inte-
gral sign, since it is a constant, and may be designated
generally as the constant K.

This completes the description of the analogue integra-
tor which enables one to produce solutions to differential
equations mechanically and which has been presented
" herein to introduce the basis of the logic of the digital

integrator of the present invention.

The proportionality characteristic common to all
analogue devices exists in the wheel-and-disc integrator
between shaft rotations and the variables of the differ-

-ential equation. Each variable in the equation is repre-
sented somewhere in the machine by a rotating shaft.
The total angle of rotation of a shaft from some reference
position is proportional to the magnitude of the variable.
The sign of the variable is denoted by clockwise or
counter-clockwise rotaticn from the reference position.
The rate of rotation of the shaft is proportional to the
time derivative of the variable, and again, the direction
the shaft is rotating determines the sign of the deriva-
tive. The independent variable shaft for one integrator,

. which in this case is vertical shaft 104, corresponds to
the variable x and is generally driven by a motor; and
the ratio of the speed of rotation of any other shaft, say
the lead screw 187 (which corresponds to the variable y)
to the vertical shaft 104 is always proportional to dy/dx.

This operation may be further understood by consider-
ing derivatives and integrals separately. If the speed of
rotation of the independent variable shaft 104 is, for

. example, defined as dx/dt and it rotates for ¢ seconds
through the range x; to x,, its total rotation would be

Z3
(acz—ml):f dx
1
In other words, the speed of rotation of the shaft is
proportional to the time derivative
dx
dt

of the variable x; and the total rotation (x;—x;) of the
shaft is proportional to the integral of dx.
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In the mechanical integrator, as described, the lead
screw 107 is connected in such a manner as to vary, at a

dy
‘ dt

rate, the position of the contact point of the wheel 100
with respect to the center C of the disc 103. The disc
103 is rotated by the independent variable shaft 104 at a
speed

dx

dt
The disc 163 “drives” the wheel 100 in such a manner
that its speed

dz

dt
is proportional to the product of the distance y and the
speed

dx

dt

Regarded in this sense, the integrator is a multiplier.
Since the output speed

dz_1 do
a - aldr
the total output rotation

1o
Z GLZ ydz

Because of these facts, the speeds of each of the shafts
may be rightly defined as being proportional to the time
derivative, or rate of change, of the variable it represents.
It is also proper and proves to be advantageous in under-
standing the present invention to treat the speeds of the
shafts as being proportional to the differentials of the
variables, since the time term, though always implicit,
cancels out.

Referring to Figure 2, the basic analogous digital inte-
grating circuit of the present invention is schematically
illustrated there and will now be generally described.
This circuit is composed, in general, of three elements;
a first counter functioning as an integrand storage 108
and having an input lead 109; a second counter func-
tioning as a remainder accumulator 110 and having an
output lead 111; and, a transfer device 112 which has a
second input lead 113. Transfer device 112 serves the
function of transferring the existing number y from the
integrand storage 108 into the remainder accumulator
118 each time a pulse input is received on second input
lead 113.

Each electrical pulse, designated dy, received on the
input lead 189 to the integrand storage 108, represents
a small unit increase of the integrand y and causes the
integrand storage 108 content to increase by one. The
nature of the transfer device 112 is such that as each
input pulse, representing the variable of integration dx,
is received on second input lead 113, the number y exist-
ing in the integrand storage 108 is transferred in an ad-
ditive manner to the number in the remainder accumula-
tor 110, to thereby effect the differential combination of v
and dx, while the number y is still being retained in the
storage 108.

The remainder accumulator 119 has a given capacity,
in this case of the same capacity as the integrand storage
108. As the existing y number is continuously added
into the remainder accumulator 119, as dictated by the
dx inputs, the accumulator 116 soon reaches its capacity
and overflows. Its output lead 111 then emits an output
pulse dz, and accumulator 110 starts to count from zero
again.

It is to be noted -tht the integrand storage 108 does not
provide for an overflow output, its capacity limits the
maximum value of y which can be transferred into the
remainder accumulator 110. :
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The nature of the transfer device 112 can take any
one of several possible forms, in transferring the y num-
ber out of the integrand storage, such as serial or parallel
additive transfer, for example. In the preferred embodi-
ment of the present invention, which is to be described
in detail in the ensuing disc'us'sion, a serial additive trans-
fer is utilized. Reference is made to application Serial
No. 147,862, March 6, 1950 (Steele et al.) now Patent
No. 2,841,328,

The similarity of the digital- mtegrator circuit of the
present invention to the previously described wheel-and-
disc integrator is now revealed in several aspects.

The basic idea of the present invention, in accordance
with the foregoing, is in the representation of a variable
by a count of electronic pulses instead of a shaft rotation.

The rate at which these electrical pulses are generated
corresponds to the speed of rotation of a shaft on the
wheel-and-disc integrator, i.e., is proportional to the de-
rivative of the variable with respect to time. The total
number of pulses in any interval is proportional to the
change of magnitude of the variable.

Further, in the mechanical integrator, the relative posi-
tion of the wheel 100 on the disc 103, which corresponds
to the variable y, can be thought of as a memory device,
ie., it stores a single number y ‘which is being changed
in magnitude in accordance with the

dy

dt
rate of rotation of the dependent variable lead screw 107.
The integrand storage 108 of the digital integrator plays
the same role, i.e., it sums the pulses received on the
input lead 109 and stores the number y thus obtained.

Similarly, the radius a of the wheel 106 which appears
as a constant 1/a in the output expression from the
mechanical integrator may be thought of as a fixed rate
changer, i.e., its magnitude reduces, or gears down, the
speed of rotation

dz

at
of the output shaft 111.
remainder accumulator 110 functions in this same man-
ner, its capacity expressed in binary notation as 2%, where
n is the mumber of binary stages appears as a constant

1
2m

in the output expression and, as will be seen, reduces the
rate of the dz puises fed out on the output lead 111.

In order to further understand how the digital integrat-
ing circuit performs the integrating process, digital inte-
gration will be described as a process of finding an area
under a curve y=j(x) which is identified only as a set of
numerical values' of the ordinate corresponding to a set
of successive values of the abscissa. As shown in Figure
3, this is accomplished by subdividing a given area into a
succession of adjacent incremental rectangular sub-areas
such as the cross-hatched area A,. The height of each
rectangular sub-area A, can vary in steps equivalent to
fixed increments dy so that, for instance, its left ordinate
¥y, tends to intersect the curve f(x); the width of all the
sub-areas is equal and is determined by the value fixed
for the increment dx. The total area, which is the sum
of the sub-areas, corresponds to the approximated in-
tegral. It is seen that this method of integration can be
caused approximate to any degree of accuracy the desired
area under f(x) by decreasing the value of the increment
assigned to each dx and, of course, dy which is of the
same order.

In the present embodlment of the invention, making
use of the fast acting electronic equipment, the value of
dx, or the increment for any other variable, can be as-
signed very small values.,

Thus, although the rate of change of a variable is, in
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fact, a discrefe step, in the logic of the digital infegrator,
these steps are made as small as needed to obtain the
required accuracy so that, for all practical purposes the
continuously variable rate of change of the variable, the
essential feature of the calculus is, in effect, preserved.

Referring back to Figure 2, digital integration of the
area under the curve y=f(x) is performed by the device
there presented, by summing the incremental variable
rectangular sub-areas A, so determined in Figure 3.
Since the incrémental dx in determining.each incremental
sub-area, defined as ydx, is fixed throughout an integra-
tion, dx can be assumed to be dropp‘ed out of the notation
by being assigned the value “one.” This in no way effects
the propomonahty of an ordinate y to its corresponding
sub-area.

Thus, each time a dx pulse is recelved on second mput
lead 113 to the integrator circuit, a digit “one” may be
considered to be received.

Referring to Figure 3, it is noted that the change in
height; of a sub-area A,, i.e., the change in magnitude of
the successive ordinates y, is to be made in very small
fixed steps denoted as dy.

Since each dy pulse received on the input lead 109 of
the digital infegrator increases the number in the integrand
storage 108 by one unmit, it is, similarly to the dx input
pulse, considered as a digit “one” input to the integrator
circuit,

The digital mtegrator of Figure 2 can thus be con-
sidered to have two “one” inputs, one of which, dy, is
proportional to the incremental change in height of the
sub-area A,, and the other of which, dx, is the instruc-
tion t0 cumulate.

As the sub-areas corresponding to the y ordinates are
successively cumulated in the remainder accumulator 110
of Figure 2, each time the capacity of the accumulator
110 is reached, a carry out pulse dz is emitted on the
output lead 111

The carry out pulse dz, whlch is likewise to be con-
sidered as a digit “one” in the logic of the digital in-
tegrator, will be due to a pulse accumulation correspond-
ing to a number N where N is one greater than the largest
number which either the accumulator 110 or the storage
108 will hold. In other words, N=27, where 271 is the
number in a binary accumulator, say, when all of the
stages contain the digit one. Anytime a carry out pulse
dz is emitted as a “ome™ digit on output lead 111, a
remainder ferm of

’

N

which is always less than “one,” is left in the accumulator-
116. The next transfer of a y number from the storage
108 thus adds to the remainder

r

N

in the accumulator 110 and may or may not, depending
on the combined value, cause a single carry out pulse
dz on output lead 111.

Thus the basic digital integrator circuit performs its
function in a manner based upon summing rectangular
incremental sub-areas.

In order to further understand the operation of the
basic digital integrating circuit, first consider that the y
number in the integrand storage 108 is fixed, ie., no
input pulses or “ones” appear on input lead 109.

Now then, in general, if a number x represents the
total number of “ones,” ie., pulses, entering on second
input lead 113 for a given time interval, the total number
of carry out “ones,” identified as z, will be exactly

yr T

"N N
where N, as before noted, is one greater than the largest:
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number which either the accumulator 110 or storage
108 will hold, and
r

N

is the remainder term always less than “one” which is
herein defined as the round-off of the increment dz.
It is instructive to introduce here, still assuming that y
is held constant, the concept of the rate at which “ones”
are entering on dx second input lead 113 and leaving on
dz output lead 111, Thus, it is noted that within the
accuracy of the accumulator 110, which contains the
proportional part of a “one” not appearing on output
lead 111, the rate of the “ones” output is fixed with re-
spect to the rate of the “ones” input. This is because
the input x, as seen in the above formula, is multiplied
in this case by a constant
Yy

N

to obtain the output z. In other words the rate of out-
put pulses will be

I

N

times the rate of input dx pulses.

This result is what should be expected because of the
analogy of the present circuit with the wheel-and-disc
integrator which is, in reality, but a variable gear. If
the position of the wheel 160 were to be fixed on the
disc 103, the mechanical integrator wound function as a
fixed gear and the change in speed of the independent
variable shaft 104 to the output shaft 101 would be a
constant.

Now then, consider the input rate of “ones” into the
storage 108 as

dy
dt

This can be done because a counter can be considered
as a device which integrates the rate admitted to it
with respect to time, i.e.

— (v, _
y—fdtdt—-fdy

Since y now varies in magnitude, the previous equa-
tion no longer holds. Instead, the integral or the out-
put rate of “ones” must be expressed as:

ydx T dz__yde dr
z=( %) 5 o G=va—an
where the differentials dz and dx are not true differentials
but the small discrete changes in the variable as pre-
viously described.

The above eguation essentially states that the rate at
which the accumulator 110 produces “ones” is propor-
tional to the product of the variable y and the input rate
of “ones” into the transfer device 112. The last term

dr
diN
corresponds to the rate of change of the round-off of the

increment dz.
Thus it can be seen that the output rate

dz
dr
of “ones” on the dz output lead 111 is now variable with

respect to the input rate
dx

dr

of “ones” on the dx second input lead 113. This var-
iableness in the rates of “ones” into and out of the
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integrator is directly ‘proportional to the variable num-
ber .y, within the accuracy .of the remainder term

dr
diN
The concept of the rate at which “ones”
dz dz
—d—t* and Et—)
are entering and leaving the integrator circuit, for the
case of an input rate
dy
dt
of “omes” also, will now be further clarified. Since
neither of these operations

dz d dz

dt " E)

need repeat at constant intervals of times, it is neces-
sary to define some continuity which establishes an
equivalent rate of change. Assume that both x and z
are plotted against real time as a succession of points,
each point being locaied at that instant in which its
value was just changed from the previous value by the
admission or emission of “one” in the integrator cir-
cuit. Pass a smooth curve through these points, for
example, a polynomial of ‘higher order, and take the
time derivatives

dz

and a

then, these instantaneous time rates at which “ones”

enter the transfer device 112 of the integrator can be

defined as equal to

dx

dt
and the instantaneous time rates at which “ones” carry
out the integrator from the accumulator 110 can be de-
fined as equal to

dz

dt
The concept of such rates is both useful and correct to
the extent that the summation process duplicates the in-
tegrating process.

As explained in connection with the mechanical in-
tegrator, no substantial error is made in the digital in-
tegrator in considering the rate of change of a variable
as being proportional to its differential instead of its
derivative, since the time term, though always implicit,
cancels out.

Thus, to preserve the similarity of the digital inte-
grator to the mechanical one and to take advantage of
the simple logic of the mechanical differential analyzer,
inputs 109 and 113, and output 111 of the digital in-
tegrating circuit of Figure 2 have come to be known as
the dy and dx inputs and the dz output, respectively.
This nomenclature persists throughout the remainder of
this discussion and is adhered to both in developing the
logic of the fundamental digital integrator circuit and
in interconnecting several such integrator circuits to solve
complex differential equations.

The numerical device just examined satisfies broadly
the first three requirements as set forth for the integrator
in that it combines two input rates into the specified out-
put rate and produces the output in kind. For example,
the dz output of the device can be coupled back to form
its own dy input to produce an exponential function It
will be noted that a “one” may serve either as an in-
cremental “unit” or as an instruction.

Thus, the digital integrators may be considered broadly
as a set of devices which communicate between them-
selves in the monary or wunitary mumber system, and
which operates upon the intercommunications by means
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of numbers internally stored and expressed in amy num-
bering system convenient. Numbers may be looked upon
here as the means of establishing and. accurately con:
trolling “streams of ones.” These “ones” are, in turn
counted to form other numbers.

The stored numbers act upon a received rate of “ones”
by deleting units from it, and, therefore, have the nature
of variable or fixed rate dividers.

The effect of an integrator is to transmit an effective
unitary rate dz which is equal to or Iess than the dx input
rate, never greater. If the value of a dependent variable,
z, is to be found by counting the dz or output rate, then
for example, between 10% and 105 units or pulses must be
counted in order to express z as a five place decimal num-~
ber. If the rate reduction of the integrator is nominal, this
may, ordinarily, be accomplished by the admission of no
more than 105 dx inputs. If the rate reduction of the
integrator is excessive, the number of dx mputs required

- to achieve the same accuracy of expression for z must
be greater. Since the time required to perform an addi-
tion cycle in the integrator will usually be fixed, the ac-
curacy achievable in a limited time and with a limited
amount of equipment will, therefore, depend, among other
things, upon the extent of rate reduction in the integrators.

Returning to Figure 2 and equation -
dz_y do__ dr
dt— N dt diN
it is evident that the rate reduction ratio
dz
dx

is essentially established by the ratio of the variable y
to the constant N. Therefore, y must be kept as large
as possible consistent with the size of the storage 108. The
maximum value which y takes during a computation
should fill the storage 108; that is, will have a digit rep-
resented in the highest stage. At no time, of course, can
the capacity of the storage 108 be exceeded. ' In the binary
system, if the average numerical value which y takes
in the storage 108 during computation is half its capacity,
then the average rate out is one-half of the average dx
rate in. If this rate is allowed to cumulate in the
storage 108 of another integrator, then that storage will
receive enough units to fill half of its capacity. - Since
it will have an initial setting, however, which will occupy
on the average half of its capacity, the storage will tend
to be filled.

As a consequence, the rate reduction through a series
of integrations need not exceed that of a single integra-
tor providing the scale has been correctly chosen for
each integrator. This principle will be demonstrated
later in an example showing the hook up and describing
the manner in which the preferred embodiment of the in-
vention can be used for generating the sine and cosine
functions.

Having thus broadly described the method and nature
of performing digital integration in accordance with the
present invention, the preferred embodiment of the com-
puter will now be described in detail. :

Referring to Figure 4, a perspective schematic diagram:
of a magnetic wheel, functioning as the dynamic memory,
is shown. Here motor 115 rotates wheel 116 through a
drive shaft 117, at substantially, although not neces-
sarily, a constant speed. Shaft 117 is journalled in bear-
ing 118 mounted on bearing supports 119 located at the
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sides of a bearing pedestal 121. The wheel 116 has a

layer of magnetic material 126¢ bonded around its outer
periphery.

Wheel 116 rotates in an outer housing 122 having an
inner wall 123 that conforms to the curvature of the
wheel. Since it is desired to have 22 integrator set-up
memories or integrator storage section, available on the
magnetic wheel, the wheel periphery is effectively divided
into 22 adjacent memory arcs, each containing one integra-
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for storage section which may comprise several channels,
and each arc being of equal length. These - arcs are
defined by the dashed radial lines 124, which indicate
sectors on the side of the magnetic wheel 116. These
sectors are designated by the notation [, through Iy,
consecttively, starting at arc I; and moving in a counter-
clockwise direction around the wheel. The sides of two
of the arcs, as for example /;, and I, in the illusiration
shown, are contiguous but rather have a non-working
arc 125 between them.

Rigidly mounted in the upper Wall of housing 122 are
four pick-up heads 128, 129, 130 and 131. These pick-
up heads are positioned to cooperate with four magnetic
circumferential information channels 132, 133, 134 and
135, respectively, appearing on the periphery of the wheel.

The first two information channels from, the left, name-
ly 132 and 133, are designated as the integrator set-up
channels and will be referred to hereinafter as the Y chan-
nel and the R channel, respectively. Each of the memory
arcs Iy, Iy, etc., as shown in Figure 4, thus includes a
portion of the Y channel and the R channel. Further-
more, it is shown in Figure 4 that as the wheel 116 is
rotated in a clockwise direction, the information picked
up from the R and Y channels by the respective pick-up
heads 128 and 129 is fed to the computer unit 136
via. pickup lines 137 and 138, respectively. Information

" is then taken out of the computer unit 136 via record

lines 139 and 149, and deposited back onto the R and Y
channels of the memory track by means of record heads
141 and 142, respectively.

It is now made evident that the particular portions of
the wheel 116, on which the memory arcs [, b, etc.,
are shown in Figure 4, do not always contain the par-
ticular integrator arcs as designaied there. The location
of the integrator memory arcs on the wheel 116 is rather
of a dynamic nature in that during idling, for example,
the information on each point of the integrator arc, as
it comes up to the pick-up heads 128 and 129, is trans-
ferred to a new point of the wheel ahead of its previous
position by an accurate distance (a given number of clock
pulses) equal to the non-working arc 125. Thus, it is
seen that ly; and ly; memory arcs could be located, for
example, in the non-working arc zone 125 at some later
operation time of the computer, as shown for example by
the cross hatched sector area 143 on the side of wheel 116.

The circumferential channel 135, farthest to the right
in Figure 4, is denoted the clock channel. On this chan-
nel 135 the magnetic pattern of a sine wave is impressed.
The sine wave is substantially uniform and, for the
present embodiment of the wheel, has 1160 cycles mag-
netically impressed around the wheel circumference in a
closed loop. The clock pick-up head 131 has clock pulses
continuously generated therein, at about 100 kc., all
the while the wheel 116 is running. These clock pulses
are fed on a clock line 144 to the computer unit 136 to
synchronize the operations performed therein. It should
be noted that the clock pick-up head 131 can be lo-
cated anywhere along the circumferential clock chan-
nel 135.

The detail description of the Y and R channels, lo-
cated on the memory track on the periphery of wheel
116, can now be best described by referring to Figures 5
and 6. This first drawing shows a table defining the word
structure appearing in the Y and R channels; and the
second drawing shows the layout of a single integrator
memory set-up together with the relative time-wise loca-
tion of the information in the Z channel.

As noted by Figure 5, each of the integrator memory
set-ups is 48 clock units long. Each clock pulse time
represents a spot on the wheel periphery on which a unit .
of information may be placed. This unit of information
is binary in nature. It enters or leaves the memory in
the form of either a high or low voltage state which
endures statically during half of the clock interval and is
changed during the other half. - The information is not
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actually played back from the wheel in this high-low
form but is converted to it in the output circuitry. In
this disclosure, reference will of ten be made to the con-
tents of the memory as consisting of “ones” and “zeroes”
and, further, “one” will be defined as a high voltage level
and “zero” as a low voltage level, even though this
condition does not actually obtain in the physical record-
ing. In other words, the memory contents are described
according to the way they appear at the output flip-flop.
Referring to Figure 5, it is seen that the word structure
of the R channel 133 is divided in the main, into the dx
code section which includes clock time intervals Py
through Py, and the r number section which includes
clock time intervals Pog through Py The word structure

of the Y channel 132 is divided in a similar manner °

primarily into the dy code section consisting of clock
time intervals P; through Pgy; and the y magnitude sec-
tion consisting of the clock time intervals Pys; through Pyg.
The intervals indicated by the clock time intervals P,
through P,; may thus be seen to indicate integrator stor-
age sections which will provide the requisite storage
capacity for each stage of integration, and thus for each
integrator.

The scheme employed in the present invention and
recording information on the wheel is shown by Figure
6. This information is recorded by the non return to
zero, or “NRZ,” method in which the constantly flowing
recording current only changes its direction for a change
in the value of binary digits to be recorded, rather than
for each binary digit. For example, for a “word” con-
sisting of all “1’s” the recording current is positive and
continuous for the duration of the word, thus uniformly
magnetizing the medium over that portion of the wheel
80 as to provide a square wave magnetic pattern M (Fig-
ure 9). The resuliing played back voltage from the
‘wheel is then only a positive pulse at the beginning of a
word and a negative pulse at the end of the word. This
is because the pick-up head essentially differentiates the
recorded current.

Taking up first the R channel 133, in Figure 6, clock
time positions Py through Py, therein are reserved for
a dx pick-up mark or “one.” As seen by Figure 6, only
one dx code mark is placed in this section and it can be
placed in any one of the clock positions P, through Pg,.
For this particular example, it is shown to be placed
in clock position Py;. The dx code mark enables a dz
output pulse from any specified integrator to be fed into
the present integrator in a manner to be described later.
Clock time positions Py and Py, are always blank in the R
channel. As for the numerical portion of the R channel,
Pgs through Pyy is reserved for a train of high or low states
corresponding to the digits of the r number. Thus, the
position Pys corresponds to the 29 Pyg to the 21, up to
P4 which corresponds to 222, The memory pattern in
this numerical section of the integrator memory produces
at its output high voltage state in a particular P, posi-
tion to represent a digit “one” and a low voltage state
to represent a digit “zero.” Thus a 22 binary digit r
number together with sign can be stored in the R chan-
nel. The Py clock time position of the R channel of
each integrator set-up is used for reversing the dz out-
put sign when a “one” is present. The significance of this
P4y clock position will be made clear in the ensuing dis-
cussion.

The word pattern in the Y channel 132 will next be
discussed. As in the R channel 133, the clock time posi-
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tions P; through Py, are used for the pick-up code—this .

time the dy pick-up code. As noted in Figure 6, from
zero to seven dy pick-up code marks can be placed in
the Py through P, positions of the Y channel. For pur-
poses of illustration, two dy code pulses are shown in pulse
positions Pg and P,g. These dy code marks are employed
for picking up records of dz outputs from the same and/or
other integrators as will be explained more cleaﬂy later.
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.corded in successive clock positions.
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Position Pgs is always blank in the Y channel. P, is the
first possible position in which a “start mark” can be
recorded. This start mark is used for setting a start flip-
flop S1 (shown in Figure 31) to the on state initiating a
proposition in the computer unit 136 which controls, in
essence, the scale factor of the integrator. It should be
noted that the start pulse can be placed in Py, or in any of
the y number positions, in which case, all the lower y
number positions are necessarily blank down through Pag.
Referring next to the numerical section of the Y channel
132, pulse position Py; can be normally designated as
the 29, Pyg the 21, etc., of a pulse pattern in which Pyg is
221, Thus a 22 binary digit y number magnitude can be
expressed. The P4y pulse position corresponds to the y
sign stage. A “one” in-this sign position indicates that
the associated y number is positive and a “zero” in this
sign position indicates the y number is negative. The Py
position of the Y channel is always blank. This com-
pletes the detailed discussion of the word patterns appear-

} ing in the Y and R channels.

