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This invention relates to digital differential analyzers
and more particularly to an analyzer for utilizing decimal
digits to enhance its ease of operation and for facilitating
scaling in the decimal system.

In co-pending application Serial No, 217,478, filed
March 26, 1951, now Patent No. 2,900,134, by Floyd G.
Steele and William S. Collison, a digital differential ana-
lyzer is disclosed for solving complex differential prob-
lems by digital steps. The analyzer has the advantages of
both digital computers and differential analyzers. The
analyzer obtains the advantage of differential analyzers
in that it is relatively small in construction. The analyzer
also has the advantage of digital computers in its speed
and accuracy of operation. By combining these advan-
tages, a computer is obtained which is able to solve com-
plex differential equations even though it is housed in a
cabinet smaller than a desk.

The digital differential analyzers now in use operate in
the binary system to obtain the solution of digital prob-
lems. These systems have been entirely satisfactory from
the standpoint of operation. However, operators of the
machine have expressed some desire for an analyzer
which will operate on a decimal basis. It has been the
opinion of these people that a machine operating on a
decimal basis can be initially coded relatively easily and
that the results obtained during and after the solution of
a problem can also be read and digested easily.

One of the difficulties in converting from a binary
system to a decimal system results from problems of
scaling. 1In the binary system the scale progresses in the
relationship 1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024,
etc., for successive digit positions. In the decimal system,
the scale progresses in the relationship 1, 10, 100, 1,000,
etc., for successive digit positions. As can be seen, the
scale values in the decimal system are spaced further apart
numerically than the scale values in the binary system.
This spread of scale values in the decimal system may
restrict the full utilization of the digital differential analyz-
er under certain conditions.

This invention provides a digital differential analyzer
for converting binary information into decimal informa-
tion and for solving differential problems on the basis of
the decimal information. The analyzer also includes
members for providing a multiplication by such integers
as “2” or “5.” The analyzer provides such multiplications
by the inclusion of a relatively few components in addi-
tion to these required to produce the decimal operation.
By providing a multiplication by such integers as “2” or
“5,” the scale in the decimal system is able to progress
in the relationship 1, 2, 5, 10, 20, 50, 100, 200, 500, 1,000,
etc. In this way, the scale values are able to approach
the scale values in the binary system in closeness of nu-
merical spacing.

An object of this invention is to provide a digital differ-
ential analyzer which operates in digital steps to obtain
a solution of complex differential problems.

Another object is to provide an analyzer of the above
character which is capable of being coded and of oper-
ating on a decimal basis to solve differential problems.

A further object is to provide an analyzer of the above
character for multiplying any particular decimal value by
such integers as “2” or “5” to increase the scale values of
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a decimal machine so that it approaches the scale values
of a binary machine.

Still another object is to provide an- anlyzer of the
above character in which only a relatively few components
are required to be included in an analyzer operating on
a decimal basis to provide multiplications of any output
value by such integers as “2” or “5.”

A still further object is to provide a method of solving
differential problems in digital steps and on a decimal
basis and of multiplying the output values by such in-
tegers as “2” or “5.”

Other objects and advantages will be apparent from a
detailed description of the information and from the ap-
pended drawings and claims.

In the drawings:

FIGURE 1 is a simplified block diagram which sche-
matically illustrates a digital differential analyzer forming
one embodiment of this invention;

FIGURES 2, 3, 4, 5, 6, and 7 are schematic diagrams,
partly in block form and partly in perspective, illustrating
in some detail the digital differential analyzer in FIG-
URE 1;

FIGURE 8 is a circuit diagram of a flip-flop unit which
forms a basic stage of the analyzer shown in FIGURE 1
and of the analyzer shown in FIGURES 2 to 7, inclusive;

FIGURE 9 is a block diagram illustrating the oper-
ation -of one of the integrators forming part of the digital
differential analyzer shown in FIGURE 1 and in FIG-
URES 2 to 7, inclusive;

FIGURE 190 is a curve illustrating the operation of an
integrator such as the integrator shown in FIGURE 9;

FIGURE 11 is a chart which illustrates how different
parts of an integrator such as that shown in FIGURE 9
are coded to control the operation of the integrator;

FIGURE 12 is a schematic diagram illustrating the re-
lationship between different integrators forming the digital
differential analyzer shown in FIGURE 1 and in FIG-
URES 2 to 7, inclusive, when ithe analyzer is solving a
particular problem;

FIGURE 13 is a chart illustrating the operation of
certain of the components forming part of the analyzer
shown in FIGURE 1 and in FIGURES 2 to 7, inclusive;

FIGURE 14 is a chart which illustrates the operation
of certain of the components shown in FIGURES 2 to 7,
inclusive;

FIGURE 15 is a chart illustrating the operation of cer-
tain of the components in analyzers now in use to pro-
vide a comparison with the chart shown in FIGURE 14;
and

FIGURES 16, 17, and 18 are charts which illustrate the
operation of various components shown in FIGURES 2 to
7, inclusive.

A simplified block diagram is shown in FIGURE 1 of
an analyzer for solving differential problems by digital
steps. The analyzer includes a drum 10 (schematically
shown in FIGURES 2 to 7, inclusive) adapted to be ro-
tated by a suitable motor (not shown). A thin coating 12
(FIGURE 2) of magnetic material is applied to the pe-
riphery of the drum. The coating 12 can be considered as
being divided into a plurality of annular channels 14, 16,
18, 20, 22, 24 and 26. These channels are shown sche-
matically in FIGURE 1 in separated relationship for pur-
poses of convenience. Each of the channels is separated
by by a sufficient distance from its adjacent channel so as
to be substantially unaffected by the magnetic information
provided in the adjacent channel.

The circumferential distance of each channel may be
considered as being divided into a plurality of positions.
Bach of the positions is sufficiently separated from its ad-
jacent positions to receive a different magnetization than
that provided on the adjacent positions. For example,
approximately 1160 equally spaced pulse positions may be
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provided in each channel when the drum has a radius of
approximately four inches.

A plurality of toroidal coils are positioned adjacent to
each of the channels 14, 16, 18, 20, 22, 24 and 26. TFor
example, coils 27, 28 and 30 are provided in contiguous
relationship to the channel 14. These coils are shown
schematically in FIGURE 1. Similarly, coils 32, 34 and
36; coils 38, 40 and 42; coils 44, 46 and 48; coils 59, 52
and 54; and coils 56, 58 and 66 are associated with the
channels 16, 18, 20, 22 and 24, respectively, A single
coil 62 is disposed adjacent the channel 26.

The coils 27 and 30 are effectively separated from each
other by approximately 104 pulse positions, and the coil
28 is disposed at an intermediate position between the
coils 27 and 30. The coil 30 is adapted to provide signals
in a pattern dependent on the operation of the digital
differential analyzer and to induce the corresponding mag-
netic pattern on the drum 10 as the drum rotates. The
pattern induced on the drum 10 by the coil 38 is of the
binary form in which a magnetization in one circum-
ferential direction indicates one value and a magnetization
in the other direction indicates a second value,

The coil 27 is adapted to pick up the changes in the
direction of magnetization in the channel 14 as the drum
rotates. The coil 28 is adapted to produce a substan-
tially constant signal for returning the direction of mag-
netization on the drum to that representing a value of
“0” after the magnetic pattern on the drum has been con-
verted into a corresponding electrical pattern by the
coil 27.

The coils 32, 34 and 36 are separated from one another
by distances corresponding to the distances between the
coils 27, 28 and 30 and are adapted to perform functions
similar to those performed by the coils 27, 28 and 39,
respectively. The coils 38, 40 and 42 and the coils 44,
46 and 48 are also separated in the channels 18 and 20
in a similar manner to the separation of the coils in the
channel 14 and are adapted to perform functions corre-
sponding to those performed by the coils 27, 28 and 38,
respectively.

The coils 52 and 58 are adapted to operate in a manner
similar to the coil 3¢ to provide a magnetic pattern in the
channels 22 and 24, respectively, in a pattern dependent
upon the problem to be solved. The coils 52 and 58 are
effectively separated from the coils 54 and 690, respec-
tively, by approximately 49 pulse positions during the
operation of the analyzer to obtain the solution of a
mathematical problem.

The coils 54 and 60 are adapted to produce signals in
accordance with the magnetic pattern provided in their
respective channels by the coils 52 and 58. The coils 50
and 56 are adapted to operate in a manner similar to the
coil 28 to produce a “zero” direction of magnetization in
the channels 22 and 24, respectively, after the patterns
provided by the coils 52 and 58 have been utilized by the
coils 54 and 69, respectively.

The coil 62 is adapted to produce a cycle of a signal
approximating a sine wave as each pulse position in the
channel 26 moves past the coil. The coil 62 produces
sinusoidal signals because of the magnetic pattern perma-
nently provided in the channel 26, This pattern remains
constant regardless of the problem to be solved.

A counter 66 is connected to the coil 62 to count the
cycles of the sine waves in the channel 26 as the drum
rotates. The counter 66 is formed from a plurality of
multivibrators connected in cascade arrangement and is
adapted to count successive sine signals in a numerical
range from “1” to “48.” Upon each count of “48,” the
counter 66 is adapted to return to its initial state for the
commencement of a new count, As will be disclosed in
detail hereinafter, a new integrator is presented for com-
putation upon the completion of each count of “48.”

Similarly, a counter 67 is formed from a plurality of
multivibrators in cascade arrangement, The counter 67 is
connected to the counter 66 to count the number of times
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that a full count is obtained in the counter 66. For ex-
ample, the counter 67 may count up to 22 full counts in
the counter 66 before returning to its initial state for the
injtiation of a nmew count. In this way, the counters 66
and 67 divide the drum 10 into 22 integrator sections each
having 48 pulse positions,

As schematically shown in FIGURE 1, the output sig-
nals induced in the coil 32 are introduced to a gate circuit
68, which also has signals applied to it through a line 70
from the counter 66. The output signals from the gate
circuit 68 are in turn applied through an “or” network 72
to the coil 36. Similarly, a gate circuit 74 receives signals
from the coil 38 and through the line 70 from the counter
66. The output terminal of the gate circuit 74 is con-
nected to an input terminal of an “or” network 76 having
its output terminal connected to the coil 42,

The coil 32 is not only connected to the gate circuit 68
but also to an input terminal of a gate circuit 78 having
other input terminals connected to the coils 54 and 60
and through the line 76 to the counter 66. The output
from the gate circuit 78 passes to a counter 80 formed
from a plurality of multivibrators in cascade arrangement.
The output from the counter 80 is in turn applied to input
terminals of a plurality of gate circuits which are desig-
nated in FIGURE 1 by a single block at 82 and which
have other input terminals connected to the plate of the
left tube in a multivibrator 90. The output terminals of
the gate circuits 82 are connected to input terminals of
an adder 92.

The signals from the coil 32 are also introduced to an
input terminal of a gate circuit 94 having another input ter-
minal connected through a line 96 to the counter 66, The
output from the gate circuit 94 is applied to the grid of the
left tube in a bistable multivibrator 98, the grid of the
right tube in the multivibrator being connected through
a line 160 to the counter 66. The plate of the left tube
in the multivibrator 98 is connected to an input terminal
of a gate circuit 104, another input terminal of which is
connected to the coil 62, The signals passing through the
gate circuit 104 are introduced directly to the grid of the
left tube in the multivibrator 9¢ and through an “or” net-
work 106 to the grid of the right tube in the multivibrator,
Signals also pass from the counter 66 through the line 100
and the “or” network 106 to the grid of the right tube in
the multivibrator 90.

In addition to receiving the signals from the gate cir-
cuit 82, the adder 92 also receives signals from the coils
27, 32, 38 and 44. The signals from the gate circuits
82 are arithmetically combined in the adder 92 with the
signals from the coils 27, 32, 38 and 44. The results
obtained are applied through an “or” network 108 to
the coil 30, through the “or” network 72 to the coil
36, through the “or” network 76 to the coil 42, and
through an “or” network 109 to the coil 48.

The pulses induced in the coils 27, 32, 38 and 44
are also applied to input terminals of gate circuits desig-
nated in FIGURE 1 by a single block at 110. Con-
nections are also made to input terminals of the gate
circuit 110 from the plate of the left tube in the multi-
vibrator 90 and from the plate of the left tube in a
multivibrator 112. Connections are respectively made
to the grids of the left and right tubes in the multi-
vibrator 112 from a gate circuit 114 and through the
line 160 from the counter 66. The gate circuit 114 in
turn receives signals from the coils 38 and 54 and
through the line 70 from the counter 66.

The output signals from the gate circnits 110 are
introduced to the adder 92 through suitable delay lines,
designated in FIGURE 1 at 116, for combination with
the signals from the coils 27, 32, 38 and 44. The delay
lines 116 may be bistable multivibrators to delay by one
pulse position the information from the gate circuits
110. The output signals obtained by the adder 92 are
applied to the coils 30, 36, 42 and 48 through the “or”
networks 108, 72, 76 and 109, respectively,
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The output signals passing from the adder 92 to the
coil 48 are also applied to gate circuits 120 and 122,
each of which has an input terminal connected through
the line 160 to the counter 66. The output signals from
the gate circuits 120 and 122 respectively pass through
“or” networks 124 and 126 for introduction to the coils
52 and 58. The “or” networks 124 and 126 also re-
spectively receive signals from gate circuits 128 and
130. Connections are made to input terminals of the
gate circnit 128 from the coil 54 and through a line
132 from the counter 66. Similarly, input terminals
of the gate circuit 130 are connected to the coil 6@ and
line 132.

The coil 27 is connected directly to an input terminal
of a gate circuit 134 having another input terminal con-
nected through the line 100 to the counter 66. The
output from the gate circuit 134 is introduced to the
“or” network 108 and is also introduced to a gate cir-
cuit 136 to control the operation of the gate circuit 136
in assimilating information introduced to the gate cir-
cuit 136 from various output terminals of the adder 92.
The output from the gate circuit 136 through the “or”
network 124 is introduced to the coil 52.

Similarly, a gate circuit 138 receives a voltage from
the line 100 and from the coil 44. The output from the
gate circuit 138 passes to the “or” metwork 109 for re-
cordation by the coil 48 in the channel 20. The output
from the gate circuit 138 also controls the operation of
a gate circuit 139 in assimilating information intro-
duced to the gate circuit 139 from various output ter-
minals of the adder 92, A connection is made from
the output terminal of the gate circuit 139 to an in-
put terminal of the “or” network 124,

The digital differential analyzer as illustratively de-
scribed above in simplified form is adapted to provide the
solution of differential equations. For example, it may
provide the sclution of the problem of evaluating the
integral of a general equation y=f(x) so as to obtain
a function fydx=ff(x)dx, where f(x) represents a
function of x and ff(x)dx represents the integral of
the function. If a curve y=f(x) is plotted with x as
the abscissa and y as the ordinate the analyzer obtains
the relationship fydx={f(x)dx by computing the area
under the curve y=f(x). By determining the area
under the curve y=f(x), the analyzer performs elec-
tronically operations that may sometimes be performed
mentally by a skilled mathematician when the problem to
be solved is relatively simple.

The analyzer obtains the value of the fanction
Jydx=[f(x)dx by producing small increments of x.
These increments may be represented by the symbol
Ax. For each Ax increment, the analyzer determines
the value of y and obtains the product yAx. This prod-
uct yAx approximates the area under the curve
y=f(x) for each Ax increment, as indicated in FIG-
URE 10 by the shaded area 140 for a particular Ax
increment. ¥ the product yAx is obtained for succes-
sive Ax increments and if all of the yAx increments are
added together, the area under the interval of the curve
representing f(x) from xp t0 x may be approximated.
A relatively accurate approximation may be obtained
by decreasing the value of each Ax increment.

An integrator for determining the yAx increments
and for storing the cumulative values of these incre-
meats is shown in FIGURE 9. The integrator includes
-a transfer stage 142 for obtaining Ax increments at
periodic intervals through a line 144, The integrator
also has an integrand accumulator 146 for storing the
value of the dependent quantity y and for receiving
Ay increments through a line 148 from its own and from
other integrators so as to vary the value of y in accord-
ance with the function y=f(x). An output accumulator
150 is provided to receive yAx increments, to combine
each yAx increment with the previous increments and
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to deliver the cumulative value obtained to another in-
tegral accumulator or transfer stage while holding the
remainder in store. A detailed explanation of this will
be given hereafter.

The interrelationship between different integrators is
illustrated in FIGURE 12 for a particular problem.
This problem starts with a differential equation repre-
sented by

dy__

As is mathematically known, the differential solution
of this problem indicates that y=—tan x. The interrela-
tionship illustrated in FIGURE 12 utilizes this solution
to generate the function tan x which is accumulated in
the register of an output integrator. The integrators
involved in the generation of the function tan x are in-
dicated in FIGURE 12 by blocks 152, 154, 156, 158
and 168. In each integrator, the introduction of the
Ax increments comnstituting changes in the independent
variable quantity for the integrator is indicated by a
line extending into the upper right position in the block.
The Ay increments are introduced into the integrator
through a line or a plurality of lines extending into the
lower right portion of the block representing the inte-
grator, The output of the integrator is obtained from
a line extending from an intermediate position at the
tight side of the appropriate block.

As will be seen in FIGURE 12, Ax increments of the
independent variable for a particular integrator may be
obtained from the output of another integrator. For
example, in FIGURE 12, the Ax increments for the
integrators 254 and 156 are obtained from the output
of the imtegrator 152. Similarly, Ay increments for a
particular integrator may be obtained from the output
of other integrators as well as from the output of the
integrator itself. For example, Ay increments for the
integrators 154 and 158 are obtained from the output of
the integrator 152.

The Ay and Ax increments for each integrator are
actually determined from a coded pattern provided in
the channels 16 and 18, respectively. As previously
disclosed, the pulse positions in each channel are sub-
divided info 22 integrator sections each having 48 pulse
positions. The first 22 positions in each integrator sec-
tion in the channel 18 are coded to indicate a Ax incre-
ment. Since the first 22 positions in the channel 18 for
each integrator section correspond in number to the 22
integrators in the analyzer, each integrator can receive
a Ax increment from the output of any of the other
integrators. This can be effectuated by providing a pulse
in the channel 18 in a particular one of the first 22
positions for the integrator.

For example, the Ax increments for the integrator 154
in FIGURE 12 would be coded in a particular one of
the 22 positions in the channel 18. As will be disclosed
in detail hereinafter, the particular position corresponds
to the time at which the output from the integrator 152
appears on the coils 54 and 60. In FIGURE 11, a pulse
162 is shown as being recorded in the channe] 18 in the
11th pulse position for a particular integrator section.

A pulse in the channel 18 in one of the first 22 posi-
tions for a particular integrator section indicates that a
Ax increment may be made for the integrator. How-
ever, such a pulse does not indicate whether an incre-
ment will actually be made and, if so, whether the po-
larity of such increment will be positive or negative.
The actual occurrence of a Ax increment for the inte-
grator is indicated by the presence or absence of a coin-
cidental pulse in the channel 22. If a positive pulse is
picked up from the channel 22 by the coil 54 at the same
time as the pulse representing a possible Ax increment
for a particular integrator is picked up by the coil 38,
a Ax increment for the integrator actually occurs. For
example, the pulse 162 in FIGURE 11 indicates an
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actual Ax increment for a particular integrator since it
coincides in time with a pulse 164 in the channel 22. A
Ax increment is not obtained for the integrator if a pulse
does not appear in the channel 22 at the same time
as the pulse in the channe] 18.

The polarity of each Ax increment is determined by
the presence or absence of a coincidental pulse in the
channel 24. If a pulse is picked up from the channel
24 by the coil 68 at the same time that pulses indicating
an actual Ax increment for a particular integrator are
picked up the coils 38 and 54, the Ax increment for the
integrator is positive. The Ax increment is negative if
a pulse does not appear in the channel 24 af the same
time as the pulses in the channels 18 and 22. For ex-
ample, the pulse 162 in FIGURE 11 indicates a negative
Ax increment since a pulse does not appear in the chan-
nel 24 simultaneously with the occurrence of the pulses
162 and 164 in the channels 18 and 22, respectively.

The first 22 positions in the channel 16 for each inte-
grator are coded to indicate Ay increments in a manner
similar to the coding of corresponding positions in the
channel 18 to indicated Ax increments. Since the first
22 positions in each integrator section correspond to the
22 integrators in the digital differential analyzer, each
integrator section is coded in particular ones of the first
22 positions in the channel 16 so as to receive the outputs
from certain integrators in accordance with the problem
to be solved. For example, a pulse would be coded in
the channel 16 in a particular one of the first 22 posi-
tions for the integrator 158 in FIGURE 12 so as to co-
incide with the time at which the output from the inte-
grator 152 is made available to the coils 54 and 60 in the
channels 22 and 24, respectively. Although only one
Ax increment can be obtained for an integrator upon
each revolution of the drum, several Ay increments can
be obtained. This may be seen by the pulses 168 and
170 in the channel 16 in FIGURE 11.

Each pulse in the first 22 positions in the channel 16
for each integrator represents the possibility of a Ay in-
crement but does not indicate the actual occurrence of
such an increment or the polarity of the increment.
The actual occurrence of the increment is indicated by
the presence or absence of a pulse in the channel 22
at the same time that the pulse in the channel 16 is made
available to the coil 32. For example, the pulse 168 in
FIGURE 11 indicates an actual Ay increment for a par-
ticular integrator since it coincides in time with a pulse
172 in the channel 22. However, no Ay increment is
obtained when the pulse 179 is picked up by the coil 32
since there is no coincidental pulse in the channel 22,

The sign of each actual Ay increment is indicated by
the presence or absence of a pulse in the channel 24 at
the time that pulses in the channels 16 and 22 are simul-
taneously made available to the coils 32 and 54. For
example, the pulse 168 in FIGURE 11 indicates a posi-
tive Ay increment for a particular integrator since a pulse
174 appears in the channel 24 at the time that the pulses
168 and 172 are picked up by the coils 32 and 54, respec-
tively.

Since the interrelationship between the different inte-
grators remains constant during the solution of a particu-
lar porblem, the coding pulses in the channels 16 and
18 for the first 22 positions of the integrator section must
be retained during the computation. Retention of the
pulses in the channel 16 is effectuated by the gate circuit
68, which remains open during the first 22 positions in
each integrator to pass the coded information in these
positions. The gate circuit 68 opens during these pulse
positions because of the introduction of a relatively high
voltage through the line 70 from the counter 66. The
signals then pass through the “or” network 72 for re-
cordation by the coil 36 in the channel 16. Similarly,
the gate circuit 74 opens during the first 22 positions
for each integrator section so that the coding informa-
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tion can pass through the “or” network 76 for recorda-
tion by the coil 42 in the channel 18.

It should be appreciated that the gate circuits similar
to the circuit 68 operate to pass information only when
positive pulses are simultaneously introduced to all of the
input terminals of the circuit. In computer terminology
such circuits have been designated as *“and” networks.
The term “or” networks is also common in computer
terminology. Such circuits operate to pass such informa-
tion when any one of their input terminals recejves a
relatively high voltage. Such “or” networks are shown
in the drawings as triangles and are exemplified by the
networks 72 and 76.

During the first 22 positions of each integrator section
the gate circuit 78 operates to determine the occurrence
of Ay increments for the integrator and the polarity of
each such increment. The gate circuit 78 makes such
determinations by comparing the pulses from the coil
32 with the pulses from the coils 54 and 60. Each pulse
induced in the coil 32 in the first 22 positions of an
integrator section indicates that a Ay increment can be
obtained. As previously disclosed, the particular position
in which a pulse occurs determines for an integrator
which of the other integrators in the analyzer provides
Ay increments for the integrator. The simultaneous pro-
duction of a pulse by the coil 54 indicates that a Ay in-
crement has actually occurred. When the coil 60 also
produces a simultaneous pulse, the gate circuit 78 indi-
cates that the Ay increment has a positive polarity.

At the same time that the gate circuit 78 operates to
determine the occurrence of Ay increments for an inte-
grator and the polarity of each such increment, the
counter 89 arithmetically combines each such Ay incre-
ment. For example, a signal passing to the counter 80
from the gate circuit 78 may cause the circuit to provide
a numerical indication of -4 when an indication of
-+-3 was previously provided by the counter. Similarly,
the indications in the counter 89 may change from a value
of —3 to a value of —4 upon the introduction of a nega-
tive signal from the gate circuit 78.

The counter 80 retains in binary form the numerical
information relating to the cumulative value of the Ay
increments for an integrator. The counter 80 retains the
information in binary form since it comprises a plurality
of multivibrators arranged in cascade relationship. In
this embodiment, four multivibrators in cascade arrange-
ment are provided. For example, with a resultant count
of -5 for the Ay increments for a particular integrator,
the first and third multivibrators in the cascade arrange-
ment may be operated to indicate a binary pattern of
0101, where the least significant digit is at the right. In
binary form, a pattern of 0101 indicates that

(0) (2)+(1) (22 +(0) (21 + (1) (29) =5

Similarly, a value of 43 is indicated by a pattern of
0011, where the least significant digit is at the right.

As previously disclosed, the information controlling
increments in the dependent quantity for each integrator
is provided in the channel 16 in the first 22 pulse posi-
tions for each integrator. The information relating to
the dependent quantity y itself occurs in the channels
14, 16, 18 and 26 after the 22nd pulse position for each
integrator. As will be disclosed in detail hereinafter, a
group of pulse indications simultaneously appearing in
the channels 14, 16, 18 and 20 provides an indication.
as to the value of a decimal digit.

The information relating to the dependent quantity y
for each integrator is preceded by a pulse in the channel
16 to indicate that the information which follows relates
to the dependent quantity y. For example, a pulse may
occur in pulse position 28 for an integrator to indicate
that the subsequent information in the channels 14, 16,
18 and 29 relates in part to the dependent quantity y for
the integrator. This pulse has been designated in co-
pending application Serial No. 217,478 as the “start”
pulse.
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The “start” pulse in the channel 16 is introduced to
the gate circuit 94, which also receives signals through
the line 98 from the counter 66. Since a relatively high
voliage appears on the line 96 only after the 22nd pulse
position for each integrator, the “start” pulse is the first
pulse which is able to pass through the gate circuit 94.
This pulse passes to the grid of the left tube in the multi-
vibrator 98 and cuts off the tube. The resultant rela-
tively high voltage on the plate of the left tube in the
multivibrator 98 is introduced to the gate circuit 104.

Because of its connection to the coil 62, the gate cir-
cuit 164 passes each clock signal in the channel 26 after
a relatively high voltage is introduced to it from the multi-
vibrator 98. The signals from the gate circuit 104 are
introduced directly to the grid of the left tube in the multi-
vibrator 80 and through the “or” network 166 to the grid
of the right tube in the multivibrator. The first signal
from the gate circuit 104 causes the left tube in the multi-
vibrator 90 to become cut off for reasons which will be
disclosed in detail hereafter. Upon the passage of a
second signal through the gate circuit 104, the grid of
the right tube in the multivibrator $€ becomes cut off
and the left tube starts to conduct.

Similarly, the left tube in the multivibrator 99 becomes
alternately cut off upon the introduction of odd signals
from the gate circuit 184 and the right multivibrator tube
becomes cut off upon the introduction of even signals.
At the 48th pulse position for each integrator, a signal
is introduced from the counter 66 through the line 180
and the “or” network 106 to the grid of the right tube
of the multivibrator 80 so as to cut off the tube. In this
way, the multivibrator 90 is prepared to have its left tube
cut off upon the passage of the first signal through the
gate circuit 184 for the next integrator.

As previously disclosed, the plate of the left tube in the
multivibrator 98 becomes cut off upon the passage of the
first signal through the gate circuit 184. When the left
tube in the multivibrator 80 becomes cut off, a relatively
high voltage is introduced from the plate of the tube to
the gate circuits 82 to open the gate circuits for the
introduction of information from the counter 806. It
has already been disclosed that the information introduced
to the gate circuits from the counter 8¢ relates to incre-
ments in the dependent quality y for each integrator.

The information from the counter 80 passes through
the gate circuits 82 to the adder 92 for combination with
the signals induced in the coils 27, 32, 38 and 44, respec-
tively. At alternate pulse positions, the signals induced in
the coils 27, 32, 38 and 44 relate to the dependent quan-
tity y for the integrator undergoing computation. For
example, when the start pulse for an integrator occurs at
pulse position 27 for the integrator, pulse position 28
constitutes the first information pulse. Information re-
lating to the value of the dependent quantity y for the
integrator is accordingly provided in the channels 14,
16, 18 and 29 in pulse position 28 for the integrator and
subsequently in alternate pulse positions such as pulse po-
sitions 30, 32, 34, etc.

The information relating to the dependent quantity
y for each integrator is provided in the channels 14, 16,
18 and 26 on a decimal basis. For example, when the
start pulse occurs in pulse position 27, the information in
the channels 14, 16, 18, and 20 for pulse position 28 pro-
vides an indication of a decimal number between “0” and
“9,” inclusive. Similarly, the information in the channels
14, 16, 18 and 2¢ for pulse position 30 provides an in-
dication of the “tens” digit such as “10,” “20,” “30,” etc.
The exact manner in which the signals in the channels 14,
16, 18 and 29 provide such decimal information will be
disclosed in detail hereafter.