The Z channel will next be discussed. It should be
understood that the Z channel is different from the other
channels discussed in that it represents a central or com-
mon storage. A section .of the R and Y channels is al-
located to each integrator memory, twenty-two of which
sections are provided in the preferred embodiment of the
invention. However, there is only a single Z channel and
it is used in conjunction with each of the integrator set-
ups each time a computation takes place. Referring to
Figure 4 again, it can be seen that the Z pick-up head
139 picks up the information on the Z channel 134 and
conveys it on a Z pick-up line 145 to the computer unit
136. The computer unit feeds dz indications back onto
the Z channel on the wheel by connection 146 to the Z
record head 147. The Z channel will be discussed fur-
ther in the ensuing description. Suffice it to say, here,
that the dz overflow outputs, generated at the P,y posi-
tion of any integrator, as a result of each of the integrator
set-ups passing through the computer unit, are temporar-

ily stored in the dz precession line which is constituted

by the Z channel. The dz precession line can be thought
of as a memory through which all the dz pulses are
serially advanced one position each time a clock pulse
occurs. However, due to the fact that the dz precession
line during computation is made 49 clock intervals long,
while each integrator set-up is only 48 clock intervals -
fong, the matching or coinciding positions between the dz
precession line and each integrator set-up are one clock
pulse later for each successive integrator set-up. This

‘precession is necessary in order that indications of dz

outputs from successive integrators shall not be recorded
on top of each other in the Z channel, but rather be re-
This precession
must be taken into consideration in recording the dx
code and dy code pick-up marks.

Referring to Figure 6, it is noted that the only Z chan-
nel indications that are effective are the ones that occur
in the P, through P, positions of any integrator set-up.
The reason 22 positions are required is because there are
22 possible integrator set-ups in the present computer and
each of the effective 22 positions in the precession line
thus may hold a “one” or “zero” depending upon whether
the output from its generating integrator set-up was a
lorad.

It is now also made clear why there are 22 pulse posi-
tions, P; through Pss to be exact, in the code sections of
the Y channel and the R channel, since it is the coinci-
dence of a mark in the code sections with a “one” or
‘“zero” indication in the precession line which enables the
outputs of other integrator computations, to be fed as
inputs into the integrator presently being entered into
computation. For example, in the present illustration, a
dz “one” appears in the Py; of the R channel enables this
dz “one” to be fed as-a “positive” dx input into the present
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integrator. - The Pm dy plck-up code mark similarly co-
incides with the dz “one” in Pyg of the dz channel, this
dz coincidence results in a “positive” dy input. However,
the Pg dy pick-up code mark finds no dz “zero” in the
corresponding position of the dz channel. This results

in a “negative” dy input being fed into the present inte-

grator. .

The detailed description of the relative locations of the
pick-up heads will now be described by referring to Figure
7 showing the plan view of a portion of the magnetic
memory track. The upper channel 135 there shown is
the clock channel previously described. As has been
stated, the clock pick-up head 131 can be located any-
where along the clock channel 135 recording, The rela-
tive time-wise location of the clock pick-up head in its
cloek pulse interval is important, however, as is also the
relative spacing of the other heads along their respective
channels with respect to each other is important.

In Figure 7 the heads are all shown to be stationary
and the memory track of the magnetic wheel 116 is
assumed to travel from left to right past the heads.

The Y channel pick-up head 128 is shown to be posi-
tioned at a given instant of time, to pick up the infor-
mation in the P position of the /, integrator memory
arc. This Y pick-up head 128, after approximately a one-
half pulse time delay in synchronizing circuit 126, trans-
fers digits picked up from comsecutive clock time posi-
tions of the Y channel 132 in a serial fashion, i.e., one
at a time, into the computer unit 136. The computer unit
136 is such, as will be explained later, that every time
data from a particular position of an integrator set-up is
fed therein, the computer unit automatically generates,
without significant delay, the new data required for the
-corresponding position of the integrator set-up being mod-
ified by computation. This new data is re-recorded by
Y record head 141 on the memory track at a point spaced
104 clock intervals ahead of the clock point on the wheel
116 at which it was picked up. Since there is a one-half
clock pulse delay between pick-up and record of a par-
ticular pulse position, the heads 128 and 141 are spaced
103% clock pulses apart.

" Referring next to the R channel 133, the position of
R pick-up head 129 is seen to be synchronized in time
with the Y pick-up head 128. Thus the data on both the
R and Y channels of the /; integrator set-up which is
picked up first is the P, position. As before, after a one-
half clock interval time delay in synchronizing circuit
1264, the information is fed into the computer unit 136
which immediately generates the corresponding position
data for the revised integrator set-up. This data is depos-
ited by the R record head 142 onto a point of the wheel
104 clock intervals ahead of where it was picked up.
Thus the heads 129 and 142 are, likewise, spaced 10315
clock pulses apart.

The relative location of the dz channel pick-up and
record heads 130 and 147 will next be described. The
dz pick-up head 130 for the dz channel is located 2 clock
intervals to the left or (or earlier in time than) the posi-
.tion corresponding to the time location of the Y and R
pick-up heads 128 and 129, respectively. The reason for
this is that by providing additional one or two interval
delay times, a variable length delay line can be provided
for the information picked up from the dz channel. The
significance of these delay times will be explained in the
ensuing discussion. During computation, the dz indica-
tions picked up or extracted from the dg channel, after
their initial delay of about ome-half a clock interval in
synchronmizing circuit 1265, are delayed the two addi-
_tional clock intervals as dictated by the delay unit 152.
‘Thus, the P; position digit of the dz channel, although
picked up earlier, is fed into the computer unit 136 at
- the same time as the corresponding P, digit positions of
the R and Y channels.
unit 136 to the dz channel is recorded, in this case, onto
__the wheel memory by a dz channel record head 147

The output from the computer’
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located physically 46%% clock positions to the rear of the
dz channel pick-up head 130. Because of the initial one-
half clock interval time delay plus the two clock interval
time delays caused by circuit 152, for this case, this in-
formation is deposited on the wheel 49 clock positioned
to the rear of the clock position from which it was picked
up even though the heads are physically 4642 clock posi-
tions apart. It is thus seen that while the Y and R chan-
nel pick-up heads 128 and 129, respectively, always de-
posit their information at a point corresponding to 104
clock positions ahead of the respective point of pickup;
the dz channel pick-up head 130, on the cther hand can
deposit information 47, 48 or 49 clock times in arrears
of the clock time position at which it picked up infor-
mation.

For convenience, the corresponding In integrator set—
up information for the Y, R and Z channels has been
shown to be physically located along the same radii of
the memory wheel. Actually, corresponding positions
on the R, Y and dz channels may have a temporal ref-
erence, only, so that the R, Y and dz channels can be
physically staggered with respect to each other and still
have the proper time-wise relationship. On the actual
physical embodiment of the machine, this is, in fact, the
existing condition since the size of the heads causes phys-
ical interference between the heads and thus they have
to be staggered around the wheel.

This generally describes the manner of picking up and
depositing the information in the R, Y and dz channels
of the machine. It should be noted that erase heads 150
are provided in what has been defined as the non-working
arc between the pick-up heads and the record heads of
each of the Y, R and dz channels. These erase heads 150
remove all the magnetic information which has previously
defined an integrator set-up and thus provide a clean por-
tion on the magnetic wheel 116 on which to record the
new integrator set-up information which has been estab-
lished by the computer unit 136.

The circuitry associated with the clock pick-up head
131 and the Y, R and dz pick-up heads 128, 129 and 130,
shown in Figure 7, for example, will next be described
by reference to Figures 8 and 9. These heads pick up

‘information previously recorded in the form of magnetic

patterns M on the memory track of the wheel 116, and
supply this information to memory flip-flops in the com-
puting unit 136 of the machine.

-'The clock pick-up circuitry in Figure 8 comprises a
pick-up head 131 having a split core 154 wound by a coil
155. The permanent magnetic recording on the clock
channel 135 is substantially a sine wave. The voltage
generated in the pick-up head by this wave is impressed
on the grid of an amplifying tube 156. The plate output
of amplifier 156 is coupled to the grid of a first tube-157
which has its plate coupled through parallel capacitor
151 and resistor 153 to-the grid of a second tube 159 so
as to form a well known Schmidt triggering circuit. The
cathodes of both of these latter tubes are connected-to
ground through a common resistor 160. The grid of first
tube 157 is held at a relatively high positive potential by
voltage divider 158 so that tube 157 is normally con-
ducting. The resulting low plate voltage of first fube 157,
impressed on the grid of tube 159, prevents this latter
tube from normally conducting. On applying the output
waveform from amplifier 156 onto the grid of first tube
157, the positive portion of this wave has no appreciable
effect on the Schmidt circuit; however, the negative por-
tion of this applied wave tends to cut off tube 157. -The
resulting increased plate voltage of first tube 157 is im-
pressed on the grid of tube 159. 'In addition, the dé-

-creased current’ flow through common resistor: 160 de-

creases the cathode potential of second tube 159. These
two effects cause second tube 159 to suddenly start con-
ducting, causing a rapid Tise in its plate output voltage.
In a similar manner, the conduction of second tube 159
is cut off suddenly when the input waveform to-the'grid
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of first tube 157 becomes positive. The periodic square
Wave thus obtained is coupled to a cathode follower cir-
cuit 161 which feeds low impedance square waves to the
grid of a pair of triodes 162 connected in parallel. . The
‘common plate output of triodes 162 represents the clock
output line 163 which is clamped between 100 v. and
130 v. by upper parallel clamping diodes 164 and lower
parallel clamping diodes 1635, respectively. The parailel
units of this circuit enable a large current source to be
provided for driving the clock propositions required in
the logical nets.

The pick-up head and circuitry shown in Figure 9 for
‘the Y channel; the R ‘channel, and the dz channel are
identical so that only the Y chaunel circuitry will be
described in detail.

The 'Y pick-up head 128, similar to the clock pick-up
head 131, is in the form of a split core 166 wound with
4 coil 167. As the head 128 passes the substantially
‘square magnetized pattern M on the Y channel 132, this
pattéern is differentiated so that positive pulses yt are
generated on the leading edges of the magnetic pattern
M, and negative pulses y— are generated on the trailing
edges of the magnetic pattern M. These positive and
negative pulses are conveyed on pickup line 137 to the
grid of tube 169 which comprises amplifier 168. The
amplified reversed polarity pulses are then coupled into
a conventional cathode follower 170 composed of a tube
171 which feeds low impedance pulses of corresponding
polarity from its cathode to a phase inverter and ampli-
fier circuit 173. Circuit 173 is composed of first and
second -triodes 174 and 175, respectively, having their
cathodes joined and returned to a —190 v. potential
through a bias resistor 176. Triodes 174 and 175 are
normally both conducting a small amount.

Anytime a positive pulse is impressed on the grid of
the first triode 174, that tube is caused to conduct heavily.
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The resulting momentarily potential drop.on the plate -

of the first triode causes a negative polarity pulse to be
emitted on the first plate output line 177. Simultaneously
with this increase in current flow through the first triode
174, the potential drop through resistor 176 is increased.
This momentarily raises the potential of the cathode of
the second triode 175, decreases the current flow there-
through and thus causes a positive pulse to be emitted
on the second plate output line 178.

A negative input pulse to the phase inverter and ampli-
fier -circuit 173 has an opposite €éffect on the output lines.
That is, it generates ‘a negative pulse on the second plate
output line 178 and a positive pulse on the first plate
output line 177. It should be noted that it is the positive
‘pulses on the plate output lines which correspond to the
desired signals.

The pulses on these latter two output lines 177 and 178
are fed into. a clipper circuit 189 made up of upper and
Jower triodes 181 and 182, respectively. The grids of
these triodes are biased by resistor 183, returned to a
22.5 'v. source, such that the negative pulses fed thereon
are ‘clipped but the positive pulses effectively cause the
triodes to conduct. These desiréd signals thus appear as
narrow negative square pulses on -upper output line 184
and lower output line 185, respectively. These latter out-
:put lines are clamped by separate diodes, such as diodes
186 and 187 for upper output line 184, and diodes 188
and 189 for lower output line 185, to a 100 v. and a 130
v. source, respectively. Hence the swing of the voltage
‘on these output lines is maintained between these limits.
- The upper output line 184 is coupled through a first dif-
ferentiating -circuit 190 to the left grid of a Ym flip-flop.
The lower output line 185-is-coupled through a second
différentiating circuit 182 to the right grid of the Ym
flip-flop.

Flip-flop Ym is a standard bistable circuit having its
opposite grids and plates intercoupled by a resistor and
-capacity in parallel. The circuit is further characterized
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‘by its ability to be triggered by negative pulses applied..

at either of its grids. Diodes 191 and 193 feeding the

‘the present invertion ‘will next -be -described.
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right and left grids of flip-flop Ym, respectively, essentially
attenuate the positive portion of the differentiated input
wave fed therein and permit only the negative portion
to trigger the Ym flip-flop circuit.

The output lines 194 and 195 from the Ym flip-flop are
taken from the right and left plates, respectively. In
order to maintain the swing of the plate voltage between
100 aad 130 volts, clamping diodes, as previously de-
scribed, connect the right and left output lines 194 and
195, respectively, to the 100 v, and 130 v. source.

This completes the description of the Y channel pick-
up circuit which transfers the maguetic pattern M on the
magnetic wheel intd a true or false proposition indicated
by the state of the Ym flip-flop. It should be noted that
the potentials on the Ym flip-flop follow exactly the mag-
netic pattern impressed on the wheel memory track.

The R and dz channel pick-up circuits, as noted be-
fore, are identical to the Y channel pick-up circuit and
so intermediate circuit elements are given the same nu-
merical notation with subscript “a” for the R channel
and subscript “b” for the dz channel. The R and dz
channel circuits transfer the magnetic pattérn on the
respective channels of the wheel into a trie or false
proposition indicated by the state of the Rm and Zm
flip-flops.

Before going into- a description of the computer unit
136, the convention which will be employed for pre-
senting the present invention will be explained.

Propositions are represeated in the present invention
by flip-fliop. When a given proeposition is “true,” the
flip-fiop is in one of its states, when “false” in-the other
state.

In accordance with the present invention, it is desired
to have both the truth of the proposition or its prime
“true” of each flip-flop sensed as a relatively high voltage
and the falsity sensed as low voltage. Hence, output lines
are connected to each of the plates of the flip-flops.
Likewise, it is ‘desirable to be able to trigger a proposi-
tion flip-flop to either its true -or false state by separate
input lines; hence, -an input line -is connected to each
of its grids.

The flip-flops used -in the present invention ‘are all
of a basic design -as described in detail for the Ym flip-
flop (Figure 9) ‘with two outputs -and two inputs.

A standard convention .is employed throughout the
present specification for -designating the proposiiion flip-

flops and their cuiputs and inputs.

Combinations of capital letters and numbers or lower
case letters are used for designating the proposition flip-
flops- themselves. The -outputs of the flip-flops are
characterized by corresponding capital letters with -an
appropriate subscript. Since one of the outputs cor-
responds to the proposition being ‘true and the ether cor-
responds to the proposition being false, fhe latter is
distinguished from the former by an affixed “prime.”

On the other hand, the inputs to a flip-flop -are
designatéd by corresponding lower case letters ‘with ‘an
appropriate subscript. The input for rendering a flip-
flop false being further characterized by a sub zero pre-

-ceding the lower -case letter.

Thus it can be seen that -conventional notation and
circuit means have been provided ‘whereby propositions
can be represented and information stored as -to whether
a proposition be true ‘or false. Furthermore, circuit
means ‘have been provided for enabling the propositions
to be changed from one state to the other in-accordance
with which input line ‘a hegative potential is fed -into
the flip-flop.

The general logical method of circuit design-utilized ‘in
-This
method -utilizes the correspondence between propositions
and methods of symbolic -iogic, and ‘the two valued na-
ture of - electrical quantities in impulse work.

In general, ‘whén a voltage has two possibie values,
high 6r low, it resembles a proposition-of -symbolic logic
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which has two possible values, true or false, or zero
and one. The operations by logic such as logical ad-
dition, logical multiplication, and negation may be ac-
complished, as will be shown, by means of diode net-
works. .

Logical representation of a proposition may be made
using the symbol 1 for a true proposition or a high volt-
age, and 0 for a false proposition on a low voltage. For
example, addition may be defined loglcally by the fol-

lowing table:
14+1=1 H+H=H
14-0=1 or in terms of high ] H+L=H
04+1=1 and low voltages L+H=H
04+0=0 L+L=L

and multiplication by the following table:

T

1X1=1 HXH=H
1X0=0 or HXL=L
0X1=0 LXH=L
0X0=0 LXL=L

Negation may be represented by a prime symbol and is
defined as follows:

V=0
=1

H

L
L'=H

i

‘The above tables for symbolic addition and multi-
phcatlon can be similarly extended to apply to three or
more input propositions. For this case, in symbolic
addition, a low voltage output is sensed when, and only
when, all the inputs are low; and in symbolic multiplica-
tion a high voltage output is sensed when, and only when,
all inputs are high, )

The necessary basic electronic circuits used in the
present invention to physically produce the symbolic
addition and multiplication operatlons above described,
may be readily constructed as shown in Figures 10 and 11.

Referring first to the circuit in Flgure 10, a means for
obtaining the symbolic sum (a+b) is shown. High or
low positive voltage levels corresponding to these terms
are fed into crystal diodes 197 and 108, respectively.
The plates of these diodes are joined to a common line
199. This line 199 is returned to the lower voltage
level through a resistor 196. The extension of common
line 199 represents the output and the voltage thereon
is relatively low,-i.e., substantially at L only when both
inputs ¢ and b.are both at low potential. When either
or both of the inputs g and b are at high potential, out-
put line 199 is relatively high due to the diode current
flowing through the resistor 196. It is assumed that the
forward resistance of the diode is much less and the
back resistance much greater than the resistance of 196
or 204.
which represents the logical sum. In the present in-
vention the high and low potentials applied on the inputs
a and b are the 130 v. and 100 v. output swing of the
flip-flops. Thus means have been provided for combin-
ing two voltages each of which may be high or low in
such a way as to form a third voltage which takes
high or low values corresponding to the logical sum of
the two as defined by the table. It is to be noted that
additional terms can be added by feeding the voltage
representing each of these other terms to the common
line 199 through separate diodes.

In the circuit shown in Figure 11, the symbolic prod-
uct -(¢Xd) is formed by muitiplication of the terms ¢
and d fed on separaie lines through crystal diodes 261
and 202. The plate ends of the diodes 201 and 202 are

joined -together at junction 200. Junction 200 is then

connected through a load resistor 204 to the high poten-
tial source. The output line from junction 200 is at a
relatively high potential only when both inputs ¢ and d

It is this high potential on output line 199
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are of a relatively high potential. If either one of the
inputs is at the low poten’ual the output line from: junc-
tion 200 is relatively low in potential because of diode
current flowing through load resistor 204. This output
voltage thus has a voltage state which corresponds to
the logical product of the two input voltage states ¢
and d as previously defined. This circuit can be extended
to multiply any number of terms by feeding all the volt-
ages representing these terms through individual diodes
connected in the same manner to junction 260. In order
for the output line from junction 200 to have a relatively
hlgh potential thereon, all of these inputs must be hlgh
in potential.

Thus_ circuitry has been provided for producing sym-
bolic addition and symbolic multiplication. Further, the
prime or negation of any flip-flop voltage state is avail-
able to the circuitry as the voltage state of the opposite
plate. .

Two generalizations can now be made: (1) Any pos-
sible third state can be made up from two states by
using the operations of priming, logical addition and
multiplication. (2) Any proposition which is a logical
function of any number of propositions can be expressed
in the form of sums of products of the propositions and
their primes.

Since the output voltage states of either the summing
or product, diode circuits are of the same nature as their
inputs (either high or low), they can be used as inputs
for other cifcuits, hence general sums of products of
propositions and their primes may be formed as desired,
so that any logical function whatsoever can be obtained.

The basic designation used for the logical nets for
the computer unit can now be generally described.

As will be seen, each of the input leads to a proposition
flip-flop can be represented by a logical algebra equation.
This equation is made up of flip-fiop propositions (either
true or false) which logically govern this input.

The equation for the inputs to the proposition flip-flops
are thus a key to how the outputs of the flip-flops are in-
terconnected to the inputs.

Taking, for example, the equation which represents the
input to a given proposition flip-flop to make it “true,”
the various terms which represent the true or false states
of the governing propositions or their primes are related
either by logical multiplication or logical summation oper-
ations. By use of dicde networks, made up by using the
basic circuits shown in Figures 10 and 11, these equations
are physically solved. The solution is represented by
a relatively high or low voltage level on a single wire.
It will be seen that the logic is applied to the steady states
of the flip-flops and not to pulses. The significance of
the clock pulse is that it serves at the end of each inter-
val to simultaneously switch or set all flip-flops into their
next state. To accomplish this, it dynamically transfers
the high or low state of the solution of the logical equa-
tion governing the Input into that input. The manner of
this will be discussed in greater detail later.

This use of symbolic logic for designing circuits will
next be presented by describing further the manner in
which the information is fed into the computer unit.

As the memory wheel 116 rotates it passes under sta-
tionary pick-up heads 128, 129 and 130 associated with
the 'Y channel, the R channel and the dz channel, re-
spectively, as shown and described in connection with
Figures 4 and 7. These pulses picked off the memory
wheel set up a state ‘which may not be exactly coincident
with the clock intervals which are used for synchronizing -
the operation of the machine. This lack of exact coin-
cidence will be caused by errors in physically positioning
the clock sine wave upon the memory wheel.

Thus, in the present instance, in order to synchronize
or align each of the memory “units of information” with
a clock interval, the outputs from each of the memory
flip-flops, Y, Rim and Zm, previgusly described in Figure
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9 are transferred by logical diode networks to associated
flip-flops designated Y/, Rl and ZI, respectively. Since
this transfer is accomplished by the clock pulse, it would
cause Y/, R/ and ZI to take the same states as Ym, Rm
and Zm, respectively, except that the former propositions
will be synchronized with the clock intervals. YI, RI
and Z! can thus be treated in the circuit as containing
the memory output states and will be in every way com-
parable to the other propositional states found in the
machine.

Referring first to Figure 12, a schematic illustration is
shown there of the Ym flip-flop, the YI flip-flop, and
the Yd flip-flop. The Ym flip-flop is made to exactly
follow the maguetic pattern M on the memory as previ-
ously shown in Figure 9. FEach time the magnetic pattern
M falls, a negative triggering pulse designated My~ is
impressed on the gyy, input of the Ym flip-fiop. As noted
- before, energization of this input line renders the Ym
flip-flop to be false, i.c., the left output lean Ym' is made
to have a relatively high potential thereon. A negative
triggering pulse is impressed on the Ym input by a rise
in the magnetic pattern M. This rise generates a positive
pulse designated Myt which is fed after inversion into
the input Y, to make flip-flop proposition Ym true, i.e.,
the right output Y, is made to have a relatively high
potential.

The magnetic pulse pattern M taken from the wheel is
not synchronized, as yet, with the clock interval being
established by the clock channel; the Y! flip-flop brings
this synchronization about. As shown in Figure 12, the
Y! flip-flop is partially schematically illustrated in that
a detailed circuit diagram is shown only of the iuput
circuitry to the flip-flop. A right and left gating circuit
203 and 284 are used for feeding differentiating circuits
205 and 296 connected to the y; and gy; input grids of
the YI flip-flop through attenuating diodes 287 and 288,
respectively.

The left output potential of flip-flop Y is connected
to one input of the left gating circuit 263; the right out-
put potential of flip-flop Ym, on the other hand, is con-
nected to one of the inputs of the right gating circuit 284.
Clock pulse C is then fed into the second inputs of each
of the: gating circuits 203 and 204.

These gating circuits 263 and 204 are logical product
circuits, as shown in Figure 11, and will not be described
in detail here. In this instance when both input leads to
a gate are relatively high in potential, the output of the
gate is made relatively high. As seen by the waveforms
on the Y,” and C lines feeding into the left gating circuit
203, the rise in potential Yy, is not necessarily coin-
cident with the rise in potential of the clock pulse C.
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However, these two terms are high for a portion of the

clock period. As long as the trailing edge of a clock
pulse determines the leading edge of the output pulse
from the gating circuit, the signals are properly related.
This gate output pulse is differentiated by circuit 263.
The positive leading pulse thus obtained is attenuated in
the back resistance of diode 287 and the negative trailing
pulse passes through diode 287 to trigger the Y fip-flop
to a false state.

Thus, by having the “falling” edge of a clock state
positioned approximately in the middle of a magnetic
output state, the latter state can be brought into coinci-
dence with the clock period.

Below the Ym and Y flip-flops, the symbolic equations
which define the propositions that govern their inputs are
presented. As has already been explained, the Ym flip-
flop is connected to the Y channel pick-up heads so that
it will follow the magnetic pattern on the Y channel of
the wheel 116. This is symbolically shown by the input
equations. For example, the condition required to make
the Ym flip-flop “false” is a negative going change in
the magnetic patiern. This is shown by the equation for
the left input, yu=M, . Similarly to make the Ym
flip-flop “true”-a positive going change is required in the
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magnetic pattern. Thus y,=M,+ symbolically defines
this condition. Referring next to the equations of the
inputs to the Y! flip-flop, the input equation required to
make the Y/ flip-flop “false” is defined by the symbolic
product gy;=Y’,C. This equation, as previously indi~
cated, is interpreted as meaning when Yy’ is of a high
potential, during the first half of a clock interval, the
Y! flip-flop is made “false.” The input equation required
to make the Y/ flip-flop “true” is defined as y;=Y,C,
and its explanation follows from the above.