Since the information in the channels 14, 16, 18 and
20 relate to decimal indications in a particular decimal
code and since the signals passing through the gate circuits
82 relate to binary information, the signals passing
through the gate circuits 82 are first converted to a decimal
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basis of the particular code before they are combined with
the signals induced in the coils 27, 32, 38 and 44. The
correction required to produce this conversion to a
decimal base and the circuitry required for such con-
version will be described in detail subsequently in connec-
tion with the detailed system shown in FIGURES 2 to
7 inclusive. The resultant signals produced by the adder
92 provide an indication in decimal form of the new
value of the dependent quantity for the integrator under-
going computation. These signals are introduced to the
coils 38, 36, 42 and 48 for recordation in the channels
14, 16, 18 and 26, respectively.

The pulses induced in the coils 27, 32, 38 and 44 are
not only introduced to the adder 92 but also to gate cir-
cuits 110. Since the gate circuits 110 are also connected
to the plate of the left tube in the multivibrator 90, the
gate circuits become prepared for opening at alternate
pulse positions after the start pulse. In these pulse posi-
tions, information relating to the dependent quantity y
for each integrator is presented in the channels 14, 16, 18
and 20.

The gate circuits 11¢ become opened for the passage of
information to the adder 92 only when a relatively high
voltage is introduced to them from the plate of left tube
in the multivibrator 112. Such a high voltage is produced
on the plate of the left tube in the multivibrator 112 when
a signal passes to the grid of the tube from the gate cir-
cuit 114 and since the gate circuii is connected through
the line 76 to the counter 66, it becomes prepared for
opening only during the first 22 pulse positions of each
integrator. During these pulse positions, a signal passes
through the gate circuit 114 when pulses of relatively high
voltage are simultaneously induced in the coils 38 and 54.
The pulse of relatively high voltage induced in the coil 38
indicates the possibility of a Ax increment for an integrator
undergoing computation. When a pulse simultaneously is
induced in the coil 54, an indication is provided that a
Ax increment has actually occurred for the integrator.

Since the signal passing through the gate circuit 114 pro-
vides an indication that a Ax increment has actually oc-
curred for an integrator, the voltage on the plate of the
left tube in the multivibrator 112 becomes relatively high
only upon the actual occurrence of such an increment,
When the voltage on the plate of the left tube in the muli-
vibrator 112 becomes high, it remains high during the
time that the remaining pulse positions in the integrator
are presented for computation. At pulse position 48 for
the integrator, a signal is introduced to the grid of the
right tube in the multivibrator 112 through the line 100
from the counter 66 so as to cut off the right tube in the
multivibrator and make the left tube conductive. In this
way, the left tube in the multivibrator 112 is prepared to
become triggered into a state of non-conductivity upon
the occurrence of a Ax increment for the next integrator.

Because of the connection between the plate of the
left tube in the multivibrator 112 and the gate circuits
110, information is able to pass through-the gate cir-
cuits only when a Ax increment has actually occurred for
an integrator., As previously disclosed, this information
relates to the new value of the dependent guantity y for
the integrator. .

The information in the channels 14, 16, 18 and 29
relating to the value of the dependent guantity y for an
integrator is delayed by one pulse position and is then dif-
ferentially combined in the adder 92 with the signals in
the channels 14, 16, 18 and 20 relating to the cumulative
value of the differential combination yAx for the inte-
grator. The new information relating to the cumulative
value of the differential combination for each integrator
is recorded in alternate pulse positions in the channels 14,
16, 18 and 20.

Sometimes, as the yAx increments for an integrator are
added to the cumulative value of the differential combina-
for the integrator, an over-flow is obtained in the informa-
tion stored in the channels 14, 16, 18 and 26. When an
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overflow occurs in the cumulative value of the differential
combination for an integrator, the indications representing
the cumulative value return to an intermediate value so
that they can build up again to a relatively high value. At
the same time, an over-flow pulse is produced by the adder
92 at pulse position 48 for the integrator. This pulse
passes through the gate circuit 120 since the gate circuit
opens at the last pulse position for each integrator because
of its connection through the line 160 to the counter 66.
The pulse then passes through the “or” network 124 for
recordation by the coil 52 in the channel 22.

For example, a first pulse of relatively high voltage may
be provided in the channel 22 at the 48th position of in-
tegrator “1.” 'This pulse indicates that an overflow has
occurred in the cumulative yAx value stored in the channel
18 for the integrator but the pulse does not indicate
whether the overflow is positive or negative. The pulse
is indicated at 180 in the chart shown at FIGURE 13.

In all of the vertical columns in the chart shown in
FIGURE 13, except for the two at the extreme right, num-
bers between “1” and “22” are shown corresponding to
the 22 integrators in the digital differential analyzer. In
the two columns at the extreme right, numbers are shown
prefaced by the letters “I” and “P.” The letter “I” fol-
Jowed by a number indicates the particular integrator sec-
tion, coinciding to a particular integrator that is mov-
ing past the coil 52 at any instant. For example, “I5” in-
dicates that a pulse position in the third integrator sec-
tion is moving past the coil 52 in the channel 22. Simi-
larly, a designation such as “P;3” indicates that the 13th
pulse position in the particular integrator section is mov-
ing past the coil 52.

After the pulse 180 is recorded by the coil 52 in the
channel 22, it advances from the coil 52 towards the coil
54, During this time, the first 47 positions of integrator
section “2” are passing under the coil 52. At the Pyl
position—or, in other words, the last position of integrator
section “2”—an indication is recorded by the coil 52 in the
channel 22, as indicated at 182 in FIGURE 13. This in-
dication shows whether or not an overflow has occurred in
the channel 20 in the cumulative value of the yAx incre-
ments for the integrator.

At the PyI; position, the indication 186 passes through
the gate circuit 128 and the “or” network 124 to the coil
52. The pulse passes through the gate circuit 128 since
the gate circuit opens in the first 47 pulse positions of
each integrator. After passing through the gate circuit
128 and the “or” network 124, the pulse 180 is again re-
corded by the coil 52 in the channel 22, this time at the
pulse position adjacent to the indication 182.

Similarly, indications are provided in adjacent pulse
positions to show whether or not an over-flow has oc-
curred in the cumulative yAx value for each of the other
integrators in the analyzer. These indications are re-
circulated by the gate circuit 128, which remains open
during the first 47 pulse positions of each integrator.
At the 48th position for each integrator, the gate circuit
128 closes and prevents any recirculation of old infor-
mation for the integrator.

At the same time that the gate circuit 128 closes, the
gate circuit 120 opens. When the gate circuit 128 opens,
the overflow information for the integrator section mov-
ing past the coil 52 is recorded in the channel 22. In
this way, old over-flow information for an integrator is
replaced by new over-flow information for the integrator
every time that the integrator is presented for computa-
tion.

After the indications have been provided in the chan-
nel 22 for the 48th pulse position of each integrator, in-
tegrator “1” is presented for computation a second time.
As the drum 10 rotates through the first 22 positions for
the integrator section, the output indications for the 22
integrators move in sequence past the coil 54. This
causes the output indications in the channel 22 to become
available for determining whether or not a Ax increment
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and Ay increments are actually obtained for the in-
tegrator during the second computation. The determina-
tion of the occurrence of an actual Ax increment and of
actual Ay increments is made by respectively comparing
the coding pulses in the channels 16 and 18 with the over-
flow pulses in the channel 22. The operation of the
digital differential analyzer to obtain such a determina-
tion has been disclosed previously.

Since the digital differential analyzer operates on a
decimal basis, an overflow in the yAx increments would
occur only for a value of “10” or a power thereof. For
example, the overflow in the cumulative value of the
yax increment for an integrator would occur only for
values of 10, 100, 1000, 10,000, etc. In comparison, an
overflow could occur for values of 2, 4, 8, 16, 32, 64, 128,
etc. in a digital differential analyzer operating on a binary
basis, such as in the analyzer disclosed in co-pending ap-
plication Serial No. 217,478. Since an overflow can
occur in the decimal system for a considerable smaller
number of values than in the binary system, a certain
rigidity in the operation of the digital differential analyzer
might result.

This invention provides components for multiplying
the cumulative value of the yAx increments for an in-
tegrator by such integers as “2” or “5.” As a resulf of
such multiplication, an overflow can occur in the cumula-
tive value in the yAx increments for an integrator for
such values as 2, 5, 10, 20, 50, 100, 200, 500, 1000, etc.
As will be seen, this causes the possibilites of overflow
in the decimal] system to approach that which can occur
in a binary system. In this way, a digital differential
analyzer is provided which has the advantage of operat-
ing in the decimal system without losing any flexibility
which results from operation in the binary system.

Multiplication by either “2” or “5” in the cumulative
value of the yAx increments for an integrator is con-
trolled by the inclusion of a positive pulse at the 48th
pulse position for the integrator. When multiplication
by “2” is to be provided for an integrator a positive pulse
is provided in the channel 14 at pulse position 48 for the
integrator. Similarly, a positive pulse is provided in the
channel 2¢ for an integrator when the cumulative value
of the yAx increments for the integrator is to be multi-
plied by “5.”

When a positive pulse occurs in the channel 14 at pulse
position 48 for an integrator, it passes through the gate
circuit 134 which opens at this pulse position because of
its connection through the line 100 to counter 66. The
signal passing through the gate circuit 134 is introduced
through the “or” network 168 to the coil 36 for recorda-
tion in the channel 14. In this way, the signal is re-
circulated in the channel 14 in pulse position 48 for the
integrator so as to control the operation of the integrator
every time that the integrator is presented for computa-
ticn.

The signal passing through the gate circuit 134 is also
introduced to the gate circuit 136 to control the operation
of the circuit 136. The circuit 136 in turn passes a signal
upon the introduction to it of particular information
from the adder 92. The particular information which is
required in order for the gate circuit 136 to open will be
disclosed in full detail hereafter. Upon the opening of
the gate circuit 136, a signal passes through the gate cir-
cuit and the “or” network 124 to the coil 52 for recorda-
tion by the coil in the channel 22. As previously dis-
closed, a signal is recorded in channe] 22 to indicate that
an overflow in the cumulative value of yAx increments
has occurred for an integrator.

Because of the operation of the gate circuit 136, a
pulse is introduced to the coil 52 for such values as 5, 50,
500, 50,000, etc. Since an overflow would ordinarily oc-
cur for the integrator for such values as 10, 100, 1,000,
10,000, etc. the gate circuit 136 in effect operates to mul-
tiply the cumulative value of the yAx increments by “2.”

In like manner, the gate circuit 138 passes a signal
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when a pulse occurs in the channel 26 in pulse position 48
for an integrator. This pulse indicates that the cumula-
tive value of the yAx increments is to be multiplied by
“5.” It is introduced through the “or” network 109 to
the coil 48 for recordation in the channel 26 so that it will
be available to control the operation of the integrator
every time that the integrator is presented for computa-
tion.

The output signal from the gate circuit 138 also con-
trols the operation of the gate circuit 139 so that the
gate circuit 139 passes -a signal for values of 2, 20, 200,
2,000, etc. This signal passes through the “or” network
124 to the coil 52 for recordation in the channel 22
to provide an indication that an overflow has occurred in
the cumulative value of the yAx increments. In this way,
the gate circuit 139 operates to multiply the cumulative
value of the yAx increments for an integrator by “5.”

In FIGURE 1, several bistable multivibrators such as
the multivibrator 90 are shown. Furthermore, the con-
struction and operation of these multivibrators have been
disclosed above on a genera] basis. A specific circuit for
use as such multivibrators is shown in FIGURE 8. The
multivibrator includes a pair of tubes 184 and 185. The
grid of each tnbe is connected to an appropriate output
stage. For example, if the circuit shown in FIGURE 8
serves as the multivibrator 99 in FIGURE 1, the grid of
the tube 184 would be connected to the output terminal
of the gate circuit 104 and the grid of the tube 185 would
be connected to the output terminal of the “or” network
166. The cathodes of the tubes are connected to the coil
62 and to a suitable source of positive bjasing voltages.

Cennections are respectively made from the plates of
the tubes 184 and 185 through suitable coupling capaci-
tances to the grids of tubes 186 and 187. The cathodes
of the tubes 186 and 187 -are both connected through a
suitable resistance and capacitance to a source of negative
voltage. The plate of the tube 186 is coupled to the grid
of the tube 187 by a suitable resistance 188 and capaci-
tance 189 connected in parallel. Similarly, the plate of
the tube 187 is coupled to the grid of the tube 18§ through
a resistance 19¢ and a capacitance 191 connected in
parallel,

The plate of the tube 186 is also connected to one ter-
minal of a resistance 192, the other terminal of which
is connected to an output line 193. Connections are
made from the output line 193 to the cathode of a diode
194 and to the plate of a diode 195. The plate of the
diode 194 is biased at approximately —25 v. and the
cathode of the diode 195 is biased at approximately 0 v.
The plate of the diode 194 and the cathode of the diode
195 also have common terminals with the plate of a
diode 196 and the cathode of a dicde 197, respectively.
The cathode of the diode 196 and the plate of the diode
197 are connected to an output line 198 and to one ter-
minal of a resistance 199 having its other terminal con-
nected to the plate of the tube 187.

Clock pulses are introduced to the cathodes of the
tubes 184 and 185 from the coil 62 to reduce the voltages
on these tubes from a positive voltage to approximately
0 volt. Upon the simultaneous introduction of a positive
pulse to the grid of one of the tubes, the tube conducts.
For example, the tube 184 conducts when a positive pulse
of voltage is introduced to it from the gate circuit 164.
When the tube 184 conducts, the voltage on the plate of
the tube falls and causes the tube 186 to become cut off.
Since the tube 186 is no longer conductive, the voltage
on the plate of this tube rises. This voltage is introduced
through the resistance 188 and the capacitance 189 to the
grid of the tube 187 to make the tube conductive.

Similarly the tube 187 becomes conductive when a pulse
is introduced to the grid of the tube from the “or™ net-
work 106 at the same time that a “clock” pulse is intro-
duced to the cathode of the tube from the coil 62. This
causes the tube 187 to become cut off and a relatively
high voltage to be produced on the plate of the tube.
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Upon the production of this high voltage, the tube 186
starts to conduct. In this way, either the tube 186 or
the tube 187 conducts at any one time and the other tube
is cut off.

The diodes 194, 195, 136 and 197 serve as a clamping
network to maintain the voltages on the output lines 193
and 198 at either O volt or —25 volis. For example,
when a potential of —25 volts is to be produced at the
output line 193, current flows through the diode 194 to
maintain this potential in case of any tendency of the
voltage to become more negative than —25 volts. Simi-
larly, the diode 195 passes a current when a potential of
0 volt is to be produced at the output line 193 and the
potential on the line tends to rise above 0 volt.

The system shown in FIGURE 1 and discloszd above is
shown in some detail in FIGURES 2 through 7, inclusive.
The system includes the channels 14, 16, 18, 20, 22, 24
and 26 and the coils respectively associated with the dif-
ferent channels. For example, the coils 27, 28 and 30
are associated with the channel 14, The coil 27 is con-
nected to the grid of the left tube in a bistable multi-
vibrator 202 (FIGURE 2) and to the input terminal of
an inverter 284, the output from which is introducéd to
the grid of the right tube in the multivibrator 202. In
like manner, a multivibrator 266 and an inverter 208; a
multivibrator 216 and an inverter 212; a multivibrator
214 and an inverter 216; a multivibrator 218 and an in-
verter 229; and a multivibrator 222 and an inverter 224
are respectively associated with the coils 32, 38, 44, 54
and 60.

Connections are made from the plates of the left and
right tubes in the multivibrator 206 to input terminals
of gate circuits 228 and 2390, respectively. Other input
terminals of the gate circuits 228 and 238 are connected
through a line 232 to a counter 234 corresponding to
the counter 64 shown in FIGURE 1. Similarly, the volt-
ages on the plates of the left and right tubes in the multi-
vibrator 21¢ are respectively introduced to input ter-
minals of gate circuits 236 and 238 having other input
terminals connected through the line 232 to the counter
234.

The output signals from the gate circuits 228 and 238
respectively pass through “or” networks 24¢ and 242 to
the grids of the léft and right tubes in a bistable mudti-
vibrator 244. The voltage on the plate of the left tube
in the multivibrator 244 is in turn introduced through an
“or” network 245 to the coil 36 for recordation in the
chamne] 16. In like manner, the signals from the gate
circuits 236 and 238 respectively pass through “or” net-
works 246 and 248 to the grids of the left and right tubes
in a bistable multivibrator 250. A connection is made
from the plate of the left tube in the multivibrator 250 to
the coil 42 for the recordation of information in the chan-
nel 18.

The voltage on the plate of the left tube in the multi-
vibrator 206 is not only introduced to the gate circuit
228 but also to a gate circuit 254 having other input ter-
minals connected to the line 232 and to the plate of the
left tube in the multivibrator 218. The output signals
from the gate circuit 254 pass to input terminals of gate
circuits 256 and 258, other input terminals of which are
respectively connected to the plates of the left and right
tubes in the multivibrator 222. The output terminals of
the gate circuit 256 and 258 are connected to a Ay
summing counter 260 corresponding to the counter 80
shown in FIGURE 1.

The output terminals of the Ay counter 26¢ are con-
nected to input terminals of gate circuits such as circuits
262, 264, 266 and 268 having other input terminals con-
nected through a line 278 to the counter 234. Only
certain of the gate circuits are shown in FIGURE 2 for
purposes of simplicity. The output terminals of the gate
circuits such as the circuits 262, 264, 266 and 268 are
in turn connected to the grids of the left and right tubes
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in bistable multivibrators 272, 274, 276 and 278, respec-
tively.

In addition to being connected to the grid of the left
tube in the multivibrator 278, the output terminal of
the gate circuit 266 is also connected through an “or”
network 291 to the grid of the left tube in a bistable multi-
vibrator 28 and to the grid of the right tube in a bistable
multivibrator 282. Similarly, the output from the gate
circuit 268 is introduced through an “or” network 283
to the grid of the right tube in the multivibrator 289 and
the grid of the left tube in the multivibrator 282.

Connections are made from the output terminal of the
gate circuit 268 through the “or” network 283 to an “or”
network 284, through an “or” network 285 to the grid
of the left tube in a bistable multivibrator 286 and through
“or” networks 291 and 289 to the grids of the right tubes
in bistable multivibrators 288 and 298. The output ter-
minal in the gate circuit 266 is connected through the “or”
network 279 to the “or” network 284, to the grid of the
right tube in the multivibrator 286 and to the grids of the
left tubes in the multivibrators 288 and 298. The signals
passing through the “or” network 284 are introduced to
the grid of the left tube in a bistable multivibrator 292.

The plates of the two tubes in each of the multivibra-
tors 292, 286, 288 and 296 are connected to an adder 296.
Only certain of these connections are shown for purposes
of convenience. The adder 296 also receives the signals
from the plates of the two tubes in the multivibrators 272,
274, 276 and 278 and arithmetically combines this infor-
mation with the signals from the multivibrators 292, 286,
288 and 290. The results obtained are introduced to the
appropriate grids of the two tubes in each of bistable
multivibrators 360, 302, 304 and 306. Only certain of
the connections to the multivibrators 360, 302, 304 and
306 are shown for purposes of convenience.

As shown in FIGURE 3, the voltages on the plates of
both tubes in the multivibrators 202, 206, 210 and 214 are
connected to input terminals of gate circuits such as gate
circuits 319, 312, 314 and 316. For purposes of sim-
plicity, only the gate circuits 318, 312, 314 and 316 are
shown in FIGURE 3. Other terminals of the gate cir-
cuits such as the circuits 310, 312, 314 and 316 are con-
nected to the plate of the left tube in a start multivibrator
318 corresponding to the multivibrator 98 shown in FIG-
URE 1. The grid of the left tube in the multivibrator 318
receives its voltage from the output terminal of a gate
circuit 320 corresponding to the gate circuit 94 shown in
FIGURE 1. Input terminals of the gate circuit 320 are
connected to the plate of the left tube in the multivibrator
206 and through a line 322 to the counter 234,

The output signals from the gate circuits such as the
gate circuits 310, 312, 314 and 316 are introduced to
delay lines such as the delay lines 325, 326, 327 and 328
for a delay of one pulse position. These delay lines may
be bistable multivibrators similar to those disclosed above.
The output signals from the gate circuits such as the cir-
cuits 310, 312, 314 and 316 and from the delay lines such
as the lines 325, 326, 327 and 328 are introduced to an
adder 324. The operation of the adder 324 is controlled
by the voltage on the plate of the left tube in the multi-
vibrator 318 and by signals passing through gate circuits
329 and 330.

In addition to being connected to one of the gate cir-
cuits corresponding to the circuits 310, 312, 314 and 3186,
the plate of the left tube in the multivibrator 210 is con-
nected to input terminals of gate circuits 331, 332 and
334. Connections are made to other input terminals of
the gate circuit 331 from the plate of the left tube in the
multivibrator 218 and through the line 232 from the
counter 234. The signals passing through the gate circuit
331 are applied to the grid of the left tube in a multi-
vibrator 338, the grid of the right tube in the multi-
\;i;rator being connected through a line 340 to the counter

4,

Like the gate circuit 331, the gate circuits 332 and 334
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receive voltages through the line 232 from the counter
234, Voltages are also respectively applied to input ter-
minals of the gate circnits 332 and 334 from the plates
of the left and right tubes in the multivibrator 222. The
output signals from the gate circuit 332 pass to the grid
of the left tube in a bistable multivibrator 350, and the
output signals from the gate circuit 334 pass through an
“or” metwork 351 to the grid of the right tube in the
multivibrator. Signals from the counter 234 also pass
through the line 340 and the “or” network 351 to the grid
of the right tube in the multivibrator 350. The voltages
on the plates of the left and right tubes in the multi-
vibrator 350 are in turn respectively applied to gate cir-
cuits 352 and 354 having other input terminals connected
to the plate of the left tube in the multivibrator 338.

The output signals from the gate circuits 352 and 354
are respectively connected to input terminals of the gate
circuits 329 and 330, other input terminals of which are
connected to the plate of the right tube in a multivibrator
358. The grid of the right tube in the multivibrator 358
is connected to an output terminal of an “or” metwork
360, input terminals of which are connected to a gate cir-
cuit 362 and through the line 340 to the counter 234.
Connections are made to input terminals of the gate cir-
cuit 362 from the coil 62 in the channel 26 and from the
plates of the left tubes in the multivibrators 318 and 358.

The voltage on the plate of the right tube in the multi-
vibrator 358 is also applied to an input terminal of a gate
circuit 364. Other input terminals of the gate circuit 364
are connected to the coil 62 and to the plate of the left
tube in the multivibrator 318, and the output terminal is
connected to the grid of the left tube in the multivibrator
358.

In addition, the voltage on the plate of the right tube in
the multivibrator 358 is applied to an input terminal of
a gate circuit 366, another input terminal of which is con-
nected to the plate of the right tube in the multivibrator
338. The signals passing through the gate circuit 366 are
introduced to an “or” network 368 having its output ter-
minal connected to the grids of the left tubes in the multi-
vibrators 300 and 302 and to the grids of the right tubes
in the multivibrators 304 and 306.

Connections are made from the plate of the left tube
in the multivibrator 358 to input terminals of gate circuits
370 and 372. The gate circuit 370 has a second input
terminal connected to the plate of the left tube in the
multivibrator 280 and the gate circuit 372 has a second
input terminal connected to the plate of the right tube in
the multivibrator. The output from the gate circuit 372
is applied to the “or” network 368, and the output from
the gate circuit 370 is introduced to the grids of the right
tubes in the multivibrators 300 and 302 and to the grids
of the left tubes in the multivibrators 304 and 306.

The output from the adder 324 shown in FIGURE 3
is applied to the grids of both tubes in each of the multi-
vibrators 272, 274, 276, and 278 shown in FIGURES 2
and 4. Only certain of these connections are shown for
purposes of convenience. The output from the adder 324
is also applied to gate circuits 376 (FIGURE 4) and 378
having other input terminals connected to the plate of the
left tube in the multivibrator 318. The output signals
from the gate circuits 376 and 378 are in turn respectively
introduced to the “or” networks 283 and 279 also shown
in FIGURE 2. As previously disclosed, the signals pass-
ing through the “or” network 283 and 279 control the
operation of the multivibrators 292, 286, 288 and 290.

The output signals passing through the gate circuits 376
and 378 are also respectively introduced to the grids of
the left and right tubes in the bistable multivibrator 282
also shown in FIGURE 2. Connections are respectively
made from the plates of the left and right tubes in the
multivibrator 282 to input terminals of gate circuits 382
and 384, each of which has another input terminal con-
nected to the plate of the left tube in a multivibrator 386.

The grid of the left tube in the multivibrator 386 re-
ceives signals from an output terminal of a gate circuit
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388 having input terminals connected to the coil 62 in
the channel 26 and to the plate of the left tube in the
multivibrator 318. The grid of the right tube in the multi-
vibrator 386 has a voltage introduced to it through a line
380 from the counter 234, and the plate of the right tube
in the multivibrator has its voltage applied to a gate cir-
cuit 392. Other input terminals of the gate circuit 3%2
are connected to the coil 62 and to the plate of the left
tube in the multivibrator 318. The output from the gate
circuit 392 passes to the coil 36 through the “or” network
245 also shown in FIGURE 2.

The output signals from the gate circuits 382 and 384
are respectively introduced to the grids of the left and
right tubes in a multivibrator 393. As shown in FIG-
URES 3 and 4, the voltages on the plates of the left and
right tubes in the multivibrator 393 are introduced to the
adder 324 for combination with the signals from the
multivibrators 308, 362, 364 and 306 and the signals from
the gate circuits corresponding to the circuits 312, 314,
316 and 318. As will be disclosed in detail hereinafter,
the voltages on the plates of the two tubes in the multi-
vibrator 393 control the carry to one pulse position of the
results obtained by the addition in thé adder 324 of in-
formation provided for a previous pulse position.

As shown in FIGURE 2 and disclosed previously, the
output from the muliivibrators 272, 274, 276 and 278 is
combined in the adder 296 with the output from the
multivibrators 292, 286, 288 and 299. The particular
pattern of voltages introduced to the adder 296 from the
multivibrators 292, 286, 288 and 2929 is controlled by the
voltages from the gate circuits 266 and 2¢8. The con-
nections to obtain the particular patterns of voltages in
the multivibrators 292, 286, 288 and 296 for a high vclt=
age on the output terminals of either the gate circuit 266
or the gate circuit 268 are shown in FIGURE 2 and have
been disclosed previously.

The output signals from the adder 296 are applied to
gate circuits such as the circuits 3%4, 395, 3%6 and 397
in FIGURE 4. Other input terminals of the gate circuits
corresponding to the circuits 394, 395, 396 and 397 are
connected to the plate of the left tube in the multivibrator
386, and the output termirals of the gate circuits are
connected to the grid of one of the tubes in the multi-
vibrators 244 and 258 and in multivibrators 398 and 399.

As shown in FIGURE 35, the voltages on the plates of
the left tubes in the multivibrators 266 and 21¢ are re-
spectively introduced to input terminals of gate circuits
490 and 482. The gate circuits 408 and 402 also receive
signrals through the line 34¢ from the cousiter 234 and
introduce their output signals to the grids of the left fubes
in bistable multivibrators 404 and 4¢6. The grids of the
right tubes in the multivibrators 404 and 466 are con-
nected through the line 380 to the counter 234,

Corninections are made from the plate of the left tube
in the multivibrator 404 to input terminals of gate cir-
cuits 488 and 410 and from the plate of the right tube
in the multivibrator 404 to input terminals of gate cir-
cuits 432 and 434. The gaté circuits 408 and 412 also
receive the output signals from a gate circuit 416 having
its input terminals connécted to the plate of the right
tube in the multivibrator 486 and through the line 3490 to
the counter 234. Other input terminals of the gate cir-
cuits 498 and 412 are respectively connected to the plates
of thé right and left tubes in the multivibrator 350, which
is also shown in FIGURE 3. The output signals from
thie gate circuits 408 and 412 pass through “or” networks
4290 and 422 to the coil 58 for recordation in the chan-
nel 24.

Other input terminals of the gate circuits 41¢ and 414
have voltages applied to them from a gate circuit 424,
which in turn has input terminals connected to the plate
of the left tube in the multivibrator 406 and through the
line 340 to the counter 234. The gate circuits 410 and
414 also have input terrhinals respectively connected to
the plates of the left and right tubes in thé multivibrator
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350. The output signals from the gate circuits 410 and
414 pass through the “or” networks 428 and 422 to the
coil 58 for recordation in the channel 24.

Connections are made to a gate circuit 428 from. the
plates of the left tubes in the multivibrators 282 and 338
and through the line 349 from the counter 234, The out-
put signals from the gate circuit 428 are applied to input
terminals of gate circuits 43¢ and 432, Other inpwt ter-
minals of the gate circuit 43¢ are connected ito the plate
of the left tube in the multivibrator 35¢ and to the plate
of the right tube in the multivibrator 464. In like man-
ner, other input terminals of the gate circuit 432 are con-
nected to the plate of the right tube in the multivibrator
356 and the plate of the left tube in the multivibrator
404. The output signals from the gate circuits 43¢ and
432 pass through “or” networks 434 and 436 to the coil
52 for recordation in the channel 22.