It must be remembered that the clocking potential is
in reality a square wave, that the clock proposition C
takes values of both 1 and 0 in a clock interval, and
that a change in.the gate proposition from high to low
as the clock changes from 1 to O produces the negative
pulse which effects the particular flip-flop. ‘

As previously explained, the potential outputs taken
from the plates of the proposition flip-flops are used for
driving diode logical nets employed for solving logical
equations which define the inputs to the proposition flip-
flops.  Since the Y/ flip-flop is required to drive so many
logical nets, a YD flip-flop is provided in Figure 12.
The grids of the Y/ and YD {flip-flops are tied together;
thus providing additional sources Yp’ and Yp for driv-
ing the logical nets.

Figure 13 schematically shows the Rm flip-flop and
the R! flip-flop which is similarly employed for bringing
the R channel magnetic pattern in coincidence with the
clock pulse time. It should be noted that the gating de-
vices to the inputs gry and r; of the Rl flip-flop are de-
noted by blocks 209 and 210, respectively. Further, the
differentiating circuit and the attenuating diodes in the
input circuits are omitted. This simplified gating device,
together with a clock channel 211, with parallel connec-
tions to the gates, will be used throughout the remaining
drawings for simplification of presentation. All flip-flops
throughout the machine begin switching at the same time
(except Ym, Rm and Zm); i.e., when C goes from 1 to
0. Each flip-flop may require a different amount of time
to come to equilibrium after switching, since its load
and characteristics are, in general, different from those
of every other flip-flop. All flip-flops, however, must be
capable of reaching equilibrium during the half interval
in which C=0. This means that all new input proposi-
tions will have been formed among the diodes, but that
the gate proportions will still have a wvalue of 0, since
the clock state is holding them down; i.e., all input pro-
positions are multiplied by C and C=90. At the beginning
of the next interval, C becomes 1 and those input proposi-
tions which have a 1 or high value without consideration
of C now cause the input states to rise to 1. The positive
pulse formed as a result of this action does not affect the
associated grid because of the aliernation diode (267,
Figure 12, for example). As a consequence, no flip-flop
can be altered during the half interval period in which
C=1 but all input propositions-must rise to equilibrium.
The process then repeats itself.

It may be observed that a new and fundamental con-
cept of electronic switching is here clearly embodied; i.e.,
all switching is done in two distinct steps. FEach basic
switching or clocking interval is divided into two parts
by the clock square wave. In step (a), logical proposi-
tions are transferred from ail diode junction points into
all corresponding flip-flops, and at the same time all
input propositions are blocked from changing; i.e., from
introducing transient effect, by the simple expedient of
making them all 0. In step (b), conversely, all diode
input propositions are released to allow them to settle
at their new values, and at the same time any action
of the flip-flops is prevented. (All changes of the input
vropositions must be from zero ‘to one, and the flip-
flops are specifically made -insensitive to the positive
pulses which this action would tend to produce at their

It is evident that this embodiment is not in anyt wise
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a pulse machine, although pulses ‘exist in the memory
read-out circuits in the clock gates. The pulse, however,
acts only as an agent for conveying information concern-
ing steady states and thereby effecting flip-flops to pro-
duce changes in their states.

. Logically this role of pulse as agent can be shown
without loss of generality by the scheme of Figure 13
in which the gates 209 and 210 are set open or closed
by the logical propositions and the clock “pulse” then
passes through or not as the case may be to effect the
flip-flop.

Below each of the Rm and RI flip-flops the logical
equations, representing the logical nets to their inputs,
are presented. - The understanding of these equations fol-
low from the explanation associated with Figure 12 and
will not be further discussed.

The proposition flip-flops in the dz channel as shown
in Figure 14 will next be discussed. The Zm flip-flop
is made to follow the magnetic pattern on the wheel.
The Z! flip-flop serves to .bring this pattern into co-
incidence with the clock pulse; and Za and Zb flip-flops
represent additional delays obtained by the delay unit
152 shown in Figure 7.

The time-wise relationship of the Z channel flip-flops
can best be explained by Figure 15 which shows the
waveforms at various points in the Z channel. Line I
shows the magnetic pattern M appearing in the Py; posi-
tion of the dz channel. Line II is a pattern of the signals
-generated in the Z pick-up head 130. . It is noted that
the Z pick-up head differentiates the leading and trailing
edges of the magnetic pattern M to form zt+ and z—
pulses. The IIT line shows the time-wise location of
the clock interval generated from the clock pick-up head
131. It is noted that the clock operation time interval
Py, is not coincident with the Py; position of the mag-
netic pattern, being shifted slightly later in time. The
Zm flip-flop as shown by line IV, is triggered so as to
follow the magnetic pattern M. It is thus seen by com-
paring lines III and IV that the trailing edge of the
Pyg clock pulse (ie. the beginning of the Py time in-
terval) occurs at approximately the middle of the square
wave representing the Py position of the Zm flip-flop
proposition. The common high potential of the Zm
Aflipflop and the clock channel determines the width
of the pulse which is fed, for example, through gate 244
(Figure 14) into the ZI flip-flop. This pulse is then
‘differentiated and the positive portion thereof attenuated
by the input circuitry, such as diode 208, shown for
example in Figure 12, These latter differentiated wave-
forms are shown by line V of Figure 15. It is thus seen
that it is always the trailing edge of a clock state (i.e.,
a change from high to low or one to zero) which trig~
gers a flip-flop. Thus the Py position of the ZI flip-flop
is shown now by line VI to be in coincidence with the
Py clock interval., The Za and Zb flip-flops are shown
by respectlve lines VII and VIII to be triggered into a
‘true state, in coincidence with the falling edges of the
Py; and Py clock states, respectively.

The connections of the inputs to the dz channel flip-
flops to cause them to be triggered in order, as above
described, are represented by the logical equations ap-
. pearing in Figure 14 below their respective flip-flops.
The interpretation attached to these equations is evident
from the description of the flip-flop circuits in Figures 12
‘and 14 and will not be further discussed.

It should be noted that the ZI, Zg and Zb ﬂlp-ﬂops
correspond to the delay 152 shown in Flgure 7 in the dz
precession line. These latter flip-flops in effect give the
dz line a variable length., 'When outputs are taken from
Z[ flip-flop, the dz line is 47 clock intervals long:. Since

an integrator set-up is 48 pulses long, this causes posi- -

‘tive precession of the dz intervals. This output is used
-during the filling operation of the computer. When the
outputs are taken from the Za ﬂlp-ﬂop, the dz line is 48
clock intervals long and no precession is evident.in- the
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dz line, i.e., corresponding pulse. positions remain’ the
same in the dz line and in all the integrator set-ups.
Thus, the output from the Za flip-flop is used when the
machine idles. When the outputs are taken from the
Zb flip-flop, the dz states precess in a negative manner
for each successive integrator set-up. It is this latter
condition, negative precession, which is active when the
computer is computing.

‘Referring to Figure 16, a functional diagram of the
computer unit 136 will next be shown and described.
This illustration explains broadly the particular “system
of thought” by which the computer unit 136 of the
present invention performs integration or effects the
differential combination of numerical values.

"The operation of the machine is actually carried on
in a parallel manner in that during each operation time
(clock interval time) the following occurs:

(a) Information from a given pulse position of the R, Y
and Z channels is fed into the computer unit from the
wheel. This action is initiated by C going from 1 to 0
and finishes while C==0.

(b) This input information along with the existing states

" of the computer flip-flops determines the information
to be recorded in the corresponding pulse position of
the R, Y and dz channels of the wheel. The diode nets
generate this information during the interval when
C=1. .

(¢) The iip-flops, interconnected by logical nets, are
caused to change their states in accordance with the
inputs and the previous states of the flip-flops. This

~ begins as C goes from 1 to 0, an action which also
brings new information out of the memory as in (a).

In general there are two main loops shown in Figure 16
by which the information from the magnetic wheel 1s.
processed.

- One of these loops is employed for obtaining the new
y number, ie., it combines the dy inputs, as obtained
from the dz precession line, to the old y number taken .
from a previous integrator set-up recorded on the mag-
This new y number is then recorded back
onto the new integratm set-up on the wheel.

- ‘The other loop is used for performing dxg1ta1 integra-
tvon in accordance with the method shown in Figure 2,
ie., adding the old y number to the old » number, in
accordance with a dx input. This information is all
obtained from the wheel. The dx input being obtained
from the dz precession line. As a result of the computa-
tion in the second loop, a new » number is derived and
a dz output is obtained. The new r number is deposited
into the R channel and the dz output is deposited onto
the dz channel of the wheel. These two main loops will
now be discussed in greater detail.

The first main loop comprises feeding states from the
Y channel of the magnetic wheel 116 by pickup line
137 into a first set of parallel gates 212 and 213. One
of these gates 212 is open from interval P; through Pas,
‘while the other gate 213 is open from Py through Py
During the time gate 212 is open, anywhere from one
to seven dy code marks are picked up from the magnetic
wheel by line 137 and fed into the Y channel decoder
214. Simultaneously, dz units are picked up from the
magnetic wheel by line 145 and fed into the Y channel

_ decoder 2i4. A coincidence of a dy code mark with a dz
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“one” in decoder 214 causes a positive dy one to be fed
into the =dy counter 215. This input increases the con-
tent of the Zdy counter one unit. . Any time a dy code
mark is fed into the Y channel decoder 214 without a
coincident dz one; i.e., with a zero, a negative dy one is
fed into the =dy counter 215, thus decreasing or render-
ing more negative its content by one unit. This action
continues during the interval Py through P,. In addi-
tion to feeding the dy code marks into the Y channel
decoder 214, these marks, since they are used without
change throughout a computation, are fed by path 216
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to first mixer 216z which records them back onto the Y
channel of the memory wheel 116.

Starting with the Py, interval, or any later clock time,
dependent on the occurrence of the start mark in the
Y channel, a pulse is fed through parallel gate 213. This
first pulse cannot pass through a Y channel gate 217 in
the line, but is rather used to trigger a start flip-flop SL
The potential on the right ouiput-of start flip-flop S/ then
is used- for opening Y channel gate 217, thus permit-
ting the remaining states in the Y channel, representing
the old y number, to be fed on path 218 directly through
Y channel gate 217 to a Y24y adder 219.

Simultaneously with opening gaie 217 in the y number
line, the right output potential of the start flip-flop S/
is used for opening a stepping gate 220 which permits
clock pulses Pgy through Py to pass therethrough into a
stepping circuit 221.

Circuit 221 functions to siep serially out the digits
of the Zdy counter 215, stage by stage, so that they can
be combiend with the y number digits in the ¥+Zdy
adder 219. This process is carried on in fundamentally
the same manner in which a human adder sums corre-
sponding digits of two numbers. A carry state, as a re-
sult of each binary addition, is obtained by a delay unit
DI associated with the ¥Y<4-=dy adder Z19. This delay
unit D/ delays the carry stdte one clock time, and then
feeds it into the Y-+2dy adder 219 along W1th the two
next digits to be summed. As a result of each step of
this addition, a digit is transferred back onto the wheel
136 by record line 149 feeding through first mixer 216a.
Thus, the new y number has been obtained as a result
of adding the predetermined dy inputs to the existing y
number in the memory. This completes the description
of the first main loop comprising the computer unit 136.

- The other main loop referred to performs the digital
integration process and thus generates the dy outputs of
the integrating computations, aad also provides the new
r number derived as a result of the integrating step.

Referring again to Figure 16, the R channel output
digits and marks are fed from pickup line 138 through
a second set of parallel gates 223 and 224. Gate 223
is opened during interval P; through P,y and permits
the one dx code mark in the R channel to be fed at some
time during this interval into the R channel decoder 225,
In addition to feeding the dz digits from the dz channel
via pickup line 143 into the Y channel decoder 214, a
parallel connection feeds these pulses to the R channel
decoder 225. Here, coincidence between a dx code mark
and a . dz “one” causes a positive dx one to be fed into
the dx register 227. A dx code mark matched with a
zero in the coincident position of the dz line causes a
zero to be fed into the dx register 227.

It should be noted that since the dx code mark is
to be used throughout a computation, in addition to
being fed into the R channel decoder 225, it is fed by line
226 to a second mixer 224%a by which it is re-recorded
onto the R channel of the wheel 118,

Returning again to the output of Y channel gate 217,
the y digits or marks therefrom have three parallel
“paths” available to them. The first “path” 218 is the one
already described which “feeds” digits into the Y+Zdy
adder 2£9. The second “path” 228 “feeds” the y digits
“through” a positive gate 239 and a mixer 232 to the
(R+Y) adder 233. The third path 238 feeds the y digits
through a reversing circuit 234 which reverses or primes
the states vepresented by each digit, “passes” the output
through a negative gate 236, and then finally “through”
mixer 232 into the R+Y adder 233.

“Positive” and “negative” gates 238 and 238, respective-
ly, are controlled by the positive and negative states of
the dx register 227.. Thus cnly one of these gates is open
at a given time.

It is now made evident that during the P; through Py,
clock times, the R and dz channel together supply a dx
state which is registered as to sign in the dx register 227.

19

15

20

25

30

40

45

50

b5

60

65

70

75

28

Then, during the period P,y through Py, the old y num-
ber is fed from the Y channel gate 217, either through
“positive” gate 238 as a normal number, or through
“negative” gate 236 as a one’s complement. In either
case, the result is fed through mixer 232 into the R+4-Y
adder 233 to effect the summation of the differential com-
bination, e.g. ydx.

Simultaneously with feeding the y number from mixer
232 into the R--Y adder 233, the gate 224 in the R chan-
nel opens and permits the » number from the magnetic
wheel to be fed stage by stage into the R-+-Y adder 233,
Thus, corresponding stages of the y and r numbers are
added. As in the Y-Z=dy adder 219, a carry state, as a
result of the binary arithmetic, is obtained in the R+Y
adder 233 by feeding a carry state “through” a carry mixer
237 into a delay unit D2 which delays or stores thé
“carry,” one clock time, and then feeds it into the R+Y
adder 233 with the two digits of the succeeding stages
to be summed.

It should be noted that the c1rcu1try of the second main
loop prov1deu for reversmg the sign of the y number when
the dx input is negative. In the present scheme, which will
be more clearly explained in the ensuing discussion, chang-
ing the sign of a y number is accomplished by reversing
the zeros and ones in the y word and adding a one. The
reversal of the zeros and omes is accomplished by the
reversing circuit 234. In order to obtain the additional
positive one, which must be added to the least significant
stage of the reversed y word, to obtain the true comple-
ment, the dx— line from the dx register 227 is fed into the
carry mixer 237 feeding delay D2. A gate 239 is pro-
vided in this dx— line. Gate 239 is opened during the
Py time period, thus permitting the D2 delay to have an
initial “one” therein when dx is negative. This initial one
is thus made available at the beginning of the adding oper-
ation inthe (R+Y) adder 233 as an initial “carry-in.”

The outputs from (R-+Y) adder 233 contains both the
new r number, obtained during the Py 47 interval and the
dz output obtained at the Py clock time as a result of the
integration. The new r number is recorded onto the R
channel of the magnetic wheel 116 on record line 139.
This line 139 has a gate 2384 therein which is.cpen only
during the Pg;/4r clock times. The dz output pulse is
recorded onto ‘the dz channel of the wheel at pulse time
P43 by connection 146. A gate 243 in this latter hne is
open only during the Pyg clock interval,

It should be noted that the pickup line 138 which
feeds in the R channel information has an additional by-
pass line 245 connected through a by-pass gate 248 to
the mixer 226a feeding the R channel of the memory.
This by-pass gate 248 is open during the Py clock inter-

val, thus enabling the information in the R channel to

be recirculated without change. This information, either
a one or a zero, is set into the computer as a part of
the initial conditions prior to computatlon Its function,
as utilized in the R4 adder 233, is to pass the dz output
states as they are, or to reverse or prime them. Thus, as
will be more clear in the ensuing discussion, a high dz
output represents a “plus” one; and a low dz output rep-
resents a “minus” one in thé scheme of the present in-
vention. 'This method is generally referred to as the “plus
one-minus one” system and will be described in detail in
the ensuing description. It will also be made clear that
a “one” in the Py position of r causes a reversal of sign
to take place at the output

The information in the dz channel of the wheel repre-
sents the dz output values from previous integrator com-
putations. Hence, the information in the dz channel, in
addition to being fed into R and Y channel decoders,
must be recirculated by line 265, having a recirculating
gate 266 therein, back onto the dz channel of the wheel
via a third mixer 265q. This recirculating gate 266 is
open to re-record dz digits during clock intervals Py
through Pyr, while at the Py time the new dz output value
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is recorded on the dz channe! via gate 243 feeding third
mixer 265a.

This completes the general description of the second.

main loop of the computer unit 136.

Referring again to Figure 16, in order to be able to
define the clock time intervals P, throught P, which
range defines one integrator set-up length, a P counter
240 is actuated by clock pulses generated in the clock
channel of the wheel 116. The carry from the P counter
240 actuates the I counter 241. Every complete cycling
of the P counter thus defines a new integrator interval I,
In order to define a unit memory position for a particular
integrator set-up on the wheel: the channel (R or Y); the
interval position P, in the channel; and the integrator
must be defined. The P and I counters 240 and 241, re-
spectively, enable these unit positions to be made avail-
able as needed.

Referring to Figure 17, the P counter will next be de-
scribed in detail. 1t is noted that the P counter is com-
prised of flip-flops F1 to F6, inclusive. The various
combinations of bistable states of these flip-flops are used
for defining 48 different consecutive patterns, thus en-
abling the P counter to count clock pulses (intervals)
from P, through P, repeatedly. For each of the flip-
ilops, when the right plate is of a relatively high potential,
the flip-flop is defined to indicate a “1,” hence when the
left plate is of a relatively high potential the flip-flop will
indicate a “0.” The 48 different patterns that the flip-
flops assume can be obtained by referring to Figure 18,
which, excluding the last column of digits on the right,
is actually a table showing two cycles of binary numbers
counting from the equivalent decimal number 8 through

1. ' By arbitrarily making the first binary number (deci-
mal 8) equivalent to Py, the counter counts intervals from
P, through Py, in the first cycle and from Py through
P4z in the second cycle. The flip-flop F6 is used for dis-
tinguishing the second cycle from the first. A “0” state
of the flip-flop F6 indicates the first cycle counting and a
#1” state of the flip-flop F6 indicates the second cycle
counting.

The manner of interconnecting the flip-flops F1 through
F6 to obtain this counting of clock pulses can now be
explained in detail by reference to both Figures 17 and 18.

All of the flip-flops F1 through F6 have clock pulses
C simultaneously fed into all of their inputs through right
and left gating devices, such as 246 and 247 shown for
flipflop F1. These gating devices, as described, are such
that they pass a pulse to an input of a flip-flop when and
only when all lines feeding into the gating device are of
a relatively high potential. As the consecutive clock
pulses are fed into the P counter from the left, the flip-
flops change their states, in order, in accordance with
the table in Figure 18. This is generally accomplished
by interconnecting the outputs of the flip-flops to the in-
puts according to a scheme best recognized by Figure 17.
Here it is noted that the first flip-flop F1 changes from
one of its states to the other state every time a clock
pulse C appears, hence the right gating device 246, which
feeds into the f; input of the flip-flop F1, is connected so
as to be impressed by the potential of the left output Fy’;
and the left gating device 247, which feeds into the of;
input, is connected so as to be impressed by the potential
of the right output F;. For ease of illustration, these
connections for flip-flop F1 are represented in Figure 17
by dashed diagonal lines 249 and 250, respectively.

" Thus it is seen that each clock pulse C can only pass
into that input of the flip-flop F1 which will change its
state. (It will be remembered, of course, that in the ac-
tual circuitry, the two step switching is implied here as
well as elsewhere.)

Referring to Figure 18, it is noted that in order to

have each successive clock pulse C trigger the flip-flops to”

indicate the desired count, all of the flip-flops, after the
ﬁrst change to a “1” state when and only when all the
previous flip-flops are in a “1” state.  That is to say, the
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condijtion required for enabling a flip-flop to change to a4
“1” state on the next clock pulse C is for all the previous
flip-flops to be indicating a “1.”

Likewise the condition required for enabling a flip-flop
to change to a “0” state on the next clock pulse C is for
all the previous. flip-flops, plus the flip-flop in question, to
be in a “1” state. Using these two conditions, it is pos-
sible to set up symbolic logic equations for each of the
flip-flops which define the conditions needed to change
a particular flip-flop to its opposite state.

For flip-flop F1, whose connections have alrsady been
described, the input equation for enabling flip-flop F1 to
indicate a “1,” ie., to be made true on the next clock
pulse C is defined by fi==F;’C. The input equation for
enabling the flip-flop F1 to indicate a “0,” i.e., be made
false on the next clock pulse C, is defined by ofl__F 1C.

For the flip-flop F2, using the scheme above devised, the
input equation fo=FiFy'C, ie., the f, input “looks”
bothits own flip-flop state and the state of flip-flop F 1.
This is schematically illustrated in Figure 17 by dashed
diagonal lines 251 and 232 connecting the Fy’ output and
the F,; output, respectively, to the right input gating de-
vice of flip-flop F2. Thus when flip-flop F2 is in a false
state and flip-flop F1 is in a true state, the next clock pulse
C is passed to make flip-flop F2 true. -Using a similar
line of reasoning, the input equation fs equals F,F,C.
This is illustrated in Figure 17 by dashed diagonal lines
253 and 254, connecting output F, and output Fy, respec-
tively, to the left input gating device of flip-flop F2.

The input equations ofz, f3, ofs> fa, €tc., for all the other
flip-flops can be easily obtained, as shown in Figure 17
by the extension of the above theory. There is one ex-
ception, It is noted that in order to make F4 false, thé
condition that its own plus .all the previous flip-flops be
in a “1” state is valid for changing the indication of the
counter to count Py and Pg3. However, when changing
the indication of the counter from Py to Py, the F4 flip-
flop plus all the previous flip-flops are in a “1” state but
it is desired, in this case, to maintain the F4 flip-flop
in a “1” state. This discrepancy is overcome by adding
the state of the F5 flip-flop into the (f, equation. This F5
flip-flop is always in a “0” state (Fy") when it is desired
to change the flip-flop F4 to a ‘0”7 state, hence
of s==F1FF3F4F5'C.

The logical net for the P counter, designed in ac-
cordance with the input equations above described, will
next be explained.

In Figure 19, the input equation f;=F;C is physically
set-up by a diode network having terms F; and C fed
therein on separate diode input lines. F; is obtained
from the right output of flip-flop F1, and C is obtained
from the clock channel on the wheel. This circuit cor-
responds to a logical product net as described in connec-
tion with Figure 11. The high potential output on ¢f;
corresponds to a logical product of the two input voltages
as previously defined. .

In Figure 20, the input of 4f, of flip-flop F2 is shown
to be similarly formed by terms F;, Fy and C feeding in
on separate lines to a three dicde input logical product
net.

Similarly (fs is shown in Figure 21 to be formed by
a similar gating circuit having four separate crystal diode
inputs, Fy, Fy, F; and C.

Referring next to Figure 22, a family tree type of diode
network is shown which, in effect, performs the multipli-
cation of terms in equations of;, ofy, ofs, in a simplified
manner in a single circuit, '

Here it is readily apparent that instead of having the
C term, for example, fed into each gating circuit on a
separate line, the C term is fed in only at the bottom of
the circuit in- Figure 22.  Thus the result of each logical
multiplication, which represents the solution to one of
the simple equations, is made available to be combined
with other terms to make up the more complex equations,
Thus the high potential output of-first junction 256 in
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Figure 22 is equal to ¢f;. This latter output, when com-
bined with a single new input F,, is then fed into anothe_r
two input multiplier to form the new output ¢f,. Simi-
larly this latter oufput fs and néw term Fz combine to
produce ofs.

In Figure 23, the family tree of the entire diode net-
work required to interconnect the flip-flops F1 through
F6 to count the pulses P, through P, is shown. TI}is
family tree is constructed in accordance with the prin-
ciples outlined together with Figures 17 to 22. Since the
input f; is composed of terms C and F;’, which do not
appear in any of the other equations, it is located at
the bottom of the tree and set up as a separate network.

It is noted that in this family tree each of the solution
lines, such as (fy, {1, ofs, etc., has a resistor such as re-
sistor 258, associated therewith. Anytime all of the
terms which make up the input equation to one of the
flip-flops are of a high polarity, the dicde current flowing
from the positive source through the associated resistor,
such as 255, is terminated thus bringing the solution
line to the potential of the positive source cailed high
or B+, This high potential, which is always only of a
short duration due to the nature of the clock pulse C,
represents a value 1 resulting from a solution of the
equation.

In addition to indexing the comsecutive positions Py
through Py of each integrator, the P counter is used for
generating five “time propositions” that are needed in
the computer unit. Referring to Figure 18, the logical
equations defining these propositions are shown. Two of
these time propositions represent ranges of clock times
and three of them represent unit intervals.

As has been pointed out, the integration time interval
P59 is useful in defining the period during which the
dx or dy inputs can be picked up or decoded. This time
proposition is determined by reference to the table in
Figure 18. It is noted that the pulse time range P,
through Py, is uniquely characterized by a zero state of
the F6 flipflop. 1In order to eliminate the Py and Py,
pulse times, it is noted these latter pulse times have ones
in the F2 through F6 stages, whereas all the desired pulse
times P; through Py, have a zero in at least one of these
stages. Hence, the Py9, proposition is defined by the
equation

Prjgg=F¢' (Fo'+F3'++Fy+F5')

As will be noted later, it proves to be advantageous
to first generate the inverse proposition P’1/02 and feed
it into a driver circuit to obtain the desired Py95 time
proposition. By means of the principles of logical alge-
bra, it can be shown that P’1/22=F5—|—F2F3F4F5.