Signals are applied to a gate circuit 438 from the plate
of the left tube in the multivibrator 338, from the plate
of the right tube in the multivibrator 282 and through
the line 340 from the counter 234. The output signals
from the gate circuit 438 pass to input terminals of gate
circuits 446 and 442. Other input terminals of the gate
circuit 44¢ are connected to the plates of the left tubes
in the multivibrators 35¢ and 404. Connections are also
made to other input terminals of the gate circuit 442 from
the plates of the right tube in the multivibrators 350 and
484. The output signal from the gate circuits 448 and
442 pass through the “or” networks 434 and 436 to the
coil 52 for recordation in the channel 22.

The “or” network 434 also receives the output signals
from gate circuits 443, 444 and 445. Connections are
made to input terminals of the gate circuit 443 from the
plates of the left tubes in the multivibrators 202, 276,
278 and 338 and through the line 3460 from the counter
234. Voltages are applied to input terminals of the gate
circuit 444 from the left tubes in the multivibrators 292,
272, 274, 278 and 338 and from the counter 234. The
gate circuit 445 receives voltages from the plates of the left
tubes in the multivibrators 214, 278 and 338 and through
the line 346 from the counter 234.

The signals from a pair of gate circuits 446 and 447
also pass through the “or” networks 436 and 422 for
recordation by the coils 52 and 58 in the channels 22 and
24, respectively. Input terminals of the gate circuit 446
are connected to the plate of the left tube in the multi-
vibrator 218 and through a line 448 to the counter 234.
Similarly, connections are made to input terminals of the
gate circuit 447 from the plate of the left tube in the
multivibrator 222 and through the line 448 from: the
counter 234.

In FIGURE 6, a plurality of gate circuits 458, 452 and
454 are connected in various arrangements to the multi-
vibrators 280, 393 and 404. Connections are made to
input terminals of the gate circuit 450 from the plate of
the left tube in the multivibrator 289, from the plates of
the right tubes in the multivibrators 393 and 404 and
through the line 340 from the counter 234. Voltages are
applied to input terminals of the gate circuit 452 from
the line 34¢, the plate of the left tube in the multivibrator
404 and the plates of the right tubes in the multivibrators
280 and 393. Similarly, signals pass to input terminals
of the gate circuit 454 from the line 340 and the plates
of the left tubes in the multivibrators 289, 393 and 464.
The output signals from. the gate circuits 430, 452 and
454 pass through an “or” network 456 to the grid of the
left tube in the multivibrator 276, which is also shown in
FIGURE 2,

Signals from the multivibrators 288, 393 and 404 are
also applied to gate circuits 460, 462 and 464 in par-
ticular arrangements. The gate circuit 460 receives sig-
nals from the plates of the left tubes in the multivibrators
393 and 404, from the plate of the right tube in the
multivibrator 288 and through the line 34¢ from the
counter 234, Voltages are applied to input terminals of
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the gate circuit 462 from the line 348 and the plates of
the right tubes in the multivibrators 288, 393 and 464.
Connections are made to input terminals of the gate cir-
cuit 464 from the line 3490, from the plates of the left
tubes in the multivibrators 28¢ and 393 and from the
plate of the right tube in the multivibrator 464. The
output signals from the gate circuits 469, 462 and 464
pass through an “or” network 466 to the grid of the
right tube in the multivibrator 276.

In FIGURE 7, a circuit diagram is shown for con-
trolling the operation of the digital differential analyzer
to produce a multiplication by such integers as “2” or “5.”
The circuit includes a gate circuit 478 which has input
terminals connected to the plates of the left tubes in the
multivibrators 282, 276 (also shown in FIGURES 2 and
4) and 278 and through the line 340 to the counter 234.
The output from the gate circuit 47¢ passes through an
“or” network 472 to the grid of the right tube in the
multivibrator 292. The “or” network 472 also receives
signals from a gate circuit 474. Input terminals of the
gate circuit 474 are connected to the plates of the left
tubes in the multivibrators 202, 272, 274 and 278 and
through the line 349 to the counter 234.

A signal passes from a gate circuit 482 through the
“or” metwork 488 to the grid of the left tube in the
multivibrator 286. Connections are made to input ter-
minals of the gate circuit 482 from the plate of the left
tube in the multivibrator 214, from the plate of the
right tube in the multivibrator 276 from the counter 234
and from the adder 324.

The grid of the right tube in the multivibrator 288
has a voltage applied to it from the “or” network 287.
The “or” network in turn has input terminals connected
to the plate of the left tube in the multivibrator 282,
the output terminals of the gate circuits 470, 474 and
482, Simiiarly, the grid of the right tube in the multi-
vibrator 299 receives signals frem the “or” network 289,
which receives input voltages from the plate of the left
tube in the multivibrator 282 and from a gate circuit
490. Jnput terminals of the gate circuit 4%¢ are con-
nected to the plates of the left tubes in the multivibrators
214, 276 and 278 and from the counter 234,

A gate circuit 492 has input terminals connected to the
plate of the left tube in the multivibrator 262 and to the
counter 234. The output from the gate circuit 492 is
applied to the grid of the left tube in the multivibrator
398, the plate of which is connected to the coil 36, as
also shown in FIGURE 4. Similarly, connections are
made to input terminals of a gate circuit 494 (FIGURE
7) from the plate of the left tube in the multivibrator
214 and from the counter 234. The signals passing
through the gate circuit 494 are introduced to the grid
of the left tube in the multivibrator 399, the plate of the
left tube being connected to the coil 48 as also shown in
FIGURE 4.

As previously disclosed, a pulse is provided in the
chanrel 18 in one of the first 22 positions for each inte-
grator to control the occurrence of a Ax increment for
the integrator every time that the integrator is presented
for computation. The particular position in which the
coding pulse is recorded for the integrator undergoing
computation is dependent upon which of the other inte-
grators feeds Ax increments into the integrator under-
geing computation.
tegrators remains constant during the solution of a prob-
lem, the coding pulse in the channel 18 in one of the
first 22 positions for each integrator remains constant
during the solution of the problem. As a result, these
pulses have to be retained during the solution of a prob-
lem.

Retention of the pulses in the channel 18 is provided
by the multivibrator 218 (FIGURE 2), the gate circuits
236 and 238 and stages associated with these gate cir-
cuits. The pulses in the channel 18 having a first po-
larity of magnetization are converted by the coil 38 to

Since the connections between in-
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pulses of relatively high voltage. These voltage pulses
are then introduced to the grid of the left tube in the
multivibrator 210 so as to cut off the tube. When the
left tube in the multivibrator 210 becomes cut off, a high
voltage is produced on the plaie of the tube and is intro-
duced to the gate circnit 236.

The gate circuit 236 is opened by a signal from the
counter 234 when the first pulse in each integrator is
picked up by the coil 62. The gate circuit 236 remains
open so that information in the channel 18 up to and
including the 22nd pulse position for each integrator can
pass through the gate circuit. During the time that the
gate circuit 236 remains open, the positive pulses from
the plate of the left tube in the multivibrator 218 pass
through the gate circuit to the “or” network 246. The
network 246 in turn passes to the grid of the left tube
in the multivibrator 256 any positive pulses introduced
to it. These signals cause the left tube in the multivi-
brator 256 to become cut off and a positive pulse of volt-
age to be produced on the plate. The positive voltage
pulse passes to the coil 42 for recordation in the channel
8. In this way, the coil 42 operates to produce a mag-
netic field in the channel 18 similar to the pattern of the
electrical signals induced in the coil 38.

In like manner, a pulse of low voltage is induced in
the coil 38 to indicate the integer “0” for a pulse posi-
tion. This voltage pulse is inverted by the inverter 212
and introduced as a positive pulse to the grid of the right
tube in the multivibrator 210 to cut off the tube and to
produce a positive pulse on the plate of the tube. When
such a pulse is produced in one of the first 22 positions
for an integrator, the gate circuit 238 opens and the pulse
passes through the gate circuit and the “or” network
248 to the grid of the right tube in the multivibrator 259.
Since the right tube in the multivibrator becomes cut
off upon the introduction of such a pulse, the left tube
becomes conductive. This causes a pulse of low voltage
to pass to the coil 42 for recordation in the channel 18.

Similarly, the multivibrator 206, the gate circuit 228,
the “or” network 246 and the multivibrator 244 in FIG-
URE 2 operate to recirculate in the channel 16 the posi-
tive coding information provided in the first 22 positions
of each integrator. As previously disclosed, positive
pulses may be provided in the channel 16 in the first 22
positions for each integrator to indicate whether any
variations in the value of the dependent gquantity y will
be made for the integrator.

The gate circuit 254 operates to determine whether or
not an actual Ay increment is made for an integrator at
the time that a coding pulse appears in the channel 16
in one of the first 22 positions for the integrator. The
gate circuit 254 receives the coding pulses in the channel
16 because of its connection to the plate of the left tube
in the multivibrator 206. The connection from the
counter 234 through the line 232 to the gate circuit 254
causes the gate circuit to become open during the first 22
positions of each integrator. The operation of the counter
234 to provide a relatively high voltage during the first 22
positions of each integrator is fully disclosed in co-pend-
ing application Serial No. 217,478, filed March 26, 1951,
by Steele and Collison.

Since the gate circuit 254 is also connected to the plate
of the left tube in the multivibrator 218, it can open for
the passage of a signal only when high voltages are simul-
taneously produced on the plates of the left tubes in the
multivibrators 266 and 218. A relatively high voltage is
produced on the plate of the left tube in the multivibrator
218 only when a relatively high voltage is induced in the
coil 54. As previously disclosed, the coil 54 indicates
in adjacent pulse positions any overflow in the value of the
cumulative yAx increments which are obtained for each
of the 22 integrators in the analyzer.

The passage of a pulse through the gate circuit 254
indicates only the occurrence of a Ay increment for an
integrator, but it does not indicate whether such increment
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is positive or negative. The polarity of each pulse passing
through the gate circuit 254 is indicaied by the gate cir-
cuits 256 and 258, both of which receive the signals
from the gate circuit 254. Since the gate circuit 256 is
connected to the plate of the left tube in the multivibrator
222, it receives a relatively high voltage when a relatively
high voltage is induced in the coil 69. As previously dis-
closed, a high voltage from the coil 60 indicates a posi-
tive increment. Since the gate circuit 256 passes a signal
only when relatively high voltages are simultaneously in-
troduced to it from the gate circuit 254 and from the
plate of the left tube in the multivibrator 222, the gate
circuit 256 passes a signal only when a Ay increment of
positive polarity has occurred,

FEach signal passing through the gate circuit 256 for an
integrator causes the numerical indications provided by the
counter 260 to increase by an integer is a positive direc-
tion. For example, a signal passing to the counter 260
from the gate circuit 256 may cause the counter to pro-
vide a numerical indication of 43 when an indication of
42 was previously provided by the counter. Similarly,
the indications in the counter 260 may change from —3
to —2 upon the introduction of a signal from the gate
circuit 256.

As previously disclosed, a positive increment in the
cumulative yAx value for an integrator is indicated by the
simultaneous occurrence of pulses in the channels 22 and
24. Similarly, a negative increment in the cumulative
yAx value for the integrator is indicated by the absence
of a pulse in the channel 24 at the time that a pulse is
produced in the channel 22. Because of the absence of
a pulse in the channel 24, a relatively low voltage is in-
duced in the coil 60. This voltage is inverted by the in-
verter 224 and is introduced as a relatively high voltage
to the grid of the right tube in the multivibrator 222. The
high voltage introduced to the grid of the right tube in
the multivibrator 222 causes the tube to become cut off
and a high voltage to be produced on the plate of the
tube.

When a high voltage is produced on the plate of the
right tube in the multivibrator 222 at the same time that
a positive pulse passes through the gate circuit 254, the
gate circuit 258 opens and passes a signal to the counter
269. This signal provides an indication of a negative Ay
increment. Since the counter 264 is adapted to provide a
negative count as well as a positive count of the Ay incre-
ments, it operates upon the introduction of signals from
the gate circuit 260 to subtract an integer from the re-
sultant value of the counter. For example, the indications
in the counter 260 are changed from 44 to 43 when a
signal is introduced to the counter from the gate circuit
258. The operation of the counter 260 in providing a
positive and negative count of digital increments is fully
disclosed in co-pending application Serial No. 217,478,

As previously disclosed, the counter 260 is formed from
a plurality of multivibrators arranged in cascade arrange-
ment. Specifically, four multivibrators are disclosed in
co-pending application Serial No. 217,478. The operation
of these multivibrators for a positive or a negative count
is controlled by a plurality of gate circuits operative in
accordance with logical equations disclosed in the specifi-
cation and in FIGURE 29 of the co-pending application.

The information in the counter 260 is introduced to the
gate circuits such as the circuits 262, 264, 266 and 268
such that each of the gate circuits receives information
relating to a binary digit of increasing significance. Be-
cause of their connection through the line 270 to the
counter 234, the gate circuits such as the circuits 262,
264, 266 and 268 open at pulse position 23 of each integer
to pass to the multivibrators 272, 274, 276 and 278 the
information relating to the cumulative value of the Ay
increments for each integrator.

The information passing to the multivibrators 272, 274,
276 and 278 from the gate circuits such as the circuits
262, 264, 266 and 268 causes the multivibrators to be
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triggered in a pattern dependent npon the indications in
the counter 260. This causes a corresponding pattern of
voltages to be produced on the plates of the multivibrator
tubes for introduction to the adder 296. Since the indica-
tions provided by the multivibrators 272, 274, 276 and
278 relate to a binary number and since the digital differ-
ential analyzer constituting this invention operates on a
decimal basis, the adder 296 performs the addition which
converts the information from the multivibrators into a
binary-code-decimal form.

The digital differential analyzer constituting this in-
formation operates in particular decimal code known as
the “excess three” code. In this code, the value “0”
is indicated in binary form by 0011 for successive pulse
positions, where the least significant digit is at the right.
Since an indication of 0011 would ordinarily constitute an
indication of the integer “3,” the “excess three” code con-
stitutes the normal binary code with a value of -+-3 added
when the number is positive. This may be seen by a com-
parison of the charts shown in FIGURES 14 and 15,
which respectively indicate the “excess three” code and
the normal binary code.

As will be seen in the chart shown in FIGURE 14, an
indication of “0” for a count in a negative integer is indi-
cated by 1101 where the least significant digit is at the
right. This is obtained by inverting the indications of
0011 representing the value of “0” for a positive count
so as to obtain a value of 1100 and by adding the binary
indication “1” to the least significant digit. The inversion
of the indications representing a positive digit and the ad-
dition of the indication “1” to the least significant digit
of the inverted number constitutes the standard way of
indicating a negative number in binary form. Since each
of the positive numbers is represented in binary form by
indications having a value of 3 added to the indications
normally representing the number, the inversion of the
number causes negative numbers to be represenied by in-
dications which are more negative by a value of “3” than
the normal binary indications obtained by the counter
260. For example, as shown in FIGURE 14, the value
of —4 is represented in “excess 3” code by 1001. In
the normal binary code shown in FIGURE 15, an indica-
tion of 1001 will represent a value of —7.