The second range of integrator clock times period de-
sired is Py 45, which, as previously explained, defines the
number range of an integrator. This time proposition is
characterized mainly by the term Fg which sufficiently

. defines the period Py In order to include the Poy
pulse time, an additional term (F,F,F3FF5) is required.
It is noted that Py, is the only time term, during the time
when ilip-flop F6 is false, that is distinguished by having
all ones in the remaining flip-flops F1 through F3. Hence,
the equatieu P24/48:F6—}—F1F2F3F4F5.

The unit time propositions which are required for the
computer unit are Py, Pyy and Py, The equations de-
fining these pulse times are obtained by defining the
logical product of the F flip-flop terms obtained by in-
spection of the table of Figure 18.

Thus: P24=F1F2F3F4F5F5'
Pyy=F'FoF3F F5Fg
Pyg=F1F3F3F,F;sFq

As with the Py/5, time proposition, the terms P, and
Py are used so often in the computer that they require
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P, and Py’ are first generated by logical nets ‘and the
outputs of the driver circuits, inverting their inputs, thus
supply the desired propositions. : .

By use of Boolean :algebra, these inverse propositions
are:

Py =Fy'4-Fy 4 F3'+-Fy 4 Fs'-Fg
Puyg'=F - Fy'+Fs' +Fy -+ F5'+F¢

The integrator counter I will next be described. "It
is desired that this counter have a capacity of 22 since
there are 22 integrators in series on the memory frack.
Five flip-flop stages, designated as K1, K2, K3, K4 and
X5 in Figure 24, are provided for this counter. Since
a binary counter having five stages has an overflow
capacity of 32, the present counter, similar to the P
counter, has an initial number, in this case a binary in-
dication of the decimal number 10, set therein. This
initial number is arbitrarily assigned the time interval I;.
The I counter flip-flops then switch in a normal manner
to produce a binary count of incoming carries out of the
P counter. The count continues through I,, at which
time this counter resets again to the initial binary number.

The I counter is supplied by overflow status, P4, from
the P counter. -Hence, the P counter counts through 22
cycles before the I counter receives emough inputs to
count through its cycle. It should be noted that the I
counter remains at a particular count for a time interval
corresponding to the length of an integrator. In all cases,
the length of an integrator is 48 clock intervals.

As with the P counter, the scheme used for deter-
mining the equations of the inputs to the flip-flops K1
through K5 is revealed by the table of the bimary indi-
cations of the flip-flops as shown in Figure 25. As be-
fors the K1 flip-flop reverses its state each time a Py C
term is received from the P counter. This is accomplished
by impressing the right and left gating devices of the
flip-flop K1 by potentials from the opposite plates as in-
dicated, for example, by diagonal lines 258 and 259,
respectively. Thus the equation ky=K;"PsC is obtained
for the right input which renders the flip-flop to indicate
a “1” or a true state; and the equation gk;=K;'PusC is
obtained for the left input which renders the flip-flop to
indicate a “0” or a false state.

On examining the conditions needed for making the
particular flip-flop K2 false, as shown in Figure 24, it
is noted that by “looking” at its own state and the state
of the previous flip-flop K1 one ambiguity arises, this oc-
curs when the counter goes from Iy, to Iy~ At this instant,
although K1 and K2 are true, X2 must remain true in
order to reset to K1. Thus an additional term must be
suppiied to the input okp. It is noted that either the K3,
K4 or X5 flip-flops are false whenever K2 must go false.
Thus yk, is seen to be made up of three terms:

oka=K KyKy'PsgC+ K1 K3Ky' PysC-+ K1 KoK PygC
=K1Ky (Ky'+ Ky +K5') PyC

The plus (4) symbol in symbolic logic signifies an
“inclusive or” operation; hence, if any one of the three
flip-flops K3, K4 or K5 is false at the same time that
K1 and K2 are true, the K2 flip-flop can be made false.

This same problem of suppressing the change of the
flipflop in order to return to the initial number in- the
counter is met by equation gks, wherein the false state
of flip-flop K35 is intreduced to -permit flip-flop K4 to be
made false when going from I to I, but preventing. flip-
flop K4 from going false when going from Ton to I,

Figure 26 shows the-diode network used for inter-
connecting the flip-flops of the integrator I counter, The
family tree type of network is shown there to have
three levels of diodes for physically setting up the sym-
bolic equations of ‘the inputs to the K flip-flop shown
at the bottom of Figure 24. As before, all of the equa-
tions, except ky=K,'P,C, have some of their -terms
supplied as the solutions of previous lower order equa-
tions, )
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The 4k, equation, as seen in Figure 24, is made up by
symbolically adding three complex terms representing
symbolic products. Referring back to Figure 10, the
basic diode net used for performing symbolic addition is
shown.

Similarly, the portion of the logical net employed in
Figure 26 for adding the terms of the ¢ky equation is
shown in the block 260. Here the terms Kj', K, K5’
are fed through individual diodes to a common junction
261 returned to ground through a resistor 262, Any time
at least one of the input terms is of a relatively high
potential, the voltage of junction 261 rises due to diode
current flowing through resistor 262. This high voltage
is then fed into one of the inputs of a logical product
net defined by second block 263. The other input to the
net 263 connects to line 264 which carries the high volt-
age corresponding to-the logical product of the com-
mon terms, K;, Ks, Psg and C, appearing in each of the
three terms of the okz equation. - The rest of the logical
net for the I counter is essentially a family tree made up
of logical product nets and will not be further described.

Referring next to Figure 27, 2 matrix circuit is shown
of how the outputs of the integrator flip-flops K1 through
K35 can be interconnected such that a signal can be ob-
tained on separate lines indicative of each of the integrator
interval times I, through I,,. Referring to the table in
Figure 25, the pattern of the states of the flip-flop stages
for each integrator interval is used for setting up the
matrices in Figure 27. For example, integrator I; in-
terval is identified by a “0” or false state in stage KlI,
K3 and X35, and a “1” or true state in stages K2 and K4.
Fach of the other integrators I, Is, etc., intervals are
identified by the pattern of the flip-flop states in a like
manner.

In order to obtain the simplest circuitry for sensing the
unique conditions of the K flip-flops which define each
of the integrator interval times, the outputs from the
integrators are divided into two groups.  The right and
left outputs from flip-flops K1 and K2 make up a first
group, and the right and left outputs from the remaining
flip-flops K3, K4 and K5 comprise a second group: The
matrix circuit is made up of three matrices, a first and
second input matrix 268 and 269 for recieiving the out-
puts from the first and second group of flip-flops, respec-
tively, and an output matrix 270. The first group of
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274 and 273 which.make up the junction. Taking matrix
junction 285, for example, its horizontal line is connected
to input K;’ and Ky through separate diodes, such as
diode 275, and its vertical line is connected to input Ky,
X, and K5 through separate diodes, such as diode 276.

Thus, when all these inputs are simultaneously of a high
potential, a high potential is evident on the output I.

The duration of this high potential is 48 clock imntervals
long and defines the I interval of the integrator. In a
similar manner the I, interval time is physically obtained
at matrix junction 287 by feeding the high potential of
inputs K; and K, to one input and feeding the high po-

“ tential of inputs K3, K4 and Kj to the other input of the
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flip-flop outputs, Ky, Ky, Ky', K;, feed into the vertical -

lines 271 of the first input matrix 268, and the second
group of flip-flop outputs, Ky’, Kj, Ko, Ky K5, K,
feed into the horizontal lines 272 of the second input
matrix 269. The horizontal lines 273 of the first input
matrix 268 are then extended to cross the extended ver-
tical lines 274 of the second input matrix 269.

Referring to the table of Figure 25, it is noted that
there are four sets of combinations of the states of the
flip-flops K1 and K2 taken together, K,'Ky’, KiK',
Ky'K,, KK, Hence; these four combinations are ob-
tained in the first matrix 268 by connecting the respec-
tive inputs of each set to one of the four horizontal lines
273 of the first input matrix 268 through individual di-
odes, such as diode 275. Similarly, it is noted that there
are six combinations of the states of the flip-flops K3,
K4 and K5 taken together, namely, K5'KKy’, K5'K. K3,
K5K4’K3', K5K4’K3, K5K4K3’, and K5K4K3. Each -of
these combinations of inputs is connected to one of the
vertical lines 274 of the second input matrix 269 by in-
dividual diodes, such as diode 276.

At the junction of the extended vertical lines 274 and
the extended- horizontal lines 273, a two input logical
product circuit such as circuit 279 is provided.

Each product circuit, such as 279, is made up. of two
diodes; such as diodes 280 and 281, whose plate ends are

joined and comnected through a resistor, such as resistor -

283, to a high potential source B. FEach of the other
ends of the diodes, such as diodes 280 and 281, is then
connected to the extended vertical and honzontal lines
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logical product circuit associated with junction 287.
Thus, a high polarity on output I, senses the I interval
time. Similarly all the other interval times I, I, etc.
can be sensed as high potentials on respective outputs
13, 1, etc., from the output matrix 270.

Referring next to Figure 28, each of the outputs I,
I,, etc., from the matrix of Figure 27, is fed to one of
the 22 terminals, such as terminal 289, of a selector switch
290. Switch arm 291 can be manually positioned on any
one of the 22 terminals, thus enabling a particular inte-
grator interval time Ij to be derived. The high output
from switch arm 291, representing an I; integrator in-
terval, is impressed through a voltage divider circuit 292
to the grid of a triode 293. The capacitor 294, connected
from the input to the voltage divider 292 to the grid of
triode 293, applies an integrating effect on the input wave-
form, thus maintaining its shape. The plate output of
triode 293 is clamped between 100 v. and 130 v. by a
pair of clamping diodes 294. The plate output of triode
293 represents the proposition Iy’; that is, the inverse of
I,. ‘This voltage is impressed on the grid of a second
triode 296 through a second voltage divider circuit 297
to obtain the square waveform representing the time in-
terval I;. As before, a pair of diodes 298 connect the
plate output of triode 296 to potential sources 100 v. and
130 v., respectively.

The =dy counter 215 will next be described. - This
counter has four flip-flops, Al, A2, A3 and A4. How-
ever, only the first three flip-flops are in retality counting
stages. The A4 flip-flop represents the sign of the num-
ber contained in the previous three flip-flops. “As shown
in Figure 30, a positive .content of the Tdy counter is
represented by a “0” in the A4 flip-flop, and a negative
content of the =dy counter is represented by a “1” in the
A4 flip-flop. The zero content and the positive counting
of the =dy counter is represented in a conventional binary
manner. However, minus one is represented by “1” in
all the flip-flops. . To obtain the additional minus counts,
the flip-flops are such that they carry into the next flip-flop
when they change from a “0” to a “1” state.

The four flip-flops which: comprise the Zdy counter
are shown in Figure 29. The equations of the inputs to
the flip-flops are shown below their respective flip-flops.
The operations accomplished by this =dy counter can be
separated into four groups. These are; positive counting,
negative counting, stepping and resetting.

In addition to “looking™ at its own flip-flop states, the
=dy counter has its operations controlled by several other
proposition flip-flops. These latter will be referred to
here and explained further in the ensuing description.

The main function of the Zdy counter is to sum the
Zdy inputs. to one of the integrators during a decoding
time. These dy inputs are obiained as the result of co-
incidences between the dz precession line and the dy
code marks. In the dz line, the dz outputs from previous
integrators are stored. Each mtegrator selects for itself
as inputs those dz outputs appropnate to- the problem
under solution. This selection is "made for the integrator
by its code marks or marks in the dy code section and
by its code mark in the dx code section. These code
marks, of course, are introduced as part of the initial
set-up of the machine and remain unaltered as far as
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their positions are concerned during the entire computa-
tion. The dy code pulses are recorded in the Y channel
of an integrator memory during a P; through Py count
of the P counter. This time interval is indicated in the
present discussion by proposition Py Furthermore,
whenever a digit “1” appears on the Y channel for a given
P position the Y1 proposition flip-flop is made true, and
whenever a digit “0” appears on the Y channel the Y1
proposition flip-flop is made false (see Figure 12). The
dz precession line has a flip-flop designated Zb (see Fig-
ure 14) which is used for computing. This Z5 fip-flop
is true when a dz--1 appears in the precession line at a
given P time, and is false when a dz—1 is in the preces-
sion line.

In summary, the additional propositions needed for
enabling the positive and negative counting operations of
the =dy counter to take place are the Y1 flip-flop, the
Py/2e pulse range time, the Zb flip-flop, and, of course,
the clock pulse C.

Referring first to the positive counting operation equa-
tions, in the table of Figure 30, it is noted that the Al
flip-flop changes states every time a dy mark is received
from the magnetic wheel regardless of the value of the
corresponding dz digit. The product term Y:Py/sy de-
fines the time during which the dy units are being fed
into the computer unit and hence are necessary proposi-
tions for the input equations. Furthermore, as in all the
other counters, the inputs to the Al flip-flop look at their
own flip-flop state to determine which state to change to
when the next dy unit is fed into the 2dy counter. Hence,
the equation needed to make the A1l flip-flop true is
ay=Y1P;,594,'C and the equation needed to make the
Al ﬂlp-ﬂop false is 0ﬂ1=Y1P1/22A1C. i

The input equations for the remaining A flip-flops are
derived, in general, according to the scheme outlined for
the P counter, i.e., by referring to the table of the binary
indications of the A flip-flops as shown in Figure 39,
and noting what the states are of the previous flip-flops
and its own flip-flop.

The dy input mnits to an integrator are determined by
coincidence between dy code marks and corresponding
digits in the dz line. Depending on whether there is
a one or a zero in the dz position, the sign of the dy unit
is positive or negative, respectively. If the dz line
contains a 1, the Zb flip-flop will be in the “on” condition
(the Zb plate will be high), and conversely. Hence, to
accomplish. positive counting in the =dy counter, a Zy
term must be present in the input equations. - It should
be noted that the Z;, term was omitted in the first flip-
flop A1l because, for both positive and negative counting,
the Al flip-flop changes states every time a dy unit is
fed therein, regardless of whether it has a positive or
negative sign.

The negative counting operation will next be described.
The input equations to the Al flip-flop for negative count-
ing are similar to the inputs for positive counting as has
already “been described. The inputs for the A2
flip-flop during negative counting will next be noted. The
notation which indicates that the dz pulse is negative is
a high or one value for the false state (Zy’) of flip-flop
Zb. Hence, this term appears in both the inputs to the
A2, A3 and A4 flip-flops. Referring to Figure 30, it
is noted that the necessary condition of the flip-flops for
making A2 false is for Al to be false and A2 to be true.
Thus oa; equals Y1P195 Zy'Ay’A,C and, by a similar rea-
soning, all the other input equations for negative counting
follow.

The Zdy counter is thus seen to have a binary count-
ing capacity from decimal equivalent plus 7 to minus. 7.
Furthermore, whether the Zdy counter has a positive or
negative number content, a negative dy unit fed therein
will cause the counter content to be algebraically de-
creased by one unit, .

One further important function required of the =dy
counter is the ability to have its content fed out in a

[N

10

15

20

25

30

45

50

55

60

65

70

75

35
serial manner so as to enable successive stages to be
added, digit by digit, to the y number binary train being
picked up from the magnetic wheel.

This serial feeding out of the digits can be considered
as a process initiated by the S1 flip-flop shown in Figure
31, for example. This S1 flip-flop is set on by a mark
which is recorded on the magnetic wheel at a given time
to initiate the start stepping operation for combining the
contents of the =dy counter to the y number picked off
the wheel. This mark is the first one which is recorded
in the y number interval and always occurs 1 place be-
fore the least significant digit of the y number.

This stepping operation, as illustrated by Figure 32,
causes the binary number contained in the =dy counter
flip-flops to “step” or shift bodily within the counter,
stage by stage in the direction of the least significant end.
Thus, each time the counter is stepped, each stage as-
sumes the value of the previous stage, as noted in Fig-
ure 32. Since the =dy counter contains three stages, it
is shown that the counter must be stepped three times
in order to place the digit of stage A4 into stage Al.
It is the condition of flip-flop stage Al at any pulse time
which is used for the input equations defining the addi-
tion operation of the y number digits to the Zdy counter
digits.

The equations used for controlling the =dy counter
during the stepping operation are characterized mainly
by including the S; term. Thus for example, if stage
A2 has a digit one therein, stage Al is made to have a
digit one by equation @;=814,C. This notation means
that the input which makes Al true, as a result of a
stepping operation, reflects the true condition of the flip-
flop A2. The inputs a; and (aq to the A4 flip-flop are
both zero, for the stepping operation, and hence, its con-
tent does not change as a result thereof. Since the con-
tent of A4 continues to step into A, into A,, into Ay,
etc. it is evident that after the third clock interval follow-
ing the start of the stepping process, all of the A flip-flops
will have the value of the sign and that this value will
continue to step out of the dy counter and add to the
old value of y issuing from the y memory channsl. It
will be seen that the values which have been assigned to
negative numbers in the dy register will combine with y
numbers as the zero’s complement of the true binary num-
ber since the one corresponding to the negative sign will
continue to add to y throughout the process.

One other operation must be “included in the input
equations to the Zdy counter. In order to ensure that
the content is zero, as each successive integrator set-up
on the wheel comes up for computation, a PsC term is
introduced in the input equation of each of the flip-fleps
which renders all the flip-flops to be initially false.

The foregoing describes the various operations which
can be performed on the Zdy counter. The positive or
negative counting operations occur during the P; through
Py, interval; the stepping operation starts sometimes dur-
ing the Py, through P, interval, ending on the Py inter-
val, and the reseiting operation occurs at the P pulse
time.

The logical net required for performing the above op-
erations will next be described by reference to Figure 33.

Here the family tree type of logical net is shown. The
outputs of the logical net which are connected to the
inputs of .each of the four flip-flops comprising the =dy
counter are designated by appropriate letters 4a1, a1, etc.,
at various levels in the mid portion of Figure 33.- For
example, referring to Figure 29, the solution of the g4,
input to the Al flip-flop is made up .of the combination
of: A single counting equation common to positive and
negative counting, a stepping equation, and a reset equa-
tion.” As seen in the lower left corner of Figure 33, each
of these equations, except for the common term C, is first
solved independently, and the results then fed into a
Jogical three input addition circuit 302. Thus the count-
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ing ferm Y1P1 12241 Is obtained, by a first product circuit
299, The resulting high potential representing this prod-
uct is fed on first line 303 into one of the inputs of addi-
tion circuit 302. The stepping equation terms S; and Ay’
are multiplied in a second product circuit 360.and the
resulting product fed on second line 304 into a second
input of addition circuit 302. - The Py term needed for
the reset equation is fed on a single line 305 into the
third input of the addition circuit 302. Thus, whenever
one of the inputs to addition circuit 302 is of a high
polarity, a relatively high output is sensed oa its output
line 306. This output is combined with a clock pulse C
in multiplication circuit 307 to obtain the desired output
041,

The logical net for the solutions of the o2 1nputs to
the A2 flip-flop will next be described. In this case four
independent solutions are possible. Hence, a four input
logical adder circuit 308 is provided. The positive count-
ing term of the ¢a, input is obtained by feeding the count-
ing term of oa; (generated in circuit 299), along with
terms Zp, and A,, into product circuit 309. The output
of product circuit 309 is then fed into one of the inputs
of the logical adder circuit 308, The negative counting
term of the ga, input is noted to be made up of the posi-
tive counting term of the a; input Y;Py/094,’, as evidenced
by a high polarity on connecting line 310 on the right
of Figure 33, together with terms A, and Z;’ which are
all multiplied together in product circuit 311. The out-
put of product circuit 311 is fed by line 312 to one of the
inputs of logical adder circuit 308. The stepping term
of the gay input is solved by stepping product circuit 313
whose output is fed into logical adder circuit 308. The
reset term Pyg, fed in on lead 314, constitutes the fourth
input into logical adder circuit 308. Whenever one of the
inputs to adder circuit 308 is of a relatively high polarity,
a positive polarity is impressed on one of the inputs to
the output product circuit 316. A clock -puise C, in
coincidence with this positive polarity produces the sub-
stantially square wave output pulse at point 317 repre-
senting the 94z Output.

The remaining equations controlling the operatlon of
=dy- counter flip-flops are physically solved in a similar
manner by the logical net shown in Figure 33. -

In all cases the false input positive counting equation
for each flip-flop is solved by feeding the similar solution
of the previous flip-flop into a product circuit together
with the true output of its own flip-flop. Similarly, the
false input negative counting equation for each flip-flop
is solved by feeding the positive input solution of the
previous flip-flop into a product circuit together with the
true output of its own flip-flop. The characteristic prop-
osition for positive counting is the Zj, terms, and for
negative counting the Zy’ term. Since these terms are not
important in the input of the first flip-flop, as previously
noted, they are introduced in the respective inputs to flip-
flop A2 and thus appear in all the remaining inputs.

The theory of the precessing line will next be described.
As previously stated, the dz precessing line is a general
storage for the dz output states representing the carry out
or overflow of each of the integration processes. These
pulses are generated at the P,y time associated with each
of the integrators. The scheme employed in Figure 34
for -representing these. dz outputs is to use the number
corresponding to integrators I; through Iy, in the position
the dz output takes in the delay line at any given clock
time, ‘The delay line is made up of two parts. The first
part, which is: substantially 47 clock -intervals long, is
obtained by the relative spacing of the Z channel record
and pick-up heads along the magnetlc wheel. The last
part, which is 2 clock intervals long, is composed of flip-
flops Za and Zb. The present discussion is mainly con-
cerned with negative precession, i.e., utilization of the
entire delay time available as reqmred during computa- .
tion. ‘Thus the information is assumed to be fed into the
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computer unit 136 from the Zb flip-flop as conirasted to
being fed from either the Z1 or Zag flip-flops.

Assuming the computer unit is just beginning to com-
pute, the position of the dz outputs in the delay line
during the first revolution of the wheel will be described.
Then enough of the precession operation of the delay line
during the second revolution of the wheel will be de-
scribed to show that the operation is cyclical.

Referring to the Puel; clock time, the dz output of
integrator Y, is generated, i.e., set-up in the computer.
This set-up causes the dz output to be recorded on the
magnetic wheel part of the delay line. This is repre-
sented on the first row 318 of Figure 34 (which is denoted
in the right hand column as Pygl; pulse time) by the digit
“1” located in the left end pulse position of the delay
line. One pulse time later, as defined by P;I5, the inte-
grator I; output advances through the delay one addi-
tional clock pulse time. The next pulse time, as defined
by Pyl, advances the integrator I; output still another
clock pulse time. Thus the general mode of operating
the dz delay line is revealed.

At Pygl, time, 48 clock intervals after Pygly, the output
of integrator I, is set-up in the computing unit and re-
corded into the delay line as shown on row 319. At this
time the dz output of integrator I; is in the Zb flip-flop
but is ready to be transferred, via the computer unit,
onto the magnetic wheel at the next clock time.

Referring to the chart, it can now be seen that the
output of integrator I3 is set-up and recorded at Pyl
time, the output of integrator I, at Pyl time, and so on
to the output of integrator Iy which occurs at Pigly,
time.

At this point, the outputs of the previous integrators
occur in descending order in the delay line, spaced one
pulse time apart as shown on row 320 at Pyl time, for
example. Hence, at successive pulse times, such as
Pilss, Polgs, etc., the outputs of the previous integrations,
such as Iy, Ijp, etc., respectively, are fed out of the Zb
flip-flop end of the delay line and immediately re-entered
into the front end with no delay.

At Pgl,s time, the output of integrator I, is generated.
This completes the first revolution of the wheel and de-
fines what may be called the major cycle of the machine.

Commencing with the second revolution of the wheel,
it is seen that at Pgl; time, as shown on row 321 of
Figure 34, the output of integrator I, is again generated.
This output as before advances one position through the
The pattern of the out-
puts through the delay is thus shown to repeat for each
revolution. For the second revolution of the wheel, as
shown in row 321, the integrator outputs from the previous
revolution are still present.

This completes the description and operation of the
dz delay line during computation, i.e., when the delay

? line is 49 clock intervals long.

In order to set-up a problem on the present’ computer,
it is necessary to know where to place the dy and dx
code marks in the Y and R channels, respectively. Refer-
nng to the portion of the chart of Fxgure 34 represent-
ing the integrator I, period, a mark in P, picks up
(coincides) with the recording of the ountput of the in-
tegrator 2 numbers behind; P, coincides with the output
of the integrator 3 numbers behind; P; coincides with
the output of the integrator 4 numbers behind, etc. In
order to facilitate knowing where to place the dx and dy
code marks in the P; through P,y positions of each in-
tegrator set-up of the wheel, a circular slide rule shown
in Figure 35 is used. This slide rule has a large back

- circular card 322 rotatable with respect to a smaller front

circular card 323 about a common reinforced center.324.
The periphery of the back circular card 322 is divided
into.22 equal arcs numbered 1 to'22 in a clockwise direc-
tion.  These numbers represent pulse positions P; through

Ps; on the Y and R channels. The front card 323 has
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its periphery, likewise, divided into 22 equal arcs num-
bered 1 through 22 in a counter clockwise direction, and
representing integrator Iy through Iy;. On an intermediate
radius of the front circular card 323, a window 325 is
cut to enable reading a third set of numbers 1 through
22 arranged on the back circular card 322 in a cleckwise
mamner. This third set of numbers represents the particu-
lar integrators for which the circular slide rule is set.
From the general information previously deduced from
the chart of Figure 34, the P; position of any integrator
picks up the dz output of an integrator 2 numbers be-
hind. Thus the third set of numbers is arranged so that
the number viewed through the window 325 is two num-
bers greater than the number of the integrator on the
front circular card 323 opposite the P; pulse position
on the back circular card 322. The slide rule, as set
in particular for integrator Iy, in Figure 35, thus gives
the P positions in integrator Iy, at which all the other
integrator outputs can be picked up. Referring to Figure
35 and Figure 6, for example, a dx code “one” in posi-
tion Py; is seen to pick up the dz output of integrator
110, and the dy code “one” in position Py and P4 pick
up the dy output of integrators Iy5 and Iy, respectively.