In order to convert the binary number from the
counter 269 into a binary-ceded decimal number in the
“excess three” code, the polarity of the number must
first be determined. As disclosed in detail in co-pending
application Serial No. 217,478, each integrator can re-
ceive increments from a maximum of only 7 integrators
when the integrator is presented for computation. This
causes the cumulative value of the Ay increments for
each integrator to lie within a range of —7 to 47 every
time that the integrator is presented for computation.
For pesitive values up to +7, the counter 26¢ produces
a voltage indicative of the binary value “0” in the binary
position of highest significance. This is indicated in the
chart shown in FIGURE 15. This signal passes through
the gate circuit 268 shown in FIGURE 2. For negative
values up to —7, the counter 268 preduces a voltage in-
dicative of the binary value “1” in the pulse position of
highest significance. This signal passes through the gate
circuit 266 in FIGURE 2.

The signals from the gate circuit 268 pass to the grid
of the left tube in the muitivibrator 282 and cause the
tube to be triggered into a state of non-conductivity such
that a high voltage is produced on the plate of the tube.
The signal from the gate circuit 268 also passes to the
grid of the left tubes in the multivibrators 282 and 286
and to the grids of the right tubes in the multivibrators
288 and 290, so as to trigger these multivibrators into
states of operation representing the indications 0011,
where the least significant digit is at the right.

The multivibrators 292, 286, 288 and 290 are triggered
into operation by a signal from the gate circuit 268 since
a signal is also introduced to the multivibrators from the
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coil 62 through suitable lines (not shown). As shown
in FIGURE 135, the indications 0011 represent a value
of 43 in binary form. These indications are combined
in the adder 2%6 with the indications from the counter
260 to obtain output indications representing the cumula-
tive value of the Ay increments for an integrator in the
“excess three” coede. )

Similarly, a signal passing through the gate circuit
266 causes the right tube in the multivibrator 282 to be
triggered into a state of non-conductivity. Since this sig-
nal represents a negative value in the Ay increments for
an integrator, a relatively high voltage is procduced on
the plate of the right tube in the multivibrator 282 to
represent such a polarity. The signal passing through
the gate circuit 268 also causes the left tubes in the multi-
vibrators 292, 288 and 29¢ and the right tube in the
multivibrator 286 to be triggered into non-conductivity
in a pattern represented by 1101 where the least significant
digit is at the right. These indications represent a value
of ~—3 in binary form. Since the adder 296 combines
these conversion indications with the Ay indications from
the counter 26@, the adder 296 provides ocutput indica-
tions representing the cumulative vaiue of the Ay in-
crements for each integrator in the “excess three” code.
The adder 296 is a four-digit parallel binary adder as is
well known in the prior art. One satisfactory form for
adder 283 is shown and described on page 41 of a book
entitted “Automatic Digital Calculators,” by Booth and
Booth, published in 1953 by Butterworths Scientific Pub-
lications, London.

The output indications from the adder 296 are in-
troduced to the multivibrators 30, 362, 364 and 366
(FIGURES 2 and 3) and are in turn applied to the
adder 324 (FIGURE 3). Since the adder 324 is con-
nected to the plate of the left tube in the multivibrator
318, it becomes operative only when a relatively high
voltage is produced on the tube plate. As previously
disclosed, the start multivibrator 318 corresponds to the
start multivibrator 98 shown in FIGURE 1. During the
first 22 positions for each integrator, the left tube in the
multivibrator 318 is conductive. Upon the occurrence
of the first pulse in the channel 16 after the first 22 po-
sitions for each integrator, a pulse passes through the
gate circuit 320 to trigger the left tube in the multivibra-
tor 318 into a state of non-conductivity. A pulse passes
through the gate circuit 320 after the first 22 positions
for each integrator because of the introduction of a rela-
tively high voltage to the gate circuit through the line
322 from the counter 234 to prepare the gate circuit for
opening.

When the left tube in the start multivibrator 318 be-
comes cut off upon the appearance of the “start” pulse
in the channel 16, a relatively high voltage is introduced
from the plate of the tube to the gtae circuit 388 (FIG-
URE 4). This voltage passes through the gate circuit
during the pulse position following the start pulse be-
cause of the connection from the coil 62 to the input
terminal of the gate circuit. The signal passing through
the gate circuit 388 of FIG. 4 causes the left tube in the
multivibrator 386 to become triggered into a state of
conductivity in the pulse position following the start
pulse. For example, when the start pulse occurs in the
channel 16 in pulse position 27 for an integrator, the
left tube in the multivibrator 318 becomes triggered into
a state of non-cenductivity at pulse position 27 and the
left tube in the multivibrator 386 becomes triggered into
a state of non-conductivity at pulse position 28.

When the left tube in the multivibrator 318 becomes
cut off, it remains cut off until pulse position 48 for the
integrator, at which time a signal is introduced to the
grid of the right tube in the multivibrator 318 through
the line 34¢ (FIGURE 3) from the counter 234 to cut
off the tube. Similarly, when the left tube in the multi-
vibrator 386 becomes cut off for an integrator, it remains
cut off until pulse position 1 of the following integrator.
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At the first pulse position of the following integrator, a
signal passes from the counter 234 through the line 350
(FIGURE 4) to the grid of the right tube in the multi-
vibrator 386 to cut off the tube.

When the left tube in the multivibrator 318 becomes
cut off, the signals from the multivibrators 349, 302, 304
and 306 (FIGURE 3) are combined by the adder 324
with the signals passing through the gate circuits corre-
sponding to the circuits 319, 312, 314 and 316. The gate
circuits corresponding to the circuits 31¢, 312, 314 and
316 become opened after the appearance of the “start”
pulse because of their connection to the plate of the
left tube in the multivibrator 318. When the gate cir-
cuits become opened, they pass to the adder 324 the
signals appearing in the channels 14, 16, 18 and 28.

In the first pulse position after the start pulse, the
signals in the channels 14, 16, 18 and 20 indicate in
the “excess 3” code the least significant digit of the
value of the dependent y for the integrator undergo-
ing computation. These y signals are combined in the
adder 324 with the signals representing the cumulative
value of the Ay increments for the integrator, as indi-
cated in the multivibrators 300, 392, 384 and 386. The
resultant signals produced by the adder 324 provide an
indication of the new value of y for the least significant
decimal digit of the integrator.

The combination of the signals in the channels 14, 16,
18 and 20 and the indications in the multivibrators 300,
362, 384 and 306 occurs during the time that the inte-
grator section is being advanced from one pulse position
to the next. For example, the combination, of the in-
formation in the channels 14, 16, 18 and 26 in pulse posi-
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362, 3064 and 306 occurs before the end of pulse position
28 for the integrator. This combination occurs in one
pulse position even though the indications in four chan-
nels must be combined and carry indications must be
transferred from one channel to the next, )

The operation of the adder 324 in obtaining a mew
value of y can be given by the following logical equa-
tions:!

Cy'=(Ci-FA4:'B;") (4, +B,")
Cy=(C3+-44By) (A3-+B5)
Cy'=(Cy'+A445'By’) (A5'+By")
Co=(Cy+A44B,) (As-+B,)
Wy'=(Cy-+A4:"By/C{)(4y+B,'+Cy)
Wo=(C3" 4 A3B:C;) (Aa--B+C)
W3'=(Cy+A3'By'Cy’ ) (45" + B3’ -C3')
W= (Cy' 44B4Cy) (A4 4-Bs+Cy)

In the above equations,

B;=a relatively high voltage on the plate of the left
tube in the multivibrator 202 to represent an indication of
“1” in the channel 14 for a pulse position;

B,, B; and B,==high voltages on the plates of the left
tubes in the multivibrators 208, 210 and 214, respectively,
to represent indications of “1” in the channels 16, 18 and
20 for a pulse position;

A;=a relatively high voltage on the plate of the left
tube in the multivibrator 390 to represent the integer “1”
for the least significant digit of the Ay increments;

Ay, Ag and A,=relatively high voltages on the plates
of the left tubes in the multivibrators 362, 304 and 306;

Ci=a relatively high voltage on the plate of the left
tube in the multivibrator 393 shown in FIGURES 3 and
4 to indicate a carry from a pulse position of lesser sig-
nificance to a pulse position of increased significance;

Cy=a carry resulting from the binary addition of C,
B1 and A1;

Ci=a carry resulting from the binary addition of A,
B; and Cy;

Cy=a carry resulting from the addition of Az, B; and
Cs; and

C,=the output carry resulting from addition of Ay, B,
and Cy;



8,007,641

25

W1=the result obtained by the addition of A;, B, and
C; and represents a relatively high voltage indicative of
the integer “17;

Wq, W3 and W =the resulis obtained by the addition
of the different values in the pulse positions correspond-
ing to the channels 16, 18 and 20, respectively;

Ay'=the complement of A; to represent a relatively
high voltage on the plate of the right tube in the multi-
vibrator 340; and

A2’; A3’5 A4;’: Bl's B2,a B3,’ B4'1 Ci’! CZ” C3’.~ C-i,s CO’;
Wi, Wy', Wy', and W' represent the complements of the
corresponding indications having no prime representa-
tions., In the above equations C,, C; and C; represent
components which are not specifically shown, but which
are included in the box representing the adder 324, Al-
though these components are not specifically shown, it
is believed that their construction and operation will be
understood by persons skilled in the art from the logical
equations listed above and from the chart shown in FIG-
URE 16.

A carry indication is obtained when the addition of
different values causes a full binary indication of 42
to be obtained for a pulse position. In binary form, an
indication of “4-2” is equivalent to a value of “0” for the
pulse position and a carry of “+1” to the next highest
digit. For example, when a binary indication of “1” for
y in the 26th position of the channel 14 for an inte-
grator is added to a binary indication of “1” for Ay in
the multivibrator 308, the resultant value may be “0” in
the channel 14 and a carry of “1” into the channel 16.
This carry would be provided by an amplifier repre-
senting C, in the above equations.

A carry may also be provided from a first pulse posi-
tion to the next pesition when a carry from the position
immediately preceding the first position is added to the
integer “1” indicating the value of either y or Ay for the
first position. For example, a carry may be provided
from the channel 14 to the channel 16 as disclosed in the
previous paragraph. The addition of this carry indica-
tion of “1” representing the value of the dependent quan-
tity y for pulse position 26 in the channel 16 causes a
carry to be made into the channel 18, This carry would
be indicated by an amplifier corresponding to Cj in the
above equation.

It should be further appreciated that the logical equa-
tions disclosed above are genmeral equations which con-
trol the operation of the adder 324 in the different pulse
positions, Since no carry is to be utilized by the addi-
tion of the dependent quantity y and the incremental
quantity Ay in the least significant digit, the multivi-
brator 393 does not become operative until after this
position. The multivibrator 393 is made inoperative at
this pulse position because of the operation of the gate
circuits 382 (FIGURE 4) and 384, which have a voltage
applied to them from the plate of the left tube in the
multivibrator 386. Since the left tube in the multivibrator
386 is triggered into a state of nonconductivity one pulse
position after the triggering of the left tube in the multi-
vibrator 318, signals cannot pass through the gate cir-
cuits 382 and 384 until after the addition of y and Ay
in the least significant digit.

The new value of the dependent quantity y in the least
significant digit is introduced by the adder 324 to the
multivibrators 272, 274, 276 and 278. Sometimes, upon
the addition of signals representing the values of y and
Ay, a carry is obtained from the last digit. For example,
when a value of 47 in the “excess 3” decimal code is
added to a value of 45 in the same code, a carry is
produced in the last position corresponding to the infor-
mation in the channel 26. This carry is represented by
the term C, in the logical equations disclosed above and
in the chart shown in FIGURE 16 and is indicated by a
high voltage which is introduced to the grid of the left
tube in the multivibrator 282. This voltage causes the
left tube in the multivibrator 282 to become cut off and
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a relatively high voltage to be produced on the plate of
the tube.

At the next pulse position, the high voltage on the plate
of the left tube in the multivibrator 282 passes through
the gate circuit 382 and causes the left tube in the multi-
vibrator 393 to become cut off. Since the voltage from
the multivibrator 393 is introduced to the adder 324, the
carry indications produced by the adder 324 are reintro-
duced to the adder after a delay of one pulse position.
At this time, information relating to the values of y and
Ay in the decimal digit of next highest significance are
being combined by the adder 324. 1In this way, a carry
is obtained from one decimal digit to the next so that a
proper addition can be obtained.

As discussed in connecticn with the simplified embodi-
ment shown in FIGURE 1, indications relating to the de-
pendent quantity y and to the differential combination
yAx for each integrator are alternately presented in suc-
cessive pulse positions in the channels 14, 16, 18 and 20.
For example, indications relating to the value of y for
decimal digits of increasing significance may be succes-
sively presented in pulse positions 26, 28, 30, etc. in the
channels 14, 16, 18 and 2. Similarly, indications re-
lating to the cumulative value of the differential combina-
tion yAx for an integrator may be successively presented
in pulse positions 27, 29, 31, etc. in the channels 14, 16,
18 and 20.

Since the adder 324 alternately operates to obtain new
values for y and yAx for each integrator, some control
must be provided to insure that the values of y and yAx
do not become mixed. This control is provided by the
operation of the multivibrator 358 shown in FIGURE 3.
This multivibrator corresponds to the multivibrator 99
shown in FIGURE 1. The operation of the multivibrator
358 is in turn controlled by the gate circuits 362 and 364.
Because of the connection to input terminals of the gate
circuits 362 and 364 from the plate of the left tube
in the multivibrator 318, the multivibrator 358 does not
became operative until after the appearance of the “start”
pulse in the channel 16.

When the “start” pulse appears in the channel 16,
the first clock signal induced in the coil 62 after the
“start” pulse passes through the gate circuit 364 and
causes the left tube in the multivibrator 358 to become
cut off. The resultant high voltage on the plate of the
left tube in the multivibrator 358 is introduced to the
gate circuit 362 to prepare the gate circuit for the passage
of a signal upon the production of the next clock signal
by the coil 62. This clock signal passes through the
gate circuit 362 and the “or” network 366 to the grid of
the right tube in the multivibrator 358 and causes the tube
to become cut off.