In the foregoing, the P counter and the I counter have
been described in detail showing how the propositions
representing various intervals of time are obtained. The
manner of locating the dx and dy code “ones” in the R
and Y channels of the memory wheel in order to pick
up the dz outputs in the dz delay line has, likewise, been
described.. Furthermore, the operation of the =dy coun-
ter has been described in detail. The prime function of
this =dy counter is to store temporarily the algebraic ac-
cumulation of the dy inputs obtained from the dz line.
This, of course, allows several outputs to feed into the

same dy input, hence the dy counter is analogous to the *

differential adders used in the mechanical analogue dif-
ferential analyzer.

The detailed description of the manner in which the
computer unit 136 accomplishes the first main loop, de-

scribed in connection with Figure 16, will now be con-

tinued by describing in more detail the function of the
start flip-flop S1, and the manner of operation of the
y--Zdy adder 219.

The start flipflop S1, referring to Figures 16 and 31,
is set to the on state by the first mark occurring in the
Y channel during the intervals Py through Pg. The
first possible position of this starf pulse is Pgs. -The
location-of this pulse is determined as part of the initial
conditions required to set-up the machine and determines
the scale factor associated with the integrator in question.
This start mark accomplishes its purpose by setting on the
51 flip-flop. The true and false output potentials S;
and S, respectively, of this flip-flop are used as terms
in the equations defining the logical nets of the remain-
ing relevant circuitry.

Referring to Figure 31, it is seen that the input to
sy, the true or “on” input to the S! flip-flop, is represented
by a logical product made up of Y;S;" Passer C. This
can be interpreted as stating that the condition required
at the 5; input to make the S flip-flop true is that a “one”
must occur in the Y channel, the clock interval must be
~one between Pgs and Pyq inclusively, and the S! flip-flop
must be in an “off” or false state. It must be noted that
the first “one” or mark occurring in the y number inter-
val will suffice to turn the SI flip-flop on, and that it will
stay on thereafter regardless of the y digit values until
turned off at Py, The false input sy to the SI flip-flop is
defined by Py; C. When this latter product is true, the
start flip-flop SI goes false and prevents an “addition”
operation from taking place in the adders during the Py
interval. : :

The result of making the S/ flip-flop “true” starts the
stepping operation of the =dy counter. Each stage of
the Zdy counter is bodily moved to the next lower stage.
As a result, each y number stage, picked from the wheel,
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can be added with the number content of the first stage
A; of the Zdy counter to form the new y number digit.

Figure 36 shows the numbering system employed for
the y number. The clock positions of an integrator dele-
gated to the y number are Py; through Py In order to
handle the scale of an integrator, its y number can be,
in effect, changed by a power of two by placing the first
digit of the y number in any of the pulse positions after
Pys. The sign position of the y number. is always the
P,y pulse position. The P,q position is always blank.

It should be noted that the positive and negative binary
numbers in the Zdy counter are similar to that of the y
number taken from the wheel except for the fact that a
positive =dy content is denoted by a zero, and a negative
=dy content is denoted by a one in the sign position A4,
The y number has the opposite designation for its posi-
tive and negative sign, i.e., a digit “one” in its P4y posi-
tion indicates a positive number and a digit “zero” in its
P,; position indicates a negative number. As seen in
Figure 16, a flip-flop designated D! is used for delaying
the carry- proposition which results from the addition at
one binary place, so that it can be combined with the
addition at the following place. This summating is car-
ried on in a logical diode network which comprises the
Y4-Zdy adder and will now be explained in detail by
reference to Figure 37. Figure 37 shows an example of
how the addition of y=-5 and =dy=—1 is accom-
plished to obtain a y;=-+4. As noted previocusly, the
Py position of the y number represents its sign. A (1)
therein signifies the y number is positive and a (0) signi-
fies the y number is negative. For the simple example
in Figure 37, Py, position carries the start pulse (not
shown), and P, through Pi¢ positions contain the y
number digits. The y number is the binary +5. The
=dy count is —1 which is represented by 1’s in all the
stages including the sign stage A4 of the =dy counter.
This is because the sign convention of the =dy counter
is just opposite the sign convention of the y number, i.e.,
a (1) in the A4 flip-flop signifies the =dy content is nega-
tive and a (0) therein signifies the =dy counter content
is positive. Adding corresponding digits, it is seen that
the result, y,, is a binary -+4. It is noted that the con-
tent 327 of the A4 stage of the =dy counter is, in effect,
carried along and added to all subsequent stages of the
y number. . Thus the Py position of the new y number
(yo=--4) is still positive as desired.

In order to further clarify the manner in which the
Y-+3dy counter adds, Figure 37 shows how a y=—=6
when added to a Sdy==--2 gives a yy=—4. In this case
the binary word, representing —#6, follows the convention
for negative y numbers. A zero in the Py, position shows
that the y number is minus. The =dy counter content is
positive as shown by a zero in its fourth stage A4. On
summing the binary number there shown, the binary
number —4 is obtained. In this case, as before, the
P4y position is added as an ordinary digit to give a zero
sum, indicating that the binary mumber is negative.

In order to physically accomplish the addition, as above
indicated, the equations for the logical net which com-
prise the ¥Y1-=dy adder 219 will be described by use of
the truth table in Figure 38.

This truth table shows all the possible combinations
of the states of the flip-flops Y1, Al and D1. This is
easily accomplished by setting up a table of all the binary
numbers that can be represented by three stages. Each
stage arbitrarily being designated by one of the three
flip-flop propositions. The eight rows of binary digits
thus obtained are summed and the resulting digit is placed
in-a column 328 designated ‘sum.”  Any carry digit thus
derived is placed in the adjacent column 329 designated
“carry.” Two more columns are provided in the table.
One of these columns 339 is headed :

A
00— 1
which is a proposition interpreted as being -true when
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matched values of the D1 column and the “carry” column
329 change from zero to one. Similarly, the other col-
umn 331 is designated

A
1—0
and is interpreted as a proposition which is true when
matched values of the “D1” column and the “carry”
column change from one to zero, It is seen that as a
result of the above matching, only one true condition
results in each of the latter two columns. . These true
conditions define when the D1 flip-flop, which is-the carry
flip-flop -for the ¥ 4-=dy counter, changes its state. The
proposition - :
A
00— 1
indicates the state of the input proposition for rendering
the D1 flipflop to be made “true,” and the proposition

A
11— 0 . .

indicates the states of the input proposition for. rendering

" the D1 flip-flop to be made false. These two inputs are

defined by equations: :

A
0 — 1=Y1A1D1'

A
1 — 0=Y1’A1,D1

_ Referring to Figure 39, the D1 flip-flop is schematically
illustrated. The significant terms required for completely
defining the inputs to the D1 flip-flop will now be de-
scribed. In addition to the terms in the above produgt
equations, the “true” state of the start flip-flop proposi-
tion Sy and a clock pulse C must be included. The equa-
tion for d, as presented below the D1 flip-flop .in Figure
39 equals Y;A;Dy'SC. At the end of eth integrator
computation, defined by pulse time Py, it is always de-
sired to reset the D1 flip-flop to a “false” state thus clear-
ing it for the next computation. Hence, the (d; input
equation defines this reset operation by a second product
PyC.

423I'he summation process of the ¥'4-=dy adder is princi-
pally composed of the combination of the states of its
three ‘inputs which render the “sum” proposition to be
true, -as shown in column-328-in the table of Figure 39.
As shown by the “sum column,” four such combinations
are present; these combinations are recogiized to be

Y4y D1+ Yy 41Dy +Y14,' Dy + Y1 41D,

These combinations are symbolically added and hence
when any one of them is true, a positive magnetization,
representing a digit 1, is deposited onto the y number por-
tion: of the magnetic wheel. Actually, other propositions
are necessarily included in order.to define completely the
generation of the new y number. These additional terms
will be discussed in the ensuing discussion.

The second main loop ofithe computer unit, previously
discussed in connection with Figure 16, will now be de-
scribed in greater detail. During the P; through Py
intervals a dx code mark properly positioned in the R
channel picks up a dz output stored in the dz channel by
one of the previous intergrators. As before noted, this
dz output can have either a positive or negative sign in
accordance with whether a one or a zero appears in the
particular clock interval of the dz line which is coincident
with the dx code marks. This dx input is set into a dx
register represented here by the B1 flip-flop. Referring to
Figure 40 a schematic illustration is shown of this B1
flip-flop. - The input equations for controlling this proposi-
tion are shown below the illustration. - The main solution
of the b, input equation equals R;Z,P;/22C. The Ry term
therein indicates the R1 flip-flop is true, corresponding to
a digit 1 on the R channel of the magnetic wheel; the
Py /05 time indicates that this digit 1 must be in the dx code
section of the channel; and the Z,, terms indicates the Zb
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flip-flop is true and consequently the dz output is positive
in sign. As a result of symbolically multiplying all these
terms together, the Bl flip-flop is set to be true, indicating
a positive dx pulse. The other solution of the b, equa-
tion is P4C. This portion is used for making the BI
flip-flop positive during the Py time (it is the end of the
P47 interval which set the flip-flop on). Since the Py
position  of the y number is normally blank, if the Bl
flip-flop remained negative, this, in effect, would comple-
ment this blank into a one and cause it to be added into
the Pyg digit of the r number. In order to avoid this, the
B1 flip-flop is made true during the Pyg time and thus this
blank position of y number is treated like a zero and con-
sequently has no effect on the computation.  In order to
obtain a negative dx, for the next integrator computation,
the B1 flip-flop is made false at the Py clock time, thus
ob1=P4C. Hence, if the dx code mark picks up a nega-
tive dz output, the B1 flip-flop remains in this initial nega-
tive state. .

It should be noted that whereas normal addition in
the Y+42dy adder took care of the sign of the new y
number due to the opposite nature of the sign conventions
of y and dy numbers; on the other hand, the R+Y adder
must be handled in a different manner. It should be
noted that both y and dx can have either a plus or a minus
sign. This manner of adding will first be illustrated by
reference to Figure 41. Here the r number is assumed -
to be zero initially., The y number taken from the wheel
is (-+7) and the sign of dx is plus. Thus the y number
is combined with the » number as dictated by each dx in-
put. One adition or subtraction takes place each revolu-
tion of the wheel. It should be noted that the dz output
unit is obtained by adding the carry from the P,; pulse
positions of the r and y numbers to the P,5 content 332 of
the r number. For the first addition in Figure 41 no
carry is obtained from the Py, addition and hence the dz
output is the Zero 333, since the P, content 332 of the r
number is zero. This Py content 332, of the » number, is
determined as a part of the initial set-up of a problem. on
the machine and never changes. After each computation,
this same P,z content is re-recorded, as was noted in
Figure 16, with the new r number.

When adding y=-1'7 to the r number during the next
revolution of the wheel, a carry 334 is obtained by sum-
ming the Py position digits. This carry 334, when added
to the Pyg content 332 of the r number, causes a 1 digit
output 335. When adding y=--7 a third time to the r
number, again a carry from the Py time summation re-
sults in a 1 digit output when combined with the zero in
the Pyg of the 7 number. The most important concept
to grasp about the nature of this means of computation is
that a dz unit output is generatéd as a Tesult of every
integration process. A 1 digit output is considered a posi-
tive dz output unit and is designated by dz+; and a 0 digit
output is considered a negative dz output unit and is desig-
nated by dz—. e

Referring next to Figure 42 a set of computations is
shown when dx is negative and y is positive. Further-
more, the Py content 336-of the » number for this case
has a pulse (1) therein. In this case the initial value of
the » number is zero, the y number 337, as picked from the
wheel, equals plus four. When dx is negative, the y num-
ber 337 is complemented, i.e., ones and zeros are Te-
versed; and an initial carry, a plus one, is introduced in
the first stage summation as shown by way of the example
338.  As a result of the complementation and the addi-
tion of plus one, the y number is made negative. .

As before, the carry as the result of the P4y summation
is added to the P4z value of the r number to obtaind the
dz output one. As a result of the first addition, in Figure
42, there is no Pay carry, but: since Py of the r number
contains a one, a dy output one 339 is generated.

As a result of the computation during the second and
third revolutions .of the. wheel, again there is no carry
at Py time and hence the dy output is a 1 digit. Asa
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result of the fourth addition, a carry is generated at the
P4y clock time. This carry digit when combined with the
one digit in P, of the r number gives a “zero” digit
dz output.

Although it is not too evident, as yet, the present system
of handling the signs of dx, dy and dz causes a possible
one unit error in the dz output. This system is herein
defined as the “plus one-minus one” system. It is char-
acterized mainly by the fact that the effective dz output
rate of an integrator is determined by summing the posi-
tive and negative dz output umit rates, i.e.,

dzo=dz+4-dz—

This concept can be best presented by Figure 43 which
shows the dz output obtained when a zero value of y is
added to a zero value of . Obviously the dz output
should be zero whether dx is positive or negative. As
noted in Figure 43, the first additive transfer of y=0
into r=0 results in no carry at the P, pulse time and
hence, since Pyg of r is zero, the dz output is a zero digit.
The next addition results in a carry at Pyy; time. This is
because the sign digit of y=0 is a “one” in the P4y pulse
position, and the previous addition had placed this “one”
in the P4y pulse position of the r number. This carry
when added to the 0 digit in Py of the r number results
in a 1 digit dz output digit. The third addition is the
same as the first and the dz output is again a zero digit.
The fourth addition is the same as the second and results
in a 1 digit dz output. Thus consecutive dz outputs oscil-
late between zero and one, but the sum of the dz outputs,
which represents the true output, is effectively zero as
desired.

Figure 44 is a schematic illustration of the operation
performed in the second main loop of the computer unit
described in connection with Figure 16. Here the y
number taken from the wheel is added stage by stage to
the » number taken from the wheel. As noted, th
number, the dx unit input rate, and the dz umit output
rate can be cither positive or negative in value. Using
this diagram, an algebraic proof will next be presented
of how the “plus one-minus one” system is able to accom-
plish the fourth requirement previously mentioned; i.e.,
to utilize the signed dx rate and y number inputs, and to
attach a proper sign to the dz unit output rate.

In the following equations, the positive rates of the
variables are denoted by a plus superscript, and the nega-
tive rates of the variables are denoted by a negative super-
script. Furthermore, by reference to Figure 44, the gen-
eral expression for a positive y number can be written
as y-+4-27, and the general expression for a negative y
number as [27+1— (y4-27) =27y,

The expression which is desired to be proved is that:

dze=4 yg: ¢
where
dzg=dzt+—dz~
and

dxe=dx+—dx—

When performing digital integration, the y number,
in effect, is multiplied by the dx input “unit.” Hence, the
normal sign rules of algebraic multiplication are employed
for determining the sign to be attached to the dz output
“unit.”

The proof will first be carried out for the cases where
the y number is positive in sign.

dotem (y+27)dat | (2r-—y)da~
2741 2741
de= ydz~
2><2nd + +7"2><2n

Since there is a dx “unit” for every dz “unit,”
dz—=(dx*+4-dx~)—dz+
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doy=dzt—dxt—dx—+dzt
" dze=2dzt—dx¥—dx—

Substituting again,

_Substituting,

dze=-2"!;,dx++dz++dx+—-2y—ﬂdx——d:c+—dx~
=l gt Y g
-2ndx 2ndm

=2idx Q.ED.

The proof will now be carried out for the cases where
the y number is negative.

_ (2 (y+27) -
de—== 2n+1d++ 2n+1d
dxt - dz~
= et Faede +5

And remembering that
dz=2der—dzt —dz—

dze=dx+;%dx++dz—+%dx—-—dx+—dx—

Y tdet —
=L (dr+—da)

—5-dz. QE.D.

This concludes the proof of the “plus one-minus one”
system which is employed in the second main loop of
the computer unit for deriving the dz output rate. It
will be seen that this system has the advantage of trans-
mitting effectively signed output units without requiring
a trinary indication. If -1, 0, and —1 were transmitted,
two dz delays would be required.

The circuitry provided for accomplishing the addition
of the y number to the r number will now be described.
The B1 flip-flop has already been described. As for the
R4Y adder circuitry, it can best be explained by the
truth table of Figure 45. This truth table, similarly to
the one in Figure 38, shows all the possible combinations
of the inputs from flip-flops R1 and D2 and a proposition
¥a- The y, proposition input is defined as equal to
Y1B;+Y{’By’, ie., the two instances when the signs of
the y number and the dx unit are the same. The D2 flip-
flop proposition inputs control the carry into the R4-Y
adder,

Referring to Figure 45, the possible combinations of
Ya, R1 and D2 feeding the adder are shown by the binary
numbers in the first three columns of the table. The sum
of the binary digits in the rows thus obtained is placed
in a column 341 designated Q, and the carry resulting
from -each addition is placed in a column 342 designated
“carry.” The inverse of the sum Q is recorded in the
next column 343 designated Q’. The last two columns are
obtained as the result of matching the digits in column
D2 te the digits in the “carry” column 342, The

A

0 — 1
column 344 is a proposition which is true when the digit
change from the D2 to the “carry” column 342, goes from
a zero to a one. The

1 —0

column 345 is a proposition which is true when the digit
change between columns D2 and 342 goes from one to a
zero. Below the table the logical equations deﬁmng the

propositions in the last two columns 344 and 345 is as
follows:

: A
0 — 1=Y.R.Dy

A
1 — 0=Y,/R1D;
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Instead of setting up a logical net for the sum Q, of
the terms in the table of Figure 45, the inverse term Q'
is obtained. The reason for ,generating the term Q' is
because a driver circuit is needed for driving the Q term.
This driver circuit. inverts its input. Hence, when the
term Q' is fed therein, the desired term.Q is fed out.

Thus, the Q' equation is obtained from Figure 45.
This proposition is true for the following combinations
of the inputs: .

O'=Y,Ry'Dy +¥RsDy + YRy D+ Y,/ RiD;

The D2 flip-flop for controlling the carry input in the
R--Y adder circuitry will next be described. The equa-
tions -defining the conditions which control the inputs to
this D2 flip-flop are presented below the schematic draw-
ing of the flip-flop in Figure 46. In order to make the
D2 flip-flop “true”, i.e., go from 0 to 1, the terms Y R;Dy’,
together with the start term S; and the clock term C are
needed, ie., dy=Y RDy'$;C. As noted, the terms ¥,
equals (Y,B;-+Y{B’). This latter expression is inter-
preted as a proposition which is “true” when the sign
of the y number and the dx rate are both plus, or both
minus, To obtain the term Y,’, it is noted that ¥, =
(YB,+Y'B’Y’'=Y'B;+YRB;"). This latter term indicates
that when the y number and the dx rate have opposite
signs, the proposition Yy  is “true.”

The equation for making the D2 flip-flop “false” in-
cludes this term Y, since

A .
] — 0=Y‘,,R'D2

The additional terms desired to make the D2 flip-flop
“false” are S, and C, hence: ody=Y,R’'DyS:C.

Because of the nature of handling the y number when
the dx input is negative, an additional term is employed
to define both the dy and the ¢dy inputs. This term is
PoyB,'C for the d, input. Thus, at the end of the Pgy
pulse time, whenever the condition of the B1 flip-flop is
false, the D2 flip-flop is made to be true, enabling the re-
qu1red unit to be added to the first stage addltlon process
in the R--Y adder.

On the other hand, when B1 ﬂlp-ﬂop is true, mdlcatmg
that the y number is to be added as it appears on the
wheel, the D2 flip-flop is made to be in a false state
when the (Y--R) addition process starts. Thus this
additional term for the (d, input equals Py B;C.

A basic logical requirement of a set of integrators is
that they must be capable of generalized mntercoupling;
i.e., that any input must be.capable of receiving all out-
puts. For a. practical machine, the ability to receive
seven dy inputs is sufficient. If more are required, it is
possible to use two or more integrators to achieve the
process. For example, suppose that it is found neces-
sary to gemerate an output which:is based upon ten dy
inputs and a single dx input. Since the dy inputs are
summed by the machine, it is evident that .

1
dz=§,(y1+ oo FYatyn)dz

This can be broken into two outputs dz, and dZ2 which
may be defined as (say)

dz1=-21—,,(y1+yz+ oo tyefy)ds

and
ys+y9+ylo)dx

de—-—-

The first seven dy’s are then admitted to one integrator,
and  the remaining three are routed'to another, Both
integrators are coded to receive the same dx.  The sum
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of the two integrator output rates will be the des1red
tate. This summing may take place in any third y reg-
ister.

There are certain cases in which two or more inputs
must be made to a dx in-order to code a real problem.
For this. purpose, the novel concept of using another in-
tegrator operationally is introduced.

It will be seen that the introducing of two or more dx
input units would call for transferring y into r two or
more times which would often lead to the production of
two or more dz outputs for which no provision exists.
If the integrators whose outputs supply these inputs are
suitably scaled down, the maximum average input rate
can always be made less than or equal to one unit per
turn. For example, if four inputs are required, each
might be scaled at its output or source integrator to have
a maximum rate of one unit each four turns. No means
are available, however, to prevent, for example, four in~
put units from arriving simultaneously, followed by four
or more periods of no input.

Assume that an integrator is filled to capac1ty in its y
and r registers; i.e., to all ones, including the sign reversal.
Let the output of this integrator, called du, be fed back
into - its own dy input, and let' the independent variable
(variously called dx or dt) of the machine be introduced
upon dx. The first turn of the wheel will produce a du
(1) which will add to y setting it to all zeros, since the
capacity of the register is exceeded. The next turn will
therefore produce a du (0) which, on feeding back, will
subtract 1 from y and restore it to all (1)’s again.  The
output du will thus average zero in the (one minus one)
system from an input of all ones upon dx.

Let the four dx inputs for the other integrator now be

" introduced into the dy input of the operational or feed-

back integrator now under consideration.

It will be evident from careful consideration that if
four simultaneous ones occur on these input, du will con-
tain four extra zeros occurring one after the other. Simi-
larly, if four simultaneous zeros occur, then four extra
ones will be transmitted serially. It will be seen, more
generally, that du will act as a negative serial repeater of
any. inputs which occur in parallel.

Hence, the multiple dx input problem is solved by (a)
introducing all of the dx inputs into the dy input of an-
other integrator which is coded in this operational man-
ner, (b) connecting the -operational output du,-into the
original integrators dx input, and (c¢) reversing the output
sign of the original integrator. .

This completes the description of the R-}-Y adder and
associated circuitry, As previously noted when discuss-
ing the outputs from the Y+ =dy adder, additional terms
must be included with the Q" proposition in order to com-

" pletely define the new » number digits and the dz outputs
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75

generated by the R--Y adder. _

These new terms are required because in addition to
the computation operation of the computer unit, several
other operations are provided in the machine, such as
filling information into each of the channels of the wheel,
shifting this information on the wheel in an orderly
fashion from one clock position to another, and idling.
Thus, before describing the circuitry for recording the
results of a computation back onto the wheel, the addi-
tional proposition flip-fiops which define the computation
process will be described.

When performing operatlons such as computing and
filling, for example, it is desirable to be able to commence
these operations at a given point on the memory wheel.
Hence, first and second “go” flip-flops designated as G1
and G2, respectively, are employed to enable this initia-
tion to be performed. The first “go” flip-flop G1 can
be made true, at any time, by an external switch closed
by the operator. The second “go” flip-flop G2 is inter-
connected so as to be antomatically triggered to'a “true”
‘state at the next Pylyy position time after the external
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switch is closed. This position time defines the start of
a revolution of the wheel. The proposition flip-flops
G1 and G2 are interconnected, as shown by their input
equations in Figure 47.

The G1 flip-flop can be placed into a “true” state by
receiving a negative pulse on its g; input. Although all
the details of the grid input circuitry are not shown in
Figure 47, this input .circuitry is similar to that of the
other flip-flop circuits in that the negative drop of the g;
input pulse (in this case the leading edge) is differen-
tiated and used to trigger the G1 flip-flop to a true state.
The negative pulse fed into the g; input is generated by
manually closing either a “0” or a “1” push bution.
(See Figure '49.) These input pulses are designated by
symbols @ or @ and are fed into the g; input.through
a mixer circuit 347 which is similar to a logical product
circuit (Figure 11) but operates like a logical adding
circuit (Figure 10). Normally the two inputs @ and @
to mixer circuit 347 are relatively high in potential so
that no current flows through resistor 348. Whenever
either one.of these inputs @ or O are low, however, a
negative drop is sensed on the g; input due to current
flow. through resistor 348. )

Referring briefly to Figure 48, the “0” and “1” push
buttons 349 and 350 which initiate the negative inputs
© or @, respectively, are shown. In addition to con-
trolling the G1 flip-flop, the “0” and “1” buttons are
used to control an X1 flip-flop whose function will be
described later.