Since the voltage on the plate of the right tube in the
multivibrator 358 is introduced to the gate circuit 364,
the gate circuit becomes prepared to pass the next clock
signal from the coil 62. In this way, the left and right
tubes in the multivibrator 358 become alternately trig-
gered into states of non-conductivity upon the introduc-
tion of successive clock signals from the coil 62. At
pulse position 48 for each integrator, a signal passes from
the counter 234 through the line 34¢ and the “or” network
360 to the grid of the right tube in the multivibrator 358.
This signal causes the right tube in the multivibrator
358 to become cut off if it happens to be conductive at
that time.

In this way, the left tube in the multivibrator 358 be-
comes prepared for an initial triggering after the appeer-
ance of the “start” pulse in the next integrator. By insuring
that the left tube in the muliivibrator 358 becomes initial-
ly triggered for each integrator, coordination is provided
between the operation of the multivibrator 358 and the
introduction of information to the adder 324. This re-
sulis from the fact that information relating to the de-
pendent quantity y appears in the channels 14, 16, 18 and
20 in the first pulse position after the “start” pulse for
each integrator.
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The relatively high voltage produced in alternate pulse
positions on the plate of the left tube in the multivibrator
358 is introduced to the gate circuits 376 and 372. Since
the gate circuits 372 and 372 are also respectively con-
nected to the plate of the left and right tubes in the multi-
vibrator 28@, either the gate circuit 378 or the gate cir-
cuit 372 is prepared for opening at all times.

As shown in FIGURE 2, the grids of the left and right
tubes in the multivibrator 289 respectively receive the sig-
nals passing through the gate circuits 266 and 268. The
signals through these gate circuits respectively represent
Ay increments of negative and positive polarity. Because
of this, a relatively high voltage on the plate of the left
tube in the multivibrator 289 indicates that the cumulative
value of the Ay increments for an integrator are negative.
Similarly, a relatively high voltage is produced on the
plate of the right tube in the multivibrator 28¢ when the
cumuiative value of the Ay increments is positive. As
a result of the operation of the gate circuits 266 and 268,
the multivibrator 289 becomes triggered into one state
of operation or the other at pulse position 23 for each
integrator. The multivibrator then remains in this state
during the remaining pulse positions for the integrator.

As disclosed in co-pending application Serial No.
217,478, the value of the Ay increments for each inte-
grator appears only in the first pulse positions for the
integrator. In the remaining pulse positions the indica-
tion as to the sign of the Ay increments is repeated. Since
the analyzer disclosed in the co-pending application Serial
No. 217,478 operates on a binary basis, a binary indica-
tion of “0” is added to the value of y in successive pulse
positions when the cumulative value of the Ay increments
is positive. In like manner, a binary value of “1” is
added in successive pulse positions when the cumulative
value of the Ay increments for an integrator is negative.

For reasons which wil be disclosed in detail hereinafter,
indications of 0011 are added to the value of y after the
first decimal digit for an integrator in the analyzer con-
stituting this invention to represent that the cumulative
value of the Ay increments for the integrator is positive.
Such indications are introduced to the adder 324 by the
multivibrators 3¢9, 302, 364 and 306 (FIGURE 3) when
a signal passes through the gate circuit 372. Similarly,
indications of 1100 are added to the value of y after
the first decimal digit to indicate that the cumulative value
of the Ay increments for an integrator is negative. This
pattern is produced in the multivibrators 300, 302, 304
and 306 when a signal passes through the gate circuit 372.

It has already been disclosed that indications relating
to the cumulative value of yAx for each integrator are
presented in alternate pulse positions in the channels 14,
16, 18 and 20. These indications are presemted to the
adder 324, which combines them with the signals repre-
senting the yAx increment. However, in order to have
a yAx increment, a Ax increment must be obtained. The
gate circuits 331 (FIGURE 3), 332 and 334 and the mul-
tivibrators 338 and 350 operate to determine the oc-
currence of each Ax increment and the polarity of each
such increment.

Since the pulse controlling the occurrence of each Ax in-
crement for an integrator occurs in one of the first 22
pulse positions for the integrator, the gate circuit 331 is
prepared for opening during these positions. The gate
circuit is so prepared by the introduction of a relatively
high voltage through the line 232 from the counter 234.
The voltage on the plate of the left tube in the multi-
vibrator 21¢ is also introduced to the gate circuit 331
since the coding pulse occurs in the channel 18. When
a relatively high voltage is simultaneously produced on the
plate of the left tube in the multivibrator 218, a signal
passes through the gate circuit 331 to indicate that a Ax
increment has actually occurred for the integrator under-
going computation.

The signal passing through the gate circuit 331 causes
the left tube in the multivibrator 338 to become cut off
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and a relatively high voltage to be produced on the tube
plate. This high voltage continues during the remaining
pulse positions of the integrator. At pulse position 48 of
each integrator, the multivibrator 338 becomes cut off as
a result of the introduction of a signal through the line
340 from the counter 234. In this way, the multivibrator
338 indicates the actual occurrence of a Ax increment dur-
ing the time that the information relating to the cumula-
tive value of yAx for the integrator is presented to the
adder 324.

The voltages on the plate of the left tube in the multi-
vibrator 210 and on the line 232 are introduced to the
gate circuits 332 and 334 as well as to the gate circnit 331,
This causes the gate circuits 332 and 334 to be prepared
for opening at a particular one of the first 22 positions
for each integrator corresponding to the position in which
the Ax coding pulse appears in the channel 18. When a
relatively high voltage is produced on the plate of the left
tube in the multivibrator 222 at the same time as the intro-
duction of the coding pulse to the gate circuit 332, a
signal passes through the circuit to indicate that any Ax
increment is positive.

The signal from the gate circuit 332 passes to the grid
of the left tube in the multivibrator 350 and cuts off the
tube. The left tube in the multivibrator 350 then remains
cut off during the remaining pulse positions for the
integrator. At pulse position 48 for the integrator, a sig-
nal is introduced to the grid of the right tube in the multi-
vibrator 350 through the line 340 and the “or” network
351 to cut off the tube and make the left tube in the
multivibrator conductive. In this way, the left tube in the
multivibrator 350 remains cut off for a positive Ax incre-
ment for an integrator during all of the time that the in-
formation relating to the cumulative value of the yAx
increments for the integrator appears in the channels 14,
16, 18 and 29.

The induction of a relatively low voltage in the coil
60 causes the right tube in the multivibrator 222 to be-
come cut off. When the right tube in the multivibrator
222 becomes cut off at the same time that a coding pulse
appears in the channel 18 in one of the first 22 positions
for an integrator, a signal passes through the gate circuit
334 and the “or” network 351. This signal provides an
indication that any Ax increment for the integrator under-
going computation is negative. The signal passes to the
grid of the right tube in the multivibrator 350 and causes
the tube to become cut off. The right tube in the mulii-
vibrator 350 then remains cut off during the remaining
pulse positions for the integrator.

Upon the simultaneous production of relatively high
voltages on the plates of the left tubes in the multivi-
brators 338 and 359, a signal passes through the gate cir-
cuit 352. This signal provides an indication that a Ax
increment has actually occurred and that the increment
has a positive polarity. The signal from the gate circuit
352 is introduced to the gate circuit 329,

Because of its connection to the plate of the right tube
in the multivibrator 358, the gate circuit 329 opens at
alternate pulse positions to provide for the passage of a
signal to the adder 324. The adder 324 then combines the
signals in the gate circuits such as the circuits 319, 312,
314 and 316 with the signals from the delay lines 325,
326, 327 and 328 to produce new indications representing
the cumulative value of the yAx increments. As previous-
ly disclosed, the delay lines 325, 326, 327 and 328 delay
by one pulse position the value of the dependent quantity
¥ in the channels 14, 16, 18 and 20 so that they will coin-
cide with the signals relating to the cumulative value of the
yAx increments in the channels 14, 16, 18 and 26. The
combination of a particular yAx increment with the cumu-
lative value of the yAx increments upon the occurrence
of a positive Ax increment is fully disclosed in co-pending
application Serial No. 217,478 and in co-pending Serial
No. 362,584, filed June 18, 1953, now Patent No.
2,900,135, by Reno V. Benaglio et al.



3,007,641

29

In like manner, a signal passes through the gate circuit
354 when relatively high voltages simultaneously occur on
the plate of the left tube in the multivibrator 338 and on
the plate of the right tube in the multivibrator 359. This
signal indicates that a Ax increment has actually occurred
and that the polarity of the increment is negative. In
alternate pulse positions, the signal from the gate circuit
354 passes through the gate circuit 339 to the adder 324.
The signal operates on the adder to cause the indications
from the delay lines 325, 326, 327 and 328 to be inverted.
Inversion of these indications upon the occurrence of a
negative Ax increment results from the fact that (y)
(—Ax)=(—y) (Ax). The inversion of the indications
relating to y for a negative Ax increment is fully dis-
closed in co-pending application Serial No. 217,478 dis-
closed above and in co-pending application Serial No.
362,584, filed June 18, 1953, by Reno V. Benaglio et al.
Since it is fully disclosed in the co-pending applications it
is not fully disclosed in this application and fully shown in:
the drawings in the interest of simplification.

The indications obtained by the adder 324 in successive
pulse positions are introduced to the multivibrators 272,
274, 276 and 278 (FIGURE 4). The resultant indica-
tions produced in the multivibrators 272, 274, 276 and 278
then pass to the adder 296 (FIGURE 4) for combination
with the signals from the multivibrators 282, 286, 288 and
290. As will be disclosed in detail hereafter, these multi-
vibrators provide a corrective factor which is necessary to
obtain proper decimal indications when the analyzer oper-
ates in the “excess three” decimal code.

The corrective factor provided by the multivibrators
292, 286, 288 and 286 is dependent upon a carry or lack
of carry from the addition of information in the adder
324. For example, when the combination of signals in
the adder 324 causes a carry C, to be introduced from the
adder to the multivibrator 282 (FIGURE 4), a corrective
factor of 0011 is provided by the multivibrators 292, 286,
288 and 250. Thus, the multivibrators 292 (FIGURE 2)
and 286 provide indications of the integer “1” and the
multivibrators 288 and 290 provide indications of the
binary value “0.”

Sometimes a carry is not obtained from the adder 324
when signals are combined in the adder. A lack of a
carry from the adder 324 is indicated by the passage of a
signal through the gate circuit 378 and the “or” network
279 and by a relatively high voltage on the plate of the
right tube in the multivibrator 282.. When this occurs,
the multivibrators 292, 286, 288 and 299 introduce a cor-
rective factor of 1101 to the adder 296, where the least
significant digit is at the right.

Since the analyzer constituting this invention operates
in the “excess three” decimal code, each number has a
corrective value of 3 applied to it. Thus, when the adder
324 adds two positive numbers, each number has a cor-
rective factor of 4-3 added to it. The resultant number
obtained by the adder 324 has a corrective factor of +6.
Although the adder 324 combines iwo numbers in the
“excess three” code, each number is still formed from a
plurality of binary indications. In the binary code, a
carry cannoct be obtained until a binary number equiva-
lent to a decimal indication of “16” has been obtained.
Since an indication of “16” is greater by a value of “6”
than a value of “10” required to obtain a carry in normal
decimal operation, the excess factor of -6 obtained by
the adder 324 makes up this difference. However, the
new number obtained by the adder 324 now has to have
a value of 43 added to it to return it to the “excess
three” code. Such a corrective factor of 4-3 is represent-
ed in binary form by 0011 and is added in the adder
286 to the indications from the adder 324 to return these
indications to the proper value.

When an output carry does not occur upon the addi-
tion of two numbers in the adder 324, a value having a
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corrective factor of -6 is obtained. Since only a cor-
rective factor of +3 is required to convert a binary sum-
ber into the “excess three” code, a value of 3 must be
stibtracted from the number obtained by the adder 324.
This value is obtained by inverting the indications of 0011
representing -3 into indications of 1100 and adding 1
to the least significant digit. The resultant indications of
1101 represents a value of —3 in binary form. The
indications of 1101 is added in the adder 296 to the indi-
cations from the adder 324 to return these indications
to their proper value.

The operation of the multivibrators 292, 286, 288
and 290 to produce indications of 0011 and indications of
1101 have been previously disclosed in detail. As pre-
viously disclosed and shown in FIGURE 2, the opera-
tion of the multivibrators 292, 286, 288 and 290 to ob-
tain these indications is controlled by the signals from
the “or” networks 283 and 279. As shown in FIGURES
2 and 4, a signal passes through the gate circuit 37¢ and
the “or” network 283 to produce a pattern of 0011 in
the multivibrators 292, 286, 288 and 29¢ when a carry
indication is obtained by the adder 324. Similarly, a
signal passes through the gate circuit 378 and the “or”
network 279 to produce a pattern of 1101 in the multi-
vibrators 292, 286, 288 and 29¢ when no carry is ob-
tained in the adder 324.

The resultant indications obtained by the adder 296
in combining the indications in the multivibrators 272,
274, 276 and 278 and in the multivibrators 292, 286,
288 and 250 represent in alternate positions the new value
of the dependent quantity y for each integrator. These
indications pass from the adder 296 through the gate
circuits such as the circuits 3%4, 325, 396 and 397 (FIG-
URE 4) to the multivibrators 398, 244, 250 and 399.
The indications then pass from the multivibrators 398, 244,
250 and 399 to the coils 30, 36, 42 and 48 for the re-
cordation of the information in the channels 14, 16, 18
and 26, respectively.

The information passing through the gate circuits such
as the circuits 310, 312, 314 and 316 to represent the
value of y for each integrator is delayed by one pulse
position. The information is delayed by the delay lines
325, 226, 327 and 328, which may be bistable multi-
vibrators. The information then passes to the adder 324
(FIGURE 3) for combination with the signals provided
in the channels 14, 16, 18 and 20 to represent the cumu-
lative value of the yAx increments for the integrator.
The indications produced by the adder 324 to represent
the new cumulative value of the yAx increments are then
corrected in the adder 296 by a factor of +3 or —3. The
resultant indications are introduced to the multivibrators
398, 244, 25¢ and 359 (FIGURE 4) for recordation
in the channels 14, 16, 18 and 20, respectively.

When a Ax increment does not occur for an integrator,
neither the gate circuit 329 (FIGURE 3) nor the gate
circuit 330 is able to open in alternate pulse positions.
This prevents the value of y from being either added to
or subtracted from the cumulative value of the yAx
increments for the integrator. However, since a Ax
increment has not occurred, the voltage on the plate of the
right tube in the multivibrator 338 is relatively high.
This causes the gate circuit 366 to open in the alternate
pulse positions in which a relatively high voltage is in-
troduced to the gate circuit from the plate of the right
tube in the multivibrator 358. As previously disclosed,
a relatively high voltage is produced on the plate of the
right tube in the multivibrator 358 at the alternate pulse
positions corresponding to the presentation of the yAx
increments for computation.