At the instant the G1 flip-flop is made true,.its Gy high *

output potential is conveyed to the gate 351 feeding the
gq input of the G2 flip-flep. This potential, along with
the Pyglyy high potential, opens gate 351, thus permitting
the next coincident clock pulse C to pass therethrough.
The trailing edge of this latter clock pulse triggers the G2
flip-flop to a true state. Thus G2 will come always at
the beginning or a new cycle regardless of the point at
which the manual buttons may be pushed. )

After the G2 flip-flop becomes true, as seen by the
og1 input equation to the G1 flip-flop, the coincidence of
the high output potential G, with a clock pulse C renders
the G1 flip-flop false.

Furthermore, the high level output G, is impressed
on the yg, input of its own flip-flop. Thus, flip-flop G2
helps set up the condition for rendering itself to become
false when the next Pgly, pulse coincidence is made,
either after one or a plurality of revolutions of the mem-
ory wheel as evidenced by the ¢’ or 6H terms in the
equation: go=Psl5,G1(6’-}-6H)C.

In this equation ¢ is the independent variable proposi-
tion. This proposition is true during the computing oper-
ation of the machine and signifies that the machine is
computing a predetermined independent variable ‘incre-
ment. - This computation requires a large number. of
revolutions of the wheel.- When the computer is not
in the 6 operation, i.e., ¢ is true, the computer is turned
off after-a single revolution of the memory wheel.

Hence, when the term 4’ is of a high potential in the
above equation, G2 flip-flop is turned off (made false)
after a single revolution of the wheel. On the other hand
when the term 6H of the equation is.of a high potential,
the G2 flip-flop is not turned off until after a large num-
ber of revolutions of the wheel.

As will be explained in the ensuing discussion, the
output derived from integrator I; defines the duration of
the ‘independent variable increment- 6. This output- is
used for triggering a halt flip-flop ‘H1, shown in Figure
48, into a true staté. The product term 6H in the g,
equation is thus indicative of when the computation proc-
ess of the machine must end after a plurality of revolu-
tions.

The connections controlling the halt flip-flop H1 is next
described by reference to Figure 48. As previously
stated, this proposition is made true by a carry out from
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the I, integrator at Py time. The Py position of the R
channel is always 0 in the I; integrator, hence for an out-
put to occur, the R+Y adder proposition Q, at this time,
must be true. * This is possible only when a carry results
from the Py; pulse time addition. In addition, the G2
flip-flop and the independent variable compnting opera-
tion proposition ¢ must both be true, i.e., of a high po-
tential at the same time, to open the gate 210, thus per-
mitting the next clock pulse C to make the H1 flip-flop
true. ’

It is thus seen that the halt flip-flop H1 is made true
at the Pgl; time of the last revolution of the wheel. The
computation .process is then stopped, as shown by the
o082 input to the G2 flip-flop, at the Pyly, time of that
revolution. - To ensure that the H1 flip-flop will be in a
false position until triggered by the I; output during the
last revolution of a computation, the false input gf; is
defined as Pygly,C, thus the last clock pulse of any revolu-
tion can be used to render the H1 flip-flop false.

Before describing the remaining operations which can
be performed on the present-computer, the external con-
trol switches governing these operations will first be de-
scribed by. reference to Figure 50. Here six mechani-
cally interconnected push buttons designated o 8 v & ¢
and ¢ are shown. These push buttons initiate the follow-
ing operations respectively; fill Y channel, fill R channel,
shift reference pulse left, shift reference pulse right,
compute -one operation time, and compute independent
variable increment. The push button switches are all of
the type that are normally up. They are mechanically in-
terconnected so that only one of the push buttons can be
manually pushed down at a time,

When the push buttons are in their normally up posi-
tion (the position shown in Figure 50), their respective
outputs are connected to a common bus 352 energized
at 100 v. by a source line 353. Any time one of the but-
tons is pushed down it connects its output to a second
common bus 354 connected through a left interconnecting
switch 355 to a second source line 355qa energized at 130 v.

It should be noted that push button ¢ controls first
and second interconnected switches 356 and 357 repre-
senting the 6 and ¢’ propositions ‘respectively. The nor-
mally up position of second switch 357 is connected di-
rectly to the 130 v. source line 3554, while the down
position ‘of second switch 357 is connected to the 100 v.
common bus. The ¢ output from the second switch 357
is always connected to the opposite source from that to
which the 4 oufput is connected. Thus it is shown that
both states of the 6 proposition can be semsed as high
voltages at any time as needed for control

In addition to these operation switches, an additional
push button E is provided, which controls the position
of the two interconnected switches, right and left switch
358 and 355, respectively. In the normally up position
of right switch 258, E is connected to the 100 v. source,
and in the down position, right switch is connected to
the 130 v, source. The left switch 355 breaks the nor-
mal contact of second common bus 354 to the 130 w.
source and connects bus 354 instead to the 100 v. source
any time the E switch output is 130.v. The opening of
switch 355 to the 130 v. source ensures that during the
time the E output is relatively high in potential none of
the outputs of the other push button switches are rela-
tively high.

Having described the arrangement of the manual con-
frol switches which initiate the various- operations per-
formed on the computer, these operations will now be
described.

In order to solve a problem on the computer, the first
operation which must be performed is to place the initial
information in the Y and R channels of each of the in-
tegrator arcs on the memory wheel. These filling oper-
ations are doné independently of each .other. The «
push button jnitiates the filling of the Y channel; and, the
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p push button initiates the filling of the R channel. The
manner of placing a digit in a particular position of
the R or Y channels of a particular integrator is to first
place a reference mark in a corresponding clock position
of the dz line. Coincidence of this reference mark with
the clock position on the integrator arc specified causes
& digit to be deposited in that position on the wheel.

This reference mark is first placed in the Z channel
by closing switch E simultaneously with tapping the “1”
button 350, for example. As préviously described, when
the “1” button is tapped, the G1 Hip-flop is first made
true, then the G2 flip-flop is made true at the beginning
of the next revolution of the wheel defined by Pyglas.
At the first Py clock time after the G2 flip-flop is made
true, a mark Is arranged to be deposited onto the dz
channel. The product equation which defines the de-
positing of this reference mark is P;sEGg  As shown in
Figure 47, the G2 flip-flop stays true only for one revo-
lution of the wheel. Although every Pyg interval during
which G2 is true a mark is deposited in the dz channel
of the wheel, all of these marks, except the last at Pygla
time, are erased by erase head 150 (Figure 7) associated
with the Z channel. At the end of Pyl,, time, G2 goes
false -and thus the last placed in the dz channel now is
enabled to stay in the dz line by a Z,Gy’ term which
defines the recirculation of the information in the dz
channel during the idling operation of the computer, i..,
when G2 is false.

This position of the reference mark in the dz line is
is controllable so that it can be shifted one step at a
time, either forward or backward, enabling anyone of
the clock positions P; through Py in any integrator to
be filled. Thus the reference mark serves as a marker
for depositing information one digit at a time in each
position of an integrator channel.

In order to facilitate the filling operation, the logical
nets controlling this operation are so arranged that when-
ever a digit is deposited in the Y or R channel, the refer-
ence mark in the Z channel is automatically shifted to
the right (one clock time earlier with respect to the P
counter). Furthermore, the push buttons v & énable the
reference mark to be shifted one interval to -the right
or Ieﬁt, respectively, as a separate operation which does
not include depositing any information on the wheel,

When filling the Y channel, for example, it has been
noted that the reference mark in the dz channel is anto-
matically shifted to the next lower clock position each
time a digit is placed in the corresponding position of
the Y channel. As a consequence, after 48 digits have
been filled in an integrator, the reference mark in the
dz channel is lost and must be filled again.

. During the time that a reference mark is being re-
introduced in the Pyg position of the dz channel, it is de-
sired that other information, already deposited on the
Y or R channels be retained. Normally during idling,
the re-circulation of the R and Y channel is obtained
by logical nets representing terms RiGy or Y;Gy'; but
term_Gz’ is not high during this operation; hence, recir-
culating means must be provided in the logical net of
the computer when the E button is down, as represented
by ferms Y{E and RE, ‘to re-deposit this information.

After placing the reference pulse in the dz line, the
E switch_is opened. The filling of the Y channel will now
be described. Pushing down the « push button initiates
this filling of the y channel.

Assume that the reference mark is positioned, for a
given instant, in the Py, pulse position of the dz charnel.
Assume further that the integrator switch 290 (Figure
28) has been set so that integrator Iy, is being filled.. -

Besides setting flip-flop G2, the 0 and 1 butions set
the fill digit flip-flop X1 shown in Figure 49. The nega-
tive pulse, due to the closing of the “0” button 349 for
example, is impressed on the left grid of the X1 flip-
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359, Dicde 359 permits the differentiated leading edge
of the negative pulses to pass therethrough to cut off
the conduction through the left tube and thus cause
the left plate output X,’ to have a high potential there-
on. - The negative pulse due to the closing of the “1”
button 350, in a similar manner, causes the right output
X; of the X1 flip-flop to have a high polarity. This in-
itiation of the “1” button sets up one signal, -and initia-
tion of the “0” button sets up a zero signal. The signal
output from the X1 flip-flop represents the digit that is
to be recorded in the filling process.

For this case, the “1” button is used for setting up
both the G1 and X1 flip-flops. Flip-flop X1 remains in
its one state until the “0” button is pressed, while G1 is
set to zero at PyI; which is one pulse after G2 is trig-

ered. .
# The equation which defines the filling of the Y chan-
nel is X;eGoZyty, . -

In summary, the « button has been pushed down and
hence its output is connected to the 130 v. source; the
integrator switch has been set so that it is high during
the I3, period; and the X; and G, outputs have been set
at 130 v. by tapping of the “1” button. Thus during the
1,0 period of the wheel revolution, during which Gy is
high, the reference. mark in the dz channel at Py, clock
time triggers the Za flip-flop to a true state. The terms
of the filling equation are now all momentarily high and
hence the state of the logical product network, which
solves the equation, is deposited in the Pg, position of
the Y channel. . .

In addition, the following logical equations are re-
quired for the filling y operation.

During the one revolution of the memory, as defined
by the time during which G2 remains on, all the informa-
tion previously recorded in the R and Y channels must
be re-circulated. Likewise, the reference mark in the
Z channel must be re-circulated, without precession, for
all the integrators which are not being filled. However,
the reference mark is picked up one interval earlier from
the integrator which is being filled, ie., the mark
precesses or shifts one clock interval position to the
right in the dz channel.

The terms re-circulated through the computer unit for
the Y channel of the memory are represented by
Y12GoZ,' and Y;aGoly’. The first of these terms in-
clude re-circulating all the information on the Y channel
except that which recurs at the reference mark (Za)
time in all the integrators. The second term may be
thought of as including re-circulating all the information
in the reference (Za) time except that in the integrator
to be filled. It may be noted that although these terms
actually overlap, the result is correct for the overlapped
conditions. All the terms are re-circulated, during the o«
operation, in the R channel. Hence, this process is
indicated by the term R,C. . .

As for the Z channel re-circulation, during the « fill-
ing operation, it is desired that the reference mark there-
in be re-circulated without precession for all the integra-~
tors except the integrator to be filled. The coincidence
of the terms Goly’Z,o represents this re-circulation, i.e.,
the states are recorded from the Za flip-flop of the dz
channel. However, as before noted, in order to shift
the reference mark to the right (ome pulse position
earlier) in the specific integrator being filled, the de~
positing of the reference mark is defined by Py'GoliZ; .
Note that the reference mark is recorded from the Z1
flip-flop in the dz channel, thus automatically being
shifted one clock interval, in this case to position P,
for the next filling.

The filling of the R channel is carried out in exactly
the same manner as the filling of the Y channel. In
this case, the 8 push button is down. The dz channel
has a reference mark placed in a desired position therein
as before described. The zero or one button initiates
the closing of the first go gate G1 and the- fill digit
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flip-flop X1, and this digit is then placed in the corre-
sponding position of the integrator selected by the in-
tegrator switch. The equation defining the coincidence
of the terms for depositing the pulse in the R channel
is Xy8GyZ,Y; and will not be further described since it
is identical to the Y channel fill equation with g sub-
stituted for a.

The equations defining the re-circulation of the pre-
viously deposited information in the R channel are
RipGyZ," and RypGoly’. These equations are likewise
identical to the Y channel re-circulation equations with
B substituted for «.

During the 8 operation, all the information in the Y
channel is re-circulated by equation Y,8.

Likewise during the g operation, the dz channel has
its reference mark re-circulated by equations GI;’Zg8
and Py'GoliZ;8. The first equation  re-circulates the
reference mark without precession, while the second
equation causes the reference mark to be shifted (one
clock interval earlier) after it has been used for filling a
digit in the specific integrator chosen.

It should be noted that the second go-flip-flop G2 is
true.for each revolution of the wheel during which the
filling and computing processes are going on, - During the
time the G2 flop-flop is false, the computer unit is in-
operative as far as computing is concerned, but the
memory wheel is running. The information is re-cir-
culated in the Y, R and dz channels of the computer,
during the idling operations, by the respective logical
equations Y;G’y, R1Gy’ and Z,Gy'.

The right and left shifting operations § and v respec-
tively will next be described. The shifting operations
are used for the reference mark only. They enable this
reference mark to be moved in the dz channel one posi-
tion earlier, or one position later, in time with respect
to the P counter time index positions. During these
shifting operations the information in the Y and R chan-
nels is merely te-circulated with no change. The equations
which define this re-circulation when the shift left push
button v is down are Y;y and Ryy. The equations de-
fining this- re-circulation for the shift right operation &
are Y, and Ryd. )

The shifting operations take effect in the Z channel
only during one integrator time; hence, during the other
integrator tirnes, as defined by Goly’Z,y and Gsly’Z,8 for
shifting left and right respectively, the reference mark is
not precessed. The equations defining the time the shift-
ing actvally takes place are GyliZyy and GyL;Zs. The
first of these latter equations shows that the reference
mark-is picked up from the dz channel during the inte-
grator I; by the Zb flip-flop, thus causing this mark to
be picked up one clock interval later in time when the
5 button is down. The second of these latter equations
shows that the reference mark is picked up by the Z1
flip-flop, i.e., one clock interval time earlier during the
I, integrator time when the v push button is down. Fig-
ure 34 shows how these marks can be picked up from
either the Z1, Za or Zb flip-flops.

The computing operation equations of the computer
will next be described with reference to the Y 4-Zdy adder
truth table in Figure 38 and the R4-Y adder truth
table in Figure 45.

‘Referring back first to Figure 38, the serial summation
of the digits of the y number taken from the memory,
the digits of dy taken from the 2dy adder, and the carry
flip-flop D1 was there shown. In order to completely
define these summations, additional terms are required in
logical equations. These additional terms are the true
states of the S1 flip-flop, and the second go flip-flop G2.
Since a computation can be made for either a single revo-
lution of the wheel, or a plurality of revolutions, these
latter two ranges of computation are distinguished by
initiating either the ¢ or the ¢ push buttons respectively.
The complete equations defining the new y number digits
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generated and deposited on the wheel as a result of the
Y +Zdy addition are as follows:

Y141D:15:Ga(p--6)

Y141’ D15:Go(o+9)
Y1’ A;D{'S1G(p+-6)
Y, 4, D1S:Go(p+6)

During these computation processes, the dy code mark
in each integrator set-up must be re-circulated since they
are fixed for the duration of a problem. Hence, the re-
circulation equation Y1S;’Gy(¢+0) enables these dy code
marks to be re-deposited. The false state of the S1 flip-
flop, Sy, characterizes the portion of each integrator time
during which the dy code marks in the channel are re-
deposited. ‘

The above completes the detailed logical description
of the first main loop of the computing system shown in
Figure 16.

Referring back to Figure 45, the serial summation of
the digits of the y and r numbers taken from the memory,
together with the carry digit from the D2 flip-flop, will
now be further described. This summation is carried on
in dccordance with the dx input rate to, in effect, per-
form the integration process.

The results of this summation, as shown in the table
of Figure 45, are represented by a single proposition Q’.
However, this proposition is inverted in a manner to be
described such that the term Q is made available.

This summation term Q is employed both for generat-
ing the new r digits and for generating the new dz output
wnit.

To define completely both these latter computing opera-
tion €quations, addition terms are required. For generat-
ing the new r digits, these are the G, term and the S;
term, together with the initiation of either the ¢ or 6 push
buttons.

As with the code portion of the Y channel, the in-
formation in the dx code section of each integrator of
the R channel remains fixed for the duration of a problem;
hence, the re-circulation of the dx code section is identi-
fied by the prodiuct RiS;’(@-+6). The S;’ term charac-
terizes this code séction. )

It should be noted that S, is true during the Pyq clock
time. Also, Figure 31 shows that gs;=P4;C, hence the
above re-circulation equation for the R channel also
maintains the digit required in the P, position of the r
number as described in connection with Figure 41, for
example.

The dz channel operation during the computing process
will now be explained. As shown by Figure 42, for ex-
ample, the dz output as the result of a computing routine
is generated during the Pyq clock interval of an integrator,
Hence, the result of the summation of the terms in the
(Y+R) ‘adder during the P,5 period form the dz output
digit to be deposited onto the wheel. This equation is
defined as QGoPyg(p-0) and its explanation follows from
that above.

During the remaining clock times (excepting Ps3 when
the dx output is being- generated), the dz information in
the dz channel is precessed, i.e., picked up by the Zb flip-
flop (see Figure 34). This operation is defined by the
equation Puyg’ZpG(p+0).

There is one more logical equation . required -for the
dz channel computing process. As the Py time of the
I, integrator comes up each revolution of the wheel, an
independent variable input unit is fed into the dz delay
line, The equation defining this dz unit input is noted
to be'P48[1G(<p+0).

This completés the logical description of the operations
that can be performed on the machine. As before
noted, these “operations are obtained - by ‘initiating one
of ‘the push buttons shown in Figure 50.

Having described the- logical -equations -which define
the ‘outputs to: be recorded-from-the:¢omputer unit onto
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‘the channels of the wheel, the logical nets which physi-
‘cally solve these equations will next be described.

Referring next to Figure 53, the logical nets are shown
for the inputs to the Bl flip-flop and the S1 flip-flop.
The Pyay’, Pgg’ and Py, time proposition logical nets
-are also shown.
_ As shown in Figure 40, the b, input equation to the B1
flip-flop is composed of two parts (RyZyP1/20) and Py
connected by symbolic addition. The resulting symbolic
sum is then multiplied by a clock state to give the desired
solution. Symbolic product network 372 in Figure 53
generates the first of these products and a pair of cas-
caded product networks 373¢ and 3735 generates the
second part Py which is equal to Fy’F FsF.F;Fg. The
outputs of these product networks are fed into addition
network 374 whose output along with the clock state
C is fed into a final product network 375 to obtain the
desired b; input solution. v

The b, input is simply a product net 376 for obtain-
ing P48C.

The input equations for the S1 flip-flop are shown in
Figure 31. One of the s, input terms

Poyjsg=Fg-{- (F1FoF3FyF5)
is obtained by cascading the output of product network
373a into product circuit 377 and feeding the result into
addition circuit 378 along with the Fq term. The output
of circuit 378 is fed into a final product circuit 379
along with the C, S;’, Y; and P,g’ terms to derive therein
the s; input.

The os; input is equal to PyC. Since Py; was pre-
viously generated as part of the b; input solution
by . cascaded product network 373q into 3735, the out-
put of these latter two networks is fed along with a
cclock state into final symbolic product circuit 380 to ob-
tain gsy.

As previously shown in Figure 18, the Py’ time propo-
sition equation is equal to Fg-tFoF3FsFs. Hence the
coutput of product network 373¢ is fed along with the Fg
iterm into a summation circuit 381 which generates P;y’
‘on its output. As for the other time propositions, Py’
s equal to the logical sum of

(F+Fy-F3'4+Fy+F5'+F¢')
hence a first addition circuit 382 is employed for ob-
taining the sum of terms Fy’ through Fy’, and a second
:addition circnit 383 is employed for combining the out-
put of circuit 382 with the Fg’ terms.

The Py, time proposition is similar to the Py’ proposi-
tion except that it includes Fg instead of Fg'. Hence, the
-output of first addition circuit 382 is combined in a
third addition circuit 384 with term. Fg to obtain this
P, output.

Figure 54 shows the logical mets for the inputs to
the second go flip-flop G2 (Figure 47) and the halt flip-
flop H1 (Figure 48). Tnput g, equals Psls0G;C. Since
I,s equals KijKK3K.Ks (Figure 27), these terms along
with terms P, and C are generated in a common prod-
uct network 385. The output of network 385 is then
joined with term G, in an output product network 386 to
generate g, The other input gg, is equal to

PyylpGo(6-4-6H)C

Common product network 385 has already been. pro-
vided for generating PuglsC, hence this output is fed
into one of the inputs of terminal product network
387. The requisite terms (6'--6H;) are obtained by a
logical summation circuit 388, It can be shown by
logical algebra that (6'--6H,)=(6"--6Hy), thus the single
terms ¢ and H,; only need to be fed into circuit 388.
This latter output and the Gy term are also fed into the
terminal product circuit 387 to obtain the desired yg,
solution. '

It should be noted the inputs to the first go flip-flop G1
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are evident from Figuré 47, and, therefors, are not fur-
ther shown.
" The h, input for the H1 flip-flop has been shown to
be equal to QP,GyfI;C. This product is obtained by
first forming a partial product I;Py in diode product
circuit 390. It should be noted from anure 27 that
I=K;’K;Ks'K K. This partial product is then coni-
bined in diode product network 391 with termis C, Gy;
Q and 6 to obtain 4;. Since gk is equal to PaglenC, it
is generated directly by common product network 385.

Referring next to Figure 55, the logical net circuits
are shown for genmerating the inputs to the D2 flip-flop
and the Q' summation proposition. In connection with
Figures 45 and 46, dy was shown to be equal to

[(Y1B14-Y1'By ) RaDy 1+ P8y’ 1C

In Figure 55, circuit 393 generates (Y1B1-+-Y:'By’). The
output of circuit 393 is then cascaded along with terms
R; and Dy’ into an intérmediate multiplication circuit
394. The output from this latter circuit is then com-
bined along with term S, in a two input product circuit
395. The product PyB,” is obtained from multiplier
396. The outputs of circuit 395 and 396 are then im-
pressed upon a two input adder 397 whose cutput when
multiplied by clock pulse C in output circuit 398 gives
the desired solution d.
The physical circuit for solving the (d, input

[(Yy'B;+Y1B{)Ry'DyS1+PysB11C

is also shown in Figure 55. The (Y:'B;+YB;") term
is -obtained by symbolicaily multiplying and adding the
results in network 400. The output of network 400 is
mudtiplied by terms Ry, Dy and S; in a four input multi-
plier 401.

The other part of the solution of od, is obtained by
multiplying terms Py and B; in network 402 and im-
pressing the result therefrom along with the output from
multiplier 401 into adder 403. The oufput of adder
403 and a clock pulse or state C generates the desired
ody terms in final multiplier 404.

The Q’ network will next be described. In Figure 45,
Q’ is shown to be equal to

Y,/ Ry'Dy'+ Y RiDy'+Y Ry’ Do+ Y, RiDy

It is noted that some of the product terms of Q' and
the dy and (d, input defining equations are similar.

Hence, network 460, which is equivalent to Y, is
fed into one of the inputs of each of the first multiplier
circuit 465 and the second multiplier circuit 406 along
with the necessary other terms to obtain Y,'R;"Dy’ and
Y.'R;D,, respectively. Similarly, Y,, which is generated
in circuit 393, is fed into onme of the inputs of each of
the multiplier circuits 394 and 407 along with the neces-
sary other terms to obtain Y;R;Dy" and Y;R;'Ds.

These four multiplier circuits 405, 406, 497 and 394
are then combined in a four mput adder 408 to provide
the term Q’.

In the computer, there are four propositions formed by
logical nets. It is desired that the true states of these
propositions drive other logical nets. Hence, the false
states of these propositions, namely Q, Py g2, Pas and Pyg
are first generated. These false states are then fed into
driver circuits which invert them and thus supply the
desired true states, with the additional current require-
ments needed:

In Figure 52, a typical driver circuit is shown to com-
prise a triode 434 having the inverted term fed in on
its grid through an integrating circuit 435 which over-
comes the differentiation of the input pulse caused by
bias resistor 436 and the stray capacity of triode 434. The
plate of triode 434 is connected to a 230 v. source through
a load resistor 437. The output line 438 from the plate
of triode 434 is clamped between 100 v. and 130 v. by
diodes 439. This output line conveys the P, proposition
term.



2,900,134

55

A similar circuit to the above is used for inverting
the Py, the Py/9; and the Q terms.