Upon the passage of a signal through the gate circuit
366 and the “or” network 368, the left tubes in the multi-
vibrators 360 and 302 and the right tubes in the multi-
vibrator 364 and 3¢6 become triggered into states of non-
conductivity. This causes the multivibrators 308, 302,
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304 and 306 to produce a paitern of indications repre-
senting 0011, where the least significant digit is at the
right. This corresponds to an indication of the integer
“+3” in binary form. These indications are then com-
bined in the adder 324 with the indications representing
the cumulative value of the yAx increments in the chan-
nels 14, 18, 18 and 20.

As will be seen in the chart shown in FIGURE 14, no
carry indication is obtained when indications of 0011
are combined with any positive number between 0 and 9
or with any negative number between 0 and —9. Since
no carry indication is obtained in the adder 324 by the
addition of 0011, the multivibrators 292, 286, 288 and
220 are triggered into a pattern representing 1101 by a
signal passing through the gate circuit 378 and the “or”
network 279. This corresponds to an indication of —3.
In this way, the adder 296 subtracts the value of 3 that
is added to the yAx increments in the adder 324. The
resultant indications obtained by the adder 296 corre-
sponds to the indications introduced to the adder 324
from the channels 14, 1§, 18 and 26. As a result, the
indications representing the cumulative value of the
yAx increments for each integrator are circulated in the
channels 14, 16, 18 and 20 when a Ax increment is not
obtained for the integrator.

Sometimes an overflow occurs in the cumulative value
of the yAx increments stored in the channels 14, 16, 18
and 28. For example, if a decimal value of “1,000” is
the maximum value that can be stored in the channels
14, 16, 18 and 20 for an integrator, an overflow occurs
in the channel 20 when a decimal value of “6” represent-
ing a yAx increment for the integrator is added to a deci-
mal value of “996” previously stored in the channel for
the integrator.

An overflow in the cumulative value of the yAx in-
crements stored in the channels 14, 16, 18 and 29 for an
integrator can only occur upon a combination of the indi-
cations in pulse position 47 for the integrator. The
overflow can occur only upon such a combination since
the information relating to the digit of highest significance
for the yAx increments occurs in pulse position 47. When
an overflow occurs in pulse position 47, it is carried into
pulse position 48.

Since an overflow from the channel 20 can occur only
from pulse position 47 to pulse position 48 for each inte-
grator, the gate circuits 428 and 438 (FIGURE 5) open
only at position 48. This results from the comnnection
made from the counter 234 through the line 34¢ to the
gaie circuits 428 and 438. As disclosed above, an over-
flow can occur only when a yAx increment is added to the
cumulative value of the yAx incremtnts previously ob-
tained for the integrator. Since a yAx increment for an
integrator can be obtained only upon the actual occur-
rence of a Ax increment, a connection is made from the
plate of the left tube in the multivibrator 338 to input
terminals of the gate circuits 428 and 438. This pre-
vents the gate circuits 428 and 438 from opening ex-
cept upon the actual occurrence of a Ax increment.

The gate circuit 428 is able to open only when a rela-
tively high voltage is introduced to it from the plate of
the left tube in the multivibrator 282 to indicate a positive
carry from the adder 324, A positive carry is produced
by the adder 324 to represent an overflow when a posi-
tive increment of yAx is added to indications having a
positive polarity and representing the cumulative value
of yAx. A positive yAx increment is obtained when both
y and Ax are positive and when both y and Ax are nega-
tive. This results from the fact that

() (ax)=(—y) (—4x)

The gate circuit 430 passes a signal when a carry is
produced by the adder 324 in pulse position 48 and y
and Ax are both positive. The gate circuit passes a sig-
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nal for such a set of conditions because a relatively high
voltage on the plate of the left tube in the multivibrator
350 indicates a positive Ax increment and a relatively
high voltage on the plate of the right tube in the multi-
vibrator 404 indicates a positive value of y. The opera-
tion of the multivibrator 404 to provide such an indica-
tion will be disclosed in detail hereafter. The signal
passing through the gate circuit 439 also passes through
the “or” networks 434 and 436 to the coil 52 for re-
cordation in the channel 22. As previously disclosed,
successive pulse positions in the channel 22 arc utilized
to indicate whether or not an overflow has occurred in
the cumulative value of the yAx increments for the dif-
ferent integrators.

Similarly, the gate circuit 432 opens when a carry is
made by the adder 324 into pulse position 48 for an
integrator and the values of y and Ax are both negative.
The simultaneous occurrence of such conditions is indi-
cated by relatively high voltages on the output terminals
of the gate circuit 428, the plate of the right tube in the
multivibrator 350 and the plate of the left tube in the
multivibrator 464, Since such a simultaneous occurrence
of conditions indicates that an overflow has actually
occurred in the indications provided in the channels 14,
16, 18 and 20, a signal passes from the gate circuit 432
through the “or” networks 434 and 436 to the coil 52
for recordation in the channel 22.

As will be seen in the chart shown in FIGURE 14,
negative numbers between —6 and —9 are represented
in the “excess three” code by an indication of “0” in the
last pulse position. It will be further seen that a negative
count occurs by substituting the indication “0” for the
indication “1” in pulse positions of increasing significance.
This results from the fact that a negative number can
be indicated by an inversion of the corresponding posi-
tive indications and the addition of a binary indication “1”
to the pulse position of least significance.

For the above reasons, a negative overflow can occur
when no output carry is produced by the adder 324.
Since such an overflow can occur only for negative num-
bers, a negative increment of yAx must be added to a
negative number representing the cumulative vatue of the
yAx increments in the channels 14, 16, 18 and 20. A
negative increment of yAx can be obtained by having
either y negative and Ax positive, or by having y posi-
tive and Ax negative. In other words,

(—y)(Ax)=(y) (—Ax)

The gate circuits 438, 440 and 442 provide a deter-
mination as to whether an overflow in the negative value
of the yAx increments has occurred when such increments
are negative. Since the gate circuit 438 is connected
through the line 349 to the counter 234, it can open only
in pulse position 48 for each integrator. As previously
disclosed, an overflow in the cumulative value of yAx
for each integrator can occur only in this pulse posi-
tion. Because of its connection to the plate of the left
tube in the multivibrator 338, the gate circuit becomes
opened only when a Ax increment has actually occurred
for an integrator. In addition, the gate circuit 438 can
become opened only when an output carry indication is
not provided by the multivibrator 282. This results
from the connection between the gate circuit and the plate
of the right tube in the multivibrator 282.

The signals passing through the gate circuit 438 are
introduced to the gate circuits 440 and 442, The gate
circuit 440 passes a signal when a negative yAx incre-
ment is produced by a negative value of y and a positive
value of Ax. This results from the connections respec-
tively made to input terminals of the gate circuit from the
multivibrators 404 and 350. Similarly, the gate circuit
442 becomes opened only when y is positive and Ax is
negative. The signals from the gate circuit 440 and 442
pass through the “or” networks 434 and 436 to the coil
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52 for the recordation of a positive signal in the
channel 22.

The operation of the gate circuits 428, 430 and 432
and the gate circuits 438, 449 and 442 in producing an
overflow indication in the channel 22 for an integrator
can be given by the following logical equation:

Zy=PgB4{ (By'Bs+-B1Bs') Co--BoB5+By'Bs ) C.'1

In the above equation,

Z,=a pulse of relatively high voltage introduced to the
coil 52 to indicate an overflow in the cumulative value
of the yAx increments for an integrator;

Bg=a relatively high voltage on the plate of the left
tube in the multivibrator 338 to indicate that a Ax incre-
ment has actually occurred for the integrator;

By=a relatively high voltage on the plate of the left
tube in the multivibrator 404 to indicate that the value
of y for the integrator is negative;

Bs=a relatively high voltage on the plate of the left
tube in the multivibrator 350 to indicate that any Ax
increment for the integrator is positive;

C.=a relatively high voltage on the plate of the left
tube in the multivibrator 282 to indicate that a positive
carry has been obtained from the adder 324; and

By, By, Bs', C./=relatively high voltages on the plates
of the right tubes in their respective multivibrators to
indicate an inverse of that provided by high voltages on
the plates of the left tubes in the multivibrators.

The signals passing to the coil 52 for recordation in
the channel 22 indicate only that an overflow has oc-
curred in the cumulative value of the yAx increments
for an integrator. Such a signal does not indicate
whether the increments are positive or negative. The
polarity of each such overflow is indicated by the passage
of signals to the coil 38 for recordation in the channel
24. When a positive signal passes to the coil 58, an
indication is provided that a positive overflow in the
yAx increments has occurred. The absence of such a
positive signal indicates that a negative overflow in the
cumulative value of the yAx increments has occurred.

In co-pending application, Serial Number 217,478, a
coding pulse is provided in pulse position 48 of the chan-
nel containing the yAx information for each integrator.
Since this channel corresponds to the channel 18 in the an-
alyzer constituting this invention, coding information is in-
serted in the channe] 18 at pulse position 48 for each inte-
grator. This coding information provides an indication as
to whether or not the polarity of the overflow indications
for the yAx increments have to be inverted. The appear-
ance of a positive pulse in pulse position 48 for an integra-
tor indicates that the polarity of the cumulative value of
the yAx increments for the integrator has to be inverted.
Similarly, the absence of a pulse in the channel 18 in posi-
tion 48 for an integrator indicates that the polarity of the
cumulative value of yAx does not have to be inverted.

Since the coding information in the channe] 18 in pulse
position 48 for each integrator must be retained during
computation, a circuit is provided for recirculation of this
information in the channe]l 18.  This circuit includes the
coil 38 (FIGURE 35), the multivibrator 210, the gate cir-
cuit 482, the “or” network 4454 and the coil 42. The
gate circuit 402 opens at pulse position 48 for each
integrator to pass a positive coding signal in the channel
18 since the gate circuit is connected through the line 349
to the counter 234.

The passage through the gate circuit 402 of a positive
coding pulse at pulse position 48 for an integrator causes
the left tube in the multivibrator 406 to become triggered
into a state of non-conductivity. The left tube in the multi-
vibrator 466 then remains cut off for one pulse position.
At pulse position 1 of the following integrator, a signal is
introduced to the grid of the right tube in the multivibra-
tor 486 through the line 399 from the counter 234. This
signal causes the right tube in the multivibrator 406 to
become cut off. In this way, the left tube in the multi-
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vibrator 406 can become cut off for a duration of only
one pulse position in each integrator.

The voltage on the plate of the right tube in the multi-
vibrator 406 is introduced to the gate circuit 416. Since
the right tube in the multivibrator 406 remains cut off at
pulse position 48 for an integrator only when the cumula-
tive value of the yAx increments for the integrator is posi-
tive, the gate circuit 416 becomes open only when the
polarity of the yAx increments does not have to be in-
verted. The gate circuit 416 can become open only at
pulse position 48 for each integrator because of its con-
nection through the line 349 to the counter 234.

When the gate circuit 416 opens, a signal passes to the
gate circuits 408 and 412. A signal then passes through
the gate circuit 412 when the values of y and of Ax are both
positive in the yAx increment just obtained for the integra-
tor. This results from the connection to input terminals of
the gate circuit from the plate of the right tube in the
multivibrator 464 and the plate of the left tube in the multi-
vibrator 350. When the gate circuit 412 opens, the sig-
nal passes through the gate circuit and the “or” net-
works 428 and 422 to the coil 58 for recordation in the
channel 24. This signal provides an indication that a posi-
tive overflow has occurred in the cumulative value of the
yAx increments stored in the channels 14, 16, 18 and 28.

Similarly, the gate circuit 408 opens when both y and
Ax are negative for the yAx increment just obtained for
the integrator undergoing computation. Since both y and
Ax are negative, a positive yAx increment is produced.
This canses the overflow in the cumulative value of the
yAx increments for the integrator to be positive. Such a
positive overflow is indicated by the passage of a signal
through the gate circuit 468 and the “or” networks 420 and
422 to the coil 58 for recordation in the chanmne] 24.

It has previously been disclosed that a negative over-
flow in the cumulative value of the yAx increments can
occur. Such a negative overflow can occur only when a
negative yAx increment is added to negative indications in
the channels 14, 16, 18 and 26. A negative yAx increment
for an integrator can result when either y is positive and
Ax is negative or when y is negative and Ax is positive.

The gate circuit 414 is connected to the multivibrators
350 and 4904 to become prepared for opening when y is
positive and Ax is negative. Similarly, the gate circuit 410
receives voltages from the multivibrators 350 and 494 to
become prepared for the passage of a signal when y is
negative and Ax is positive. Signals are able to pass
through the gate circuits 418 and 414 only upon the
introduction of a relatively high voltage from the gate cir-
cuit 424,

The gate circuit 424 is able to open only at pulse posi-
tion 48 for each integrator because of its connection
through the line 346 to the counter 324. Since the gate
circuit is also connected to the plate of the left tube in
the multivibrator 486, a signal passes through the gate
circuit only when the polarity of the indications in the
channels 14, 16, 18 and 20 have to be inverted. Because
of this requirement for inversion, a signal passing through
the gate circuit 424 causes a negative overflow to be in-
verted into a positive overflow. In this way, the signals
passing through the gate circuits 410 and 414 provide an
indication of a positive overflow in the cumulative value
of the yAx increments for an integrator. These signals
pass through the “or” networks 428 and 422 to the coil
58 for recordation in the channel 24.

The operation of the gate circuits 416, 408 and 412
and of the gate circuits 424, 430 and 414 to provide indica-
tions of positive overflows in the cumulative yAx incre-
ments can be given by the following logical equation:

Zs=Py3[ (By'Bs-}- BoB5") By'~- (ByBs-+By'Bs’) B3) 1

In the above equation,

Z,=2a pulse of relatively high voltage introduced to the
coil 58 to indicate a positive overflow in the cumulative
value of the yAx increments for an integrator;
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Bsz=a relatively high voltage on the plate of the left
tube in the multivibrator 466 to indicate an inversion in the
polarity of the cumulative yAx increments for the integra-
tor;

And B, and B; have previously been defined.

In co-pending application Serial No. 217,478, the 48th
pulse position for each integrator in the channe] contain-
ing the y information is utilized to indicate the sign of y.
This channel corresponds to the channel 16 in the analyzer
constituting this invention. In accordance with the opera-
tion of the analyzer disclosed in co-pending application
217,478 a positive pulse is provided in the channel 16 in
pulse position 48 for each integrator when the value of y
for the integrator is negative. Correspondingly, no posi-
tive pulse is provided in this pulse position when the value
of y is positive.

The components shown in FIGURE 6 are included to
determine whether the value of y for-each integrator is pos-
itive or negative at any instant. This determination
is necessary since Ay increments are being combined with
the value of y for each integrator every time that the
integrator is presented for computation. For example,
negative Ay increments