As shown next in Figure 56, the input diode nets for
the D1 flip-flop are made up of a true diode net 411 and
a false diode net 419. The d; input, Y;A;D,'S;C, is
provided by logical multiplication in true diode net 411.
The terms Y; and A, since they appear together in an-
other equation, are set up to feed through separate diodes
to a common line 413. The terms C, S; and D,’ are fed
singly along with the result on line 413, into a four input
product circuit whose output it d;. When all of these
inputs are of a relatively high polarity, the output d; is
of a relatively high polarity.

The ody input (Yy'4,'DyS;+Pi)C is obtained in
false diode net 418 by multiplying Y;"A;'D;S together in
a first multiplier having a common junction 4i4. The
output of junction 414 is then combined with term Py
in a logical adder having a common junction line 416.
The output from common junction line 416 is then multi-
plied by C to obtain the ¢d, input.

The output equations from the computer, as previously
described, for the filling, shifting, idling and computing
operations are grouped in the bottom of Figure 56 accord-
ing to the three channels Y, R and Z of the memory onto
which the information is recorded. The particular group-
ing of these equations is designated by Y,, Ry and Z,, re-
spectively. The logical nets for physically solving these
output equations are also shown in Figure 56.

Several of the logical output equations, the ones which
are used during the computation process, include the par-
tial product Gy(p-+60). Hence, this partial product is
generated once by network 430 and the output therefrom
is fed directly into the left family tree network 431, and
through lead 432 to the right family tree network 433.
Since the S; term appears in several of the computation
process equations, it is introduced once at the bottom of
the right family tree network 433.

The Y, group of output equations will be described
first. It should be noted that the solution to each of the
equations for generating a Y, output is fed through a
common add circuit 418. Since there are nine major
solutions possible, add circuit 418 has nine input lines
420 through 428.

Y, output lines 425 through 428 have the computing
terms impressed thereon, while line 420 receives the dy
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code terms re-circulated during the computation process. -

The fill Y channel solution, as characterized by the initia-
tion of the « push button, is generated on line 422, and
re-circulation during the « operation is generated on line
421. The re-circulation of the Y channel during filling
of the R channel and during shifting of the referemce
pulse in the Z channel is represented by the potential on
line 423, while line 424 supplies the recirculation of the
Y channel during filling of the Z channel and during the
idling operation.

It should be noted that the load resistor associated
with common add circuit 418 is shown as part of the
second circuitry in Figure 51.

The solutions of each of the R, output equations are
fed through add circuit 433. In this case there are six
possible solutions as obtained by input leads 440 through
445, Since the Ry computation output includes the inter-
mediate solution of proposition Q, the single computing
output equation required is generated on lead 441, while
the equation defining the re-circulation of the dx code
mark is generated on lead 440. The fill R operation
equations, characterized by the initiation of the 8 push but-
ton, are generated on leads 444 and 445. Finally, the
re-circulation outputs during the other fill operations,
the shifting process outputs, and the idling outputs are
generated on leads 444 and 445.

Eight possible solutions of the Z, output equations are
fed out of logical addition circuit 434 via connections
446 to 453, inclusive. Three of these solutions, defining
the computation process, are generated on connections
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446, 447 and 448. Connection 446 carries the new dz
term, connection 447 carries the independent variable
term, and connection 448 provides for the re-circulation
of the remaining terms of the Z channel during computa-
tion. The filling of the Z channel is accomplished by the
solution on line 451, and the re-circulation of the Z
channel during the other processes is accomplished by
solutions on lines 449. The idling output is represented
by the solution on line 450 and the shifting of the refer-
ence mark in the dz channel is accomplished by the poten-
tial on lines 452 and 453.

The record circuitry for recording the Yg, Ry and Z,
information (pulses) from the logical nets back onto the
wheel 116 will next be described by reference to Figure
51. These three record paths denoted Yy, Ry and Zg,
respectively, are all identical, so that only the Z; path
will be described in detail.

Any time a Z, state is received it is applied through a
first integrating circuit 363 onto the grid 360 of a rec-
ord triode 361. This grid 360 is normally held at cut-off
by a grid resistor 371 connected to —190 v. A Z; unit
or one state raises the grid 36¢ to not more than —3 v.
due to clamping diodes 362 which Iimit the grid 360 to
such a value by connecting it to the intermediate point
of a potentiometer 364. When at this limiting pctential,
triode 361 conducts. The plate output of record triode
361, carrying the inverted form of its input, is coupled
to a second record triode 365 through a second integrator
circuit 367, Any time second triode 365 conducts, the
current therethrough energizes the coil 368 of record
head 147. Previous to the passage of the magnetic ma-
terial on the wheel under record head 368, it has passed
under erase head 159, Figure 4, which is supplied with a
D.C. current of such polarity and magnitude as to give
the magnetic material maximum negative magnetization;
ie., to saturate it. If head 368 is not energized because
triode 365 is cut off (by the presence of a "zero” state on
its grid) then the magnetic material passes under it un-
changed. It is left in a state of negative saturation.

If head 368 is energized by triode 365 as the result of
a “one” state being applied to its grid, the magnetic ma-
terial immediately under the head will be reversed in
state and given a maximum positive polarity to the point
of saturation. This yields the magnetic pattern as pre-
viously referred to.

After a problem is solved on a computer, or when a
mistake is made while filling a computer, means are
provided for erasing the information on the wheel 116.
This means is in the form of a manually operated clear
push button switch 370 which connects the grids of the
second triode in each of the record circuitries to the inter-
mediate point of potentiometer 364. This causes each
of the triodes to conduct simultaneously, thus magnetizing
the record heads 147, 141, 142, respectively, of each of
the channels to erase the information on the wheel,

This completes the detailed description of the com-
puter components.

In Figure 57, an illustration of the preferred embodi-
ment of the present invention is shown located on a
table 455.

The power supply (not shown) for the machine is lo-
cated below table 455, and feeds power therein through
power cable 456.

The memory wheel 116 is disposed in this embodiment
with its rotating axis in a vertical position and the associ-
ated record and pick-up heads, such as 128 and 141, re-
spectively, are spaced around the circumference of the
wheel 116 and mounted on a horizontal plate 457 which
encircles the wheel. On the under side of plate 457 are
attached the tubes such as amplifier 168 associated with
the pick-up circuitry.

The diode ‘logical nets which comprise the computer
unit 136 are set up.and arranged on a square flat frame-
work 458. The crystal diodes are clipped in evenly
spaced rows and columns on the under side (not shown)
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of framework 458; and the interconnecting wires and re-
sistors are hooked-up on the top side of the framework
458.
Around the sides of framework 458 the proposition
flip-flops 459 required in the computer unit 136 are at-
tached.

On the front end of framework 458 elevated on posts
460, is a control panel 461 on which are located the var-
ious switches and push buttons for controlling the opera-
tion of the machine.

An oscilloscope 463, which affords a visual read-out
for the machine on its screen 4634, is located on the table
455 and connected to the machine through a cable 465.

Referring back to the control panel 461, the six opera-
tion push buttons, «, 8, v, 3, ¢ and 4, previously de-
scribed, are arranged thereon in row 466. In front of
row 466 are the zero and one digit buttons 349 and 350,
respectively. Nearer the center of control panel 461 the
integrator switch 290, having 22 possible switch posi-
tions, is provided.

In order to facilitate the read-out, channel switch 468
is provided. This latter switch has three positions
which connect either channel dz, R or Y to the oscillo-
scope 463. In addition, switch 469 is provided. The
screen 464 of oscilloscope 463 has a 22 position scale 470
thereon, hence switch 469 makes it possible for the op-
erafor to connect either the first or second half of an
integrator period to oscilloscope 463.

This completes the description of the overall illustration
of a preferred embodiment of the present digital integrat-
ing computer which can be used for obtaining solutions
to any type of ordinary differential equation or simulta-
neous sets thereof, or for generating functions of time
which are solutions of differential equations.

The basic method of solving, for example, ordinary
differential equations by the use of integrating means such
as these is to, in effect, interconnect the outputs of one
or a plurality of the integrators to some of the inputs in
such a manner so as to create a feedback system, and
then “drive” the entire integrator system by pulses from
an external source fed into the remaining inputs. The
pulse stream fed in from the external source is known
as the independent variable x of the equation.

On actuating the system a pulse stream corresponding
to the dependent variable y of the equation will be stored
in one of the integrators.

The solution of the equation can be defined by noting
the values of y corresponding to values of x at fixed in-
crements of the wariable x. Hence, means need also be
provided for summing and storing dxe.

The manner of interconnecting the integrator set-ups is
determined by the differential equations to be solved, i.e.,
for each particular problem the interconnection system
is arranged in a particular way. The general theory of
this is well known to the differential analyzer art.

As an example of a problem that can be solved using

these circuits, the set-up and mode of operation for
simultaneously generating the sine and cosine functions
will be described. As is well known, these trigonometric
functions can be expressed as the solutions to the rela-
tively simple harmonic differential equation

+y0

In con51der1ng the apphcatlon of the digital integrating
means, it is noted that two integrations are required to
obtain the solutions to this equation. The first integra-
tion gives:

d2y Py, _dy
" d
and the second integration gives:

f——ydx_ _

In order to physically solve the above differential
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aquation, four integrators, i.e., integrator set-ups on thé
memory wheel 116, are utilized. Two of these integrator
set-ups are provided for the first and second integration
processes indicated above; a third is used for generating
the independent variable dx and for stopping the com-
putation at fixed increments of the independent variable
x; and a fourth is used for summing the independentl
variable dx.

These four integrator set-ups will first be schematically’
illustrated in Figure 58. 'This illustration actually com-
prises a work sheet which facilitates coding up a problem
preparatory to placing it on the machine, On this work
sheet the interconnections between the integrators are in-
dicated; the scale factors aré recorded; and the initial
number and code information required in the R and Y
channels of each of the integrators are shown.

In general, to determine how to interconnect the in-
tegrator set-ups to obtain the feedback network, two
“ones” sources are considered. One of these sources con-
stitutes the independent variable dx unmits generated by
integrator 1, in this case. It will be noted that in the
present embodiment a 1 is inserted in the dz line as the
output of integrator 1, regardless of what its actual out-
put may be, so that this position in the dz channel may be
treated by any other integrator as the independent or
driving variable of the machine.

The actual output of integrator 1, of course, is used
The other of
these sources is an assumed source generating

ary

dxm
units, where

dry

dxn
is the highest derivative in the equation, in this case,

d2y

dx?
All the terms of the differential equation are generated
from the dx source and the assumed source. A final
feed-back connection is then made from the output to
the initially assumed input line. This feed-back con-
nection represents the completion of the equality of the
equation.

Referring to the schematic of the system in Figure

58, the “one’s” streams corresponding to the variables
of the equation are denoted by vertical lines. The first

‘vertical line starting from the left is designated line x,

disregarding the co-efficient there shown, and is connected
to receive pulses from integrator 1. The second vertical

line carries digits from the assumed source and is labeled

d2y
dx?

the third vertical line carries the result of the first integra- -
tion obtained from integrator 3 and is labelled

dy

dx
and the fourth wertical line carries units corresponding:
to the result of the second integration obtained from in--
tegrator 5 and is labelled y.

As noted in Figure 58, each integrator is schematically
illustrated by a rectangle, such as 471 for integrator 1.
The R and Y channels, each 48 clock intervals in length.,
are indicatéd along the top and bottom of each of the
rectangles. On the left of each of the rectangles, the
number of the integrator is indicated in block 472. On
the right of each of the rectangles, between the afore-
mentioned channels, as shown in particular for integrator
1, three rows 473, 474 and 475 contain information con-
cerning the dz output, the dx input, and the dy mput, '
from top to bottom, respectively, -
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diy
is performed in integrator 3. Thus its dx input line 476

receives ones from the vertical line x, and its dy input
line 477 receives one from the vertical line

Py
dx?

The output from integrator 3 is equal to rate

dy
d(%
and is fed on its dz output line 478 to the vertical line
labelled

The first integration,

dy
dx
The second integration

dy

%dilﬁ
is performed in integrator 5. Thus the dx input lead
479 of this latter integrator receives units from vertical
line x, and its dy input lead 480 receives units from ver-
tical line

@

dx
The output from integrator § is equal to rate —dy and
it is fed on its dz output lead 481 to the last vertical line
labelled y.

The completion of the feedback loop is made. from
the last vertical line, representing y, to the initially as-
sumed line

d%y
dx?
by a jumper 482 shown dashed in Figure 58. It is seen
that this latter interconnection represents the completion
of the equality
ay_ _
dz?
of the differential equation.

It is known from the study of calculus that for this

simple linear differential equation one solution is

Y=Ymex. Si0l X

i.e., the value of y varies as the function of sine, Further-

more,

dy
zi;=.7/max. Cos

i.e., the value of the first derivative

dy

dx
varies as the function of a cosine. Thus, it is noted that
the values y and

dy

dx
are indicated by the y number in the Y channel of in-
tegrator set-ups 3 and 5, respectively.

After interconnecting the integrator circuits in the
schematic of Figure 58 in the manner above described,
the sign of the variables must be considered.

It is noted that it is desired that the first integration

produce a
dy
_d<%

rate. Thus, the outputs on the dz output line 478 from
integrator 3 must be properly reversed in sign before
being fed into the dy input lead 480 of imtegrator 5.

(24
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This reversal in sign is indicated in the schematic of
Figure 58 by a minus sign in the sign box 483 in the dz’
output row 473 of integrator 3. The dy input line 477
to integrator 3, however; receives the dy output rate from
integrator 5, without a sign change and hence a plus
sign is located in the sign box 483 of integrator 5.

It must be noted that all rates comsidered here are
effective rates and should bear the subscript e, since the
value which they produce is not the sum of ones but the
difference in the number of ones and zeros. This in no
wise affects the logic and need not be comsidered in the
coding.

The scale factors will next be introduced as algebraic
symbols in the work sheet in Figure 58. On this diagram
the independent variable vertical line x is labelled «yx,
where «; is a constant. This signifies that «;dx units
represent a change of one unit in the variable x. In alike’
manner, the scale factor of

Ay
dx2

is ag. The integrator constant is equal to 27, hence the
output of integrator 3, which is
4y
. dx
has the scale factor
ooy
agz= 21|,
Referring next to integrator 3, it receives inputs dx and -
dy
ax

whose scale factors were defined above, hence the output
scale factor assigned to its output y is equal to

5102)]

2717
As previously noted this output y is fed by jumper 482
into the dy ioput of integrator 3.

Thus, the scale equation expressed by these intercon-
nections is '

[2n]2y_a2dx2
hence the original equation will only be satisfied if the
relation

2
FZI"C{:::CQ or a12=[2"]2
holds between the constants introduced.

Since ay, the scale factor for the variable y, dropped
out of the above equation, it can be arbitrarily chosen,
realizing that the maximum number of units which can
represent y is limited by the capacity of the stages, #,
allotted thereto. The maximum value of the y number,
i.e., the amplitude, is known to be the same for the sine
and cosine and in this case is made equal to unity.

Thus the scale factors «y and o3 are likewise equal and
arbitrarily chosen to be 218 in order to give the desired
accuracy.

In order to set up these scale factors, the start mark
is located in clock position Py; of the Y chanael of both
integrators 3 and 5. Hence, this reserves clock positions
Pqg through Py, inclusive (19 stages), for the y number.
This determines the integrator constant 27 of the machine,
setting it at 219, Thus from the above equations it fol-
lows that «;=219,

Assuming the initial value of x is zero, the initial value
of the y number (sine) to be placed in integrator 3 is -
zero and the initial value of the y number (cosine) to
be placed in integrator 5 is the maximum value to be as-
signed to y, i.e., Ymax-

The maximum value of y, (unity) after being multi-
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plied by the scale factor, is represented on the work sheet
by a “one” initially located in the last stage-position Py,
reserved for the y number ir integrator 5, This is equiv-
alent to a-y number of 218, - The initial setting of the y
number in integrator 3, on the other hand, is made by
placing a digit zero in all of its stages (Pgy through Pyg)
since it sums the .
dx
variable which is initially equal to zero.

By referring to the convention for representing the y
number in Figure 36, the sign of the initial y number
settings in both integrators 3 and 5 require a digit one in
their Py clock position.

" As for the code sections of integrators 3 and 5, the
interconnections already determined decide their location.
By use of the slide rule shown in Figure 35 it is now clear
that integrator 3 can be made to pick up the output of
integrator 1 by placing a dx code in position P; of the R
channel of integrator 3; while integrator 5 can be made
to pick up the output of integrator 1 by placing a dx code
mark in position P; of the R channel of integrator 5.
In a similar manner, it is determined that the dy code
of integrator 3 picks up the output of integrator 5 by a
mark in position Py of the Y channel of integrator 3;
while integrator 5 picks up the output of integrator 3 by
a mark in position Py of the Y channe] of integrator 5.

Integrator 1 will now be further explained. This in-
tegrator generates a dx “one” each revolution of the
wheel during computation. This is obtained. by term

PyliG(¢+6) which, whenever true, feeds a unit from -

the computer unit 136 to the dz channel delay line.

In order to have the computation carried out for a
given increment of the independent variable x, integrator
1 is further arranged so as to have a carry out from its
R channel, after the required number of dx pulses (revo-
lutions of the wheel) have been generated.

A precalculated y number is initially placed in the Y
channel of integrator 1. Once each revolution of the
wheel during the computation process, this y number is
subtracted from the r number until a carry out occurs
at the I;Py time. This carry out is utilized to turn on
halt flip-flop H1 (Figure 48) which stops the computa-
tion,

The precalculated number, designated V, to place in
the Y channel of integrator 1 can now be determined.
Since «;dx units represent a unit change of the variable
%, 21%Ax is the number of dx units representing Ax units.
If y were to be added into r in integrator 1, then y would
be filled with a number equal to

223
ale

However, no dx inputs are fed into integrator 1 and hence

the number y therein is actually subtracted from r

Hence, the number V placed in the Y channel of integra-
tor 1 is equal to

223
V=928 "
a Az
which when complemented equals 223/ 0 Ax.

Assuming Ax=3¢g or 2—%, then V'=223_28. The result
of this subtraction is set up in the Y channel of integrator
1 by placing a digit one in clock positions P33 through

a1 )

In order to obtain the cumulation of the dx outpuis
from integrator 1, integrator 8 is provided with a dy
pickup mark in the Pg position of the Y channel. Thus
the v number in integrator 8 represents the value of the
i variable,

g up the work sheet shown in Figure 58, the
Y and R channels of the wheel are filled by the operator
using the conirol panel switches, as previously described.
The generation of the solution to the differential equa-
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tion is now started by the operator triggering the first
go flip-flop G1 by hitting either the one or zero buttons
on control panel 461. :

The values of the sine and cosine functions which ap-
pear in the Y channels of integrators 3 and §, respective-
ly, as the calculation proceeds are shown in graphical
form in Figure 59. The ordinates of the graphs corre-
spond to the indicated value of the functions in the coun-
ter, and the abscissae of the graph correspond to the sum-
mation of dx units as indicated in integrator 8.

Referring to integrator 5, the initial dx outputs from
integrator 1 cause the positive y number initially set in its
Y channel to be added into its R channel. The positive
dz output pulses from integrator 5 are fed into the Y
channel of integrator 3 and start to increase the y num-

_ ber therein, thus indicating an increasing value of the
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sine. ' As evidenced by the cosine x graph, the dx outputs
from integrator 1 simultaneously start to transfer the
positive y number in the Y channel of integrator 3 to
produce output

L4
dx

The initial outputs from integrator 3 are made negative,
as before noted, in feeding into the dy input of integrator
5 and thus start to decrease the value of y in integrator
5 as shown in the graph of Figure 59.

When the r number of integrator 1 reaches capacity,
it emits a “one” which stops the computation. The
values of the sine and cosine function, corresponding to
the value of the x variables Ax intervals, can then be
directly read off as binary numbers by reading the oscil-
loscope 463.

"The mode of generation of these functions can be more
clearly seen by Figure 60. Here the unit interval Ax,
is shown to be subdivided into «; equal parts, each part
equivalent to dx in width. Here «y, as before, is the scale
of the independent variable x. Thus the curve is repre-
sented by a step function having «; flats in the unit
interval. :

It is thus clearly seen that the present invention pro-
vides a novel means and method of performing digital
integration. In tests of this device, the sine and cosine
function as herein described were calculated to an ac-
curacy of seventeen significant binary figures using nine-
teen binary stages in the Y counter. This is better than
a five significant figure decimal accuracy. It should be
apparent to those skilled in the art that by utilizing addi-
tional stages for the y number the accuracy can be in-
creased to a greater order if desired.

It should be appreciated that the term “signal indica-
tions” as used in the claims refers to physical phenom-
ena which take place in the digital differential analyzer,
as for example, the production of electrical signals. The
term “sequentially presenting the integrators for compu-
tation” refers to the time-sharing arrangement in which
computation is performed upon each of the integrators
in sequence.

The term “independent quantity” refers to the value of
x—or, in other words, to the quantity whose increments
coniro] the production of the yAx increments. The term
“dependent quantity” in the claims refers to the value
of y—or, in other words, the quantity which is combined
with the increments of the indpendent quantity. The term
“differential combination” as used in the claims refers
to the yAx increments. 1

From the above description it will be apparent that
there is thus provided a device of the character described
possessing the particular features of advantage before
enumerated as desirable, but which obviously is suscep-
tible of modification in its form, proportions, detail con-
struction and arrangement of parts without departing

-from the principle iuvolved or sacrificing amy of its

advantages.
While in order to comply with the statue, the inven-



. 2,900,134

' 63
tion has been described in language more or less specific
as to structural features, it is to be understood that the
invention is not limited to the specific features shown,
but that the means and consiruction herein disclosed

comprise a preferred form of putting the invention into-

effect, and the invention is, therefore, claimed in any of
its forms or modifications within the legitimate and valid
scope of the appended claims.

We claim:

1. A digital differential analyzer, including, a plurality
of integrator storage sections, means for providing in each
integrator storage section signal indications representing
variations in an independent variable quantity, means for
providing in each integrator storage section digital signal
indications representing a dependent variable quantity,
sensing means for sequentially sensing said integrator
storage sections including means to alter the signals
recorded therein, means connected to said sensing means
for differentially combining the signal indications repre-
senting the dependent quantity and the variations in the
independent quantity for each integrator storage section
upon occurrence of each signal representing a variation
in the independent quantity of the integrator storage
section to produce output signal indications for the in-
tegrator storage section and means for transferring the
output signal indications of predetermined integrator stor-
age sections to provide new signal indications repre-
senting the dependent quantity for other integrator stor-
age sections.

2. A digital differential analyzer, including, a plurality
of integrator storage sections, means for providing. in
each integrator storage section digital signal indications
representing variations in an independent variable quan-
tity, means for providing in each integrator storage section
digital signal indications representing a dependent vari-
able quantity, means for sensing and altering the de-
pendent quantity in each. integrator storage section on a
sequential basis, means for differentially combining sig-
nal indications representing the dependent variable quan-
tity and the variations in the independent quantity upon
each occurrence of a discrete variation in the inde-
pendent quantity in an integrator storage section, means
for accumulating signal indications representative of said
differential combinations of each of said storage sec-
tions, means for providing overflow signal indications to
indicate a predetermined value of the signal indica-
tions representing said accumulation of differential combi-
nations of each integrator storage section has been ex-
ceeded, means for providing signal indications repre-
senting increments in the dependent quantity for each
integrator storage section in accordance with the signal
indications representing overflow signals. from certain of
said integrator storage sections dependent upon a prob-
lem to be solved.

3. A digital differential analyzer, including, a plurality
of integrator storage sections, means for providing sig-
nal indications in each integrator storage section repre-
senting variations in an independent variable quantity,
means for providing finite signal indications in each integ-
rator storage section representing a dependent variable
quantity; means for sequentially sensing said signal indi-
cations from said integrator storage sections, means for
differentially combining the signal indications represent-
ing the dependent quantity and the variations in the inde-

pendent quantity in cach integrator storage section. during.

each occurrence of a discrete variation in the independ-
ent quantity in the integrator storage section, means for
accumulating in each integrator storage section finite sig-

nal indications representing the differential combination,.

means for providing finite overflow signal indications indi-
cating an excess of a predetermined value in the signal
indications of the differential’ combination accumulated
in each integrator storage section has occurred, means
for applying the overfiow signal indications from the
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different integrator storage sections in sequence to alter-
the signal indications registered therein:

4. A digital differential analyzer, including, a plurality
of integrator storage sections, means including a first
storage channel in each of said integrator storage sections
for providing digital signal indications representing varia-
tions in an independent quantity, means including a sec-
ond storage channel in each of said integrator storage sec-
tions for providing digital signal indications representing
a dependent quantity, means for sequentially sensing the
integrator storage sections and vary the signals representa-
tive of the independent quantity of each integrator stor-
age section, means for differentially combining the signal
indications representing the dependent quantity and the
variations in the independent quantity for each integrator
storage section upon discrete variations in the-independent
quantity to produce representative digital signals and
means for providing signal indications for determining
which. of the signal indications representing the differential
combinations - from predetermined integrator storage sec-
tions shall: be combined with signal indications represent-
ing the dependent quantity in each integrator storage
section upon each presentation of the integrator for varia-
tions in the independent quantity for the integrator stor-
age section.

5. A digital differential- analyzer, including, a plurality
of integrator storage sections, means including a first:
storage channel in each of said integrator storage sections
for providing digital signal indications representing varia-
tions in an independent guantity, means including a sec-
ond:storage channel in-each integrator storage section for
providing digital signal indications representing a  de-
pendent. quantity, means for sequentially sensing the
integrator storage sections-to vary the signals representa-
tive of quantities stored therein, means for differentially
combining the signal indications representing the de-
pendent quantity and the variations in the independent
quantity of each integrator storage section during periods
of variation to form digital signals representative of the
differential combinations, means for providing signal in-
dications for determining the manner in which the signal
indications representing the differential combinations
from predetermined integrator storage sections are-utilized
for controlling variations in quantities stored in other
of said integrator storage sections.

6.. A digital differential analyzer, including, a plurality
of integrator storage sections, means for providing digital
signal indications representing variations in an inde-

* pendent quantity for the integrator storage sections; means
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including a first storage channel in each of said integrator
storage sections for registering digital signal indications
representing a dependent . quantity for each integrator
storage section, means for sequentially sensing the in-
tegrator storage sections to vary the signals representative
of ihe dependent quantity of each integrator storage sec-
tion, means for differentially combining the signal indica-
tions representing the dependent quantity and the varia-
tions in the independent quantity for each integrator stor-
age section to thereby produce digital signals representa-
tive of the differential combination, means including a
second storage channel in each of said integrator. storage
sections for registering digital signal indications repre-
senting. said differential combination; means for provid-
ing:signal indications-for controlling the manner in which.
the signal indications in said second storage channel rep-
resenting the differential combinations of different in-
tegrators are combined with the signal indications repre-
senting the dependent quantity in each integrator.

7. A digital differential analyzer, including, a plurality
of integrator storage secticns, means for providing digital
signal indications representing variations in an inde-
pendent quantity for each of the integrator storage sec-
tions, means including a first storage channel for register-
ing digital signal indications representing a dependent
quantity in each infegrator storage section, means for



L 65
Sensing the integrator storage sections on a sequential basis
to vary the signal representative of the dependent quantity
for each integrator storage section, means for differen-
tially combining the signal indications representing the
dependent quantity and the variations in the independent
quantity for each integrator storage section upon each
discrete variation in the dependent quantity of an in-
tegrator siorage section to thereby produce digital signals
representative of such a combination, means including a
second storage channel for registering digital signal indi-
cations representing the differential combination for each
integrator storage section, means including a third storage
channel for registering overflow digital signal indications
formed from said second storage chanrel upon a prede-
termined value in signal indications representing the dif-
ferential combination for each integrator storage section
being exceeded, and means for providing signal indications
to control the manner in which the overflow signal indica-
tions from predetermined integrator storage sections are
combined with the signal indications representing the de-
pendent quantity in other integrator storage sections upon
each presentation of the integrator storage section for
variations of the dependent quantity for the integrator.

8. A digital differential analyzer, including, a plurality
of integrator storage sections, means for providing digital
signal indications representing variations in an independ-
ent quantity to each of the integrator storage sections,
means including a first storage channel for registering
digital signal indications representing a dependent quan-
tity for each integrator storage section, means for sequen-
tially sensing the integrator storage sections to vary the
signals representative of the dependent quantity for each
integrator storage section, means for differentially com-
bining the signal indications representing the dependent
quantity and the variations in the independént quantity
for each integrator storage section during the presenta-
tion of an integrator storage section to thereby produce
digital signals representative of such a combination, means
including a second storage channel for registering digital
signal indications representing the differential combination
for each integrator storage section; means including a
third storage channel for registering overflow digital
signal indications formed by said second storage means

_upon the occurrence of an excess of a predetermined
value in the differential combination for an integrator
storage section, means for providing signal indications to
control the manner in which the overflow signal indica-
tions from predetermined integrator storage sections are
combined with the signal indications representing the de-
pendent quantity in each integrator storage section upon
each sensing of the integrator storage section, and means
for recirculating in a precessing pattern, in the third
storage channel, the overflow signal indications of each
integrator storage section during the combination of the
different quantities in the integrator storage section.

9. A digital differential analyzer, including, a plurality
of integrator storage sections, means for providing digital
signal indications representing variations in an independent
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quantity of each integrator storage section, means for

" sequentially sensing said integrator storage sections to
vary the signals representative of the quantities registered
therein, means for providing signal indications represent-
ing the polarity of the variations in the independent quan-
tity to each integrator storage section during sensing of
the integrator storage sections, means including a first
storage channel in each integrator storage section during
sensing of the integrator storage sections, means includ-
ing a first storage channel in each integrator storage sec-
tion for registering digital signal indications representing

a dependent quantity for each integrator storage section,

means for providing digital signal indications represent-
ing variations to be made in the dependent quantity in
" each integrator storage section upon each sensing of the
integrator storage sections, means for differentially com-
bining the signal indications representing the dependent
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quantity and the variations in the independent quantity for
each integrator storage section on presentation of the in-
tegrator storage sections in accordance with the polarity
of such variation to form digital signals representative of
the combination, means including a second storage chan-
nel for registering in each integrator storage séction sig-
nal indications digitally representing the differential com-
bination for the integrator storage section, and means for
transferring, the signal indications representing the dif-
ferential combinations from certain integrator storage
sections to provide new signal indications représénting
variations in the dependent quantity.

10. A digital differential analyzer, including, a plurality
of integrator storage sections, means for registering digital
signal indications representing variations of an independ-
ent quantity in each integrator storage seéction, meanis
for registering signal indications representing a dependent
quantity in eéch integrdtor storage sectiod, nieans for se-
quentially sensing the integrator storage sections to vary
the signal representative of the registeréd quantities, meaits
for performing the differential combination of the signal
indications representing the variations in the independ-
ent quantity and of the signal indications representing
the dependent quantity in each integrator storage section
upon each sensing of an integrator storage section to
thereby form digital signals representative of such a
combination, and means for producing signal indications
representing the variations in the independent quantity for
each integrator storage section upon the sensing of the
integrator storage section and in accordance with the
signal indications represented by the differntial combina-
tion for other integrator storage sections, dependent upon
the problem to be solved.

11. A digital differential analyzer, including, a plu-
rality of integrator storage sections, means for register-
ing digital signal indications representing variations of
an independent guantity in each of the integrator storage
sections, means for registering digital signal indications
representing a coded dependent guantity in each inte-
grator storage section, means for sequentially sensing the
integrator storage sections to vary the signals represent-
ative of the dependent quantity registered in each in-
tegrator storage section, means for performing the dif-
ferential combination of the signal indications represent-
ing the variations in the independent guantity and of
the signal indications representing the digitally-coded
dependent quantity from each integrator storage section
to form digital signal indications representative of such
a combination, upon each occurrence of a digital signal
representing a variation in an independent quantity,
means for varying the signal indications representing
the value of the dependent guantity in an integrator stor-
age section upon each sensing of the integrator storage
section and in accordance with the signal indications
representing the values of the differential combinations
of certain other integrator storage sections determined
in accordance with a problem to be solved, means for
registering the digital signal indications representing the
differential combination in each integrator storage sec-
tion, and means for precessing the signal indications rep-
resenting the differential combinations in the integrator
storage sections as each integrator storage section is
sensed. i

12.. A digital differential analyzer, including a mag-
netic drum, means for rotating the drum, counting means
for effecting a plurality of integrator storage sections on
said drum each having a predetermined number of pulse
registering positions, means for storing coded digital sig-

-nal indications representing variations in an independent
guantity in each integrator storage section, means for
storing in certain pulse registering positions of each in-
tegrator storage section digital signal indications repre-
senting a dependent quantity, means for -differentially
combining the signal indications representing the de-
pendent quantity and the variations in the independent
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quantity for each integrator storage section to provide
digital signal indications representative of the combina-
tion, upon each occurrence of coded digital signal indi-
cations representing a variation of the independent quan-
tity, means for storing in other pulse registering positions
of integrator storage sections digital signal indications
representing said differential combination, means for
storing in still other pulse positions of each integrator
storage section digital signal indications representing in-
crements of the differential combination for each inte-
grator storage section beyond the storage capacity for the
signal indications representing the differential combina-
tion, and means for combining the signal indications rep-
resenting increments from predetermined integrator stor-
age sections with the signal indications representing the
dependent guantity for each integrator storage section
during the rotation of the magnetic drum.

13. A digital differential analyzer comprising: a re-
cording means; means for defining said recording means
into. a plurality of integrator storage sections; means
for scanning said recording means with sensing means
to derive a plurality of signal indications from each of
said integrator storage sections of said recording means,
said plurality of signal indications including digital sig-
nal indications representing an increment in an independ-
ent quantity, digital signal indications representing a
dependent quantity, and digital signal indications rep-
resenting an accumulated differential combination of in-
crements in said independent quantity and said dependent
quantity, means for differentially combining said signal
indications representing said increments in said independ-
ent quantity and said signal indications representing said
dependent quantity to form differential combination sig-
nal indications upon each sensing of said signal indica-
tions representing an increment in an independent quan-
tity, and means for adding said differential combination
signal indications to accumulated differential combina-
tion signal indications registered in each of said integrator
storage sections.

14. A digital differential analyzer comprising: a re-
cording means; means for defining said recording means
into a plurality of integrator storage sections; means
for scanning said recording means with sensing means to
derive a plurality of signal indications from each of said
integrator storage sections of said recording means, said
plurality of signal indications including digital signal
indications representing an increment in an independent
quantity, digital signal indications representing a depen-
dent quantity, and digital signal indications representmg
an accumulated differential combination of increments
in said independent quantity and said dependent quan-
tity; means for differentially combmmg said signal in-
dications representing said increments in said independent
quantity and said signal indications representing said de-
pendent quantity to form differential combination signal
indications upon each sensmg of said signal indications
representing an increment in on independent quantity;
means for adding said differential combination signal
indications to accumulated differential combination signal
indications registered in each of said integrator storage
sections; means for generating an overflow signal indi-
cation at a time when said accumulated differential com-
bination registered in an integrator storage section reaches
a predetermined value; and means for va.rymtT the signals
representative of the quantities registered in certain of
said integrator storage sections in accordance with the
said overflow signal indications from other of said in-
tegrator storage sections.

15. A digital differential analyzer including a plurality
of integrator storage sections, means for registering dlgltal
signal indications representing a dependent quantity in
each of said integrator storage sections, means for regis-
termg digital signal indications representing increments
in an independent quantity in each of said integrator stor-
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age sections, means for sequentially sensing said signals
indications in each of said integrator storage sectionms,
means for differentially combining signal indications rep-
resenting said dependent quantity and said increments in
said independent quantity from each of said integrator
storage sections to form digital signals representative of
such a combination, and means for controlling the signal
indications representing the value of said dependent quan-
tity of certain of said integrator storage sections in ac-
cordance with said signal indications representing the dif-
ferential combination of said dependent quantity and said
increments in said independent quantity from other of
said integrator storage sections.

16. A digital differential analyzer including, a plurality
of integrator storage sections, means for registering digital
indications representing a dependent quantity in each of
said integrator storage sections, means for registering
digital indications representing am accumulated differ-
ential combination of a dependent quantity and increments
in an independent quantity in each of said integrator stor-
age sections, means for registering digital indications rep-
resenting increments in an independent quantity in each
of said integrator storage sections, means for sequentially
sensing said indications from each of said integrator stor-
age sections, means for differentially combining digital in-
dications representing said dependent quantity and said
increments in said independent quantity from each of said
integrator storage sections and to form incremental dif-
ferential combination signal indications upon each occur-
rence of a digital indication representing an increment
in an independent quantity, means for adding said in-
cremental differential combination signal indications and
said accumulated differential combination signal indica-
tioms.

17. A digital differential analyzer including a plurality
of integrator storage sections, means for sequentially
sensing said integrator storage sections, means for pro-
viding signal indications representing increments in an
independent quantity registered in each of said integrator
storage sections, means for providing signal indications
representing a dependent quantity registered in each of
said integrator storage sections, means for combining
said signal indications representing said dependent quan-
tity. and said increments in said independent quantity from

each integrator storage section upon the sensing of a

;SIgnal indication representmg an increment in an inde-

pendent quantity, to provide digital signal indications rep-
resenting a differential combination, means for accumu-

lating said signal indications representing a differential

combination, for providing overflow signals which indi-
cate a predetermined value in said signal indications of
said differential combination has been exceeded, means
for providing digital signal indications representing in-
crements in the value of a dependent quantity in accord-
ance with said overflow signal indications, means for
registering ‘and precessing said overflow signals in such
a manner as to make said overflow signals available to
each of said integrator storage sections during computa-

tion.

18. In a digital differential analyzer, a plurality of in-
tegrator storage sections, means for sequentially sensing
said integrator storage sections, means for registeriug
digital signal indications representing variations in an in-
dependent quantity in each of said integrator storage sec-
tions, means for registering d1g1ta1 signal indications rep-
resenting a dependent quantity in each of said integrator
storage sections, means for differentially combining said

signal indications representing said dependent quantity

and variations in said independent quantity from each of
said integrator storage sections when sensed, to thereby
provide, digital signal indications representing said dif-
ferential combination from each integrator storage sec-
tion.

" 19. In a digital differential analyzer, a plurality of in-
tegrator storage sections, means for sequentially sensing
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$aid integrator storage sections, means for providing dig-
ital signal indications representing increments in an in-
dependent quantity for each integrator storage section,
means for providing digital signal indications representing
a dependent quantity registered in each of said integrator
storage sections, means for differentially combining said
signal indications representing said dependent quantity
and said variations in said independent quantity upon sens-
ing both of said signal indications to be combined, to form
«differential combination signals, means for accumulating
said differential combination signals, means for registering
said accumulation of said differential combination signals
in each of said integrator storage sections.

20. In a digital differential analyzer a plurality of in-
tegrator storage sections, means for sequentially sensing
said integrator storage sections, to thereby provide dig-
ital signal indications representing variations in an in-
dependent quantity registered in each of said integrator
storage sections, and digital signal indications represent-
ing a dependent quantity. registered in each of said in-
tegrator storage sections, means for differentially combin-
ing the signal indications representing said dependent
quantity and said variations in said independent quantity
upon the occurrence of signal indications indicating the
presence of both quantities from an integrator storage
section to thereby provide digital signal indications rep~
resenting said differential combination for each integrator
storage section, gating means for interrupting said differ-
entially combining upon occurrence of a particular value
for one of said quantities registered in said integrator
storage section.

21. A digital differential analyzer including; a plurality
of integrator storage sections, means for sensing each of
said integrator storage sections sequentially, to. thereby
provide digital signal indications representing a varia-
tion in an independent quantity for each of said integrator
storage sections, and digital signal indications represent-
ing a dependent quantity from each of said integrator
storage sections, means for differentially combining said
signal indications representing said dependent quantity
and said variations in said independent quantity during
sensing of each integrator storage section and upon the
occurrence of signal indications representing both said
dependent quantity and said variation in an independent
quantity, to provide digital signal indications representa-
tive of such a combination, means for accumulating said.
signals representing said differential combination in each.
of said integrator storage sections, means connected to
said means for accumulating, for providing overflow sig-
nals indicating an accumulated value of said differential’
combination as represented by signals, has exceeded a
predetermined value, means for varying the signals regis-
tered in certain of said integrator storage sections con-
trolled by said overflow signals from other of said in-
tegrator storage sections. ’

- 22, A digital differential analyzer including: a pluralify
of integrator storage sections, means for sensing each of
said integrator storage sections for computation in a
sequential manner, to thereby provide digital signal in-
dications representing variations in an independent quan-
tity from each of said integrator storage sections and
digital signal indications representing a dependent quan-
tity from each of said integrator storage sections, means
for differentially combining said signal indications rep-
resenting said dependent quantity and variations in said
independent quaatity from each integrator storage sec-
tion upon sensing of said integrator storage section, to
thereby provide digital signal indications representing the
differential combination for each integrator storage sec-
tion, means for accumulating said signals representing
said differential combination, in said integrator storage
sections, for providing overflow signal indications indi-
cating an exceeding of a predetermined value by said
differential combination for an integrator storage section,
and means for varying the signal indications representing
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said dependent quantity for each integrator storage seé-
tion in accordance with said overflow signal indications
from certain of said integrator storage sections depend-
ent upon the problem undergoing solution. .

23. A digital differential analyzer including a plurality
of integrator storage sections, means for sequentially
scanning each of said integrator storage sectioms, to
thereby provide digital signal indications representative
of variations in an independent quantity registered in each
of said integrator storage sections, and digital signal in-
dications representative of a dependent quantity registered
in each of said integrator storage sections, means for dif-
ferentially combining said signal indications representa-
tive of said dependent quantity and variations in said in-
dependent quantity from each of said integrator storage
sections during the period when each of said integrator
storage sections are being considered, to thereby provide
digital signal indications representative of the differential
combination from each of said integrator storage sections,
means for accumulating the value of said differential com-
bination and providing digital overflow signal indications
indicating that a predetermined value of said differential
combination in each of said integrator storage sections
has been exceeded, means for registering and precessing
said overflow signal indications such as to enable said
overflow indications to be available for utilization during
consideration of each of said integrator storage sections
and means to vary the magnitude of quantities registered
in each of said integrator storage sections under control
of said overflow signal indications.

24, In a digital differential analyzer first, second, and
third storage channels each having a plurality of pulse
registering positions, means including a plurality of
counters for defining said first and said second channels
into a plurality of integrator storage sections, each of said
integrator storage sections having a plurality. of pulse
registering positions, means for sequentially scanning said
pulse positions of said integrator storage sections during
computation, means for providing in said first channel
digital signal indications representing a dependent quan-
tity for each of said integrator storage sections, means for
providing in said second channel digital signal indica-
tions representing variations in an independent quantity
for each of said integrator storage sections, means for
providing a marker pulse in a pulse registering position
in said third channel, means for differentially combining
signal indications in said first and said second channels
in a particular integrator storage section depending on
the presence of a marker pulse in said third channel in a
predetermined pulse registering position to thereby form
digital signal indications representative of the combina-
tion, and means operative to advance said marker pulse
to different positions in said third channel.

25. In a digital differential analyzer, a recording means
having first, second, and third channels, each of said chan-
nels have a plurality of pulse registering positions, means
including a plurality of counters for dividing said first
and said second channels into a plurality of integrator
storage sections, each of said integrator storage sections
having a plurality of pulse registering positions, means
for sequentially reading the content of said . integrator
storage sections, means for providing in said first channel
digital signal indications representing a dependent quan-
tity for each integrator storage section, means for pro-
viding digital signal indications representing variations
in an independent quantity for each of said integrator

. storage sections, means for providing in said second chan-
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nel digital signal indications representing a differential
combination of a dependent quantity and variations in a
dependent quantity for each of said integrator storage
sections, means for providing a marker pulse in said third
channel, means for differentially combining signal in-
dications from a particular integrator storage section of
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said first channel with signal indications representing digi-
tal variations in an independent quantity to thereby form
digital signal indications representative of such a com-
bination, upon the presence of a marker pulse in a cer-
tain pulse registering position in said third channel, means
operative to advance said marker pulse to a different pulse
position in said third channel.

26. In a digital differential analyzer, a plurality of
integrator storage sections, means for sensing the inte-
grator storage sections in sequence to provide signal in-
dications representing variations in an independent quan-
tity for each integrator storage section, and signal indi-
cations digitally representing a dependent quantity for
each integrator storage section, electrical circuits for dif-
ferentially combining the signal indications representing
the dependent quantity and the variations in the inde-
pendent quantity for each integrator storage section to
form signal indications representative of such a combi-
nation, upon the presentation of the integrator storage
section for sensing and upon each digital variation in the
independent quantity for the integrator storage section,
electrical circuits for providing overflow signal indica-
tions to indicate an excess of a predetermined value
has occurred, as represented by the signal indications
representing the differential combination for each inte-
grator storage secticm, electrical circuits for transferring
to each integrator storage section the overflow signal
indications from different integrator storage sections in
the plurality, and electrical circuits for providing signal
indications representing variations in the dependent and
independent quantities for each integrator storage sec-
tion in accordance with the overflow signal indications
from certain integrator storage sections dependent upon
the problem to be solved.

27. A differential analyzer comprising: storage means
for registering signal representations, representative of a
plurality of numerical values; means for sensing first
digital signal representations registered in said storage
means representative of a dependent quantity of a math-
ematical function; means for varying said first digital
signal representations in accordance with variations in
said dependent quantity; means for providing second
digital signal representations, representative of variations
in an independent quantity of said mathematical func-
tion; means for sensing third digital signal representa-
tions registered in said storage means, representative of
a combination of said dependent quantity and variations
in said independent quantity; means connected to re-
ceive said first and said second digital signal representa-
tions for forming fourth digital signal representations,
representative of the product of said dependent quan-
tity and said variations in said independent quantity upon
the occurrence of signal representations representative of
variations in an independent quantity; means connected to
receive said third and said fourth signal representations
for forming fifth signal representations, representative
of the accumulation of the guantities represented by said
third and said fourth signal representations; and means
for returning said first and said fifth signal representa-
tions to said storage means.

28. A differential analyzer comprising: storage means
for registering digital signal representations, representa-
tive of a plurality of numerical values; means for sensing
first digital signal representations registered in said stor-
age means representative of one quantity of a mathe-
matical function; means for varying said first digital sig-
nal representations in accordance with received digital
signal representations representative of variations in said
one quantity; means for receiving second digital signal
representations, representative of variations in an other
quantity .of said mathematical functions; means for sens-
ing third digital signal representations registered in said
storage means, representative of a combination of said
one quantity and variations in said other quantity; means
connected to receive said first and said second signal rep-
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resentations for forming fourth digital signal representa-
tions upon the occurrence of said second digital signal
representations, said fourth signal representations being
representative of the product of said one quantity and
variations in said other quantity; means connected to re-
ceive said third and said fourth signal representations

-for forming fifth digital signal representations, represen-

tative of the accumulation of the quantities represented
by said third and said fourth digital signal representa-
tions; and means for returning said first and said fifth
digital signal representations to said storage means.

29. A differential analyzer comprising: storage means
for registering digital signal representations, representa-
tive of a plurality of numerical values; means for se-
quentially sensing first digital signal representations reg-
istered in said storage means, each representative of one
quantity of a mathematical function; means for varying
said first signal representations in accordance with re-
ceived digital signal representations, representative of
variations in said one quantity; means for sequentially
providing second digital signal ‘representations each rep-
resentative of variations in an other quantity of said
mathematical function; means for sequentially sensing
third digital signal representations registered in said stor-
age means, each representative of a combination of said
one quantity and variations in said other quantity; means
connected to receive said first and said second signal rep-
resentations for forming fourth digital signal represen-
tations upon the occurrence of said second digital signal
representations -indicating a discrete variation in said
other quantity, said fourth signal representations being
representative of the product of said one quantity and
variations in said other quantity; means connected to
receive said third and said fourth signal representaticns
for forming fifth digital signal representations, representa-
tive of the accumulation of the quantities represented by
said third and said fourth signal representations; and
means for returning said first and said fifth signal repre-
sentations to said storage means.

30. A differential analyzer comprising: storage means
for registering digital signal representations, representa-
tive of a plurality of numerical values; means for sensing
first digital signal representations registered in said stor-
age means representative of one quantity of a mathe-
matical function; means for varying said first digital sig-
nal representations in accordance with variations in said
one quantity; means for providing second digital signal
representations, representative of variations in an other
quantity of sajid mathematical functions; means for sens-
ing third digital signal representations registered in said
storage means, representative of a combination of said
one quantity and variations in said other quantity; means
connected to receive said first and said second digital sig-
nal representations for forming fourth digital signal rep-
resentations upon each occurrence of second signal rep-
resentations indicating a change in said other quantity,
said fourth signal representations being representative of
the product of said one quantity and variations in said
other quantity; means connected to receive said third
and said fourth digital signal representations for form-
ing fifth digital signal representations, representative of
the accumulation of the quantities represented by said
third -and said fourth digital signal representations; and
means for returning said first and said fifth digital sig-
nal representations to said storage means.

31. A differential analyzer comprising: storage means
for registering signal representations, representative of a
plurality of numerical values; means for sequentially
sensing different first digital signal representations regis-
tered in said storage means representative of a depen-
dent quantity of a mathematical function; means for
sequentially providing different digital signal represen-
tations, representative of variations in said dependent
quantity, and for varying said first signal representa-
tions; means adapted to sequentially receive different sec-



2,000,1

73

6nd digitai signal representations, representative of vari-
ations in an independent quantity of said mathematical
function; means for sequentially sensing different third

digital signal representations registered in said storage .

means, representative of a combination of said dependent
quantity and variations in said independent quantity;
means connected to sequentially receive said different
first and said second signal representations for forming
different fourth digital signal representations upon the
occurrence of said second signal representations indi-
cating a discrete variation in said independent quantity,
said fourth signal representations being representative of
the product of said dependent quantity and said vari-
ations in said independent quantity; means connected to
sequentially receive said different third and said differ-
ent fourth signal representations for forming different
fifth signal representations, representative of the accumu-
lation of the quantities represented by said third and said
fourth signal representations; and means for sequentially
returning said first and said fifth signal representations to
said storage means.

32. Apparatus according to claim 27 wherein said
signal representations may alternatively represent posi-
tive and negative numerical values.
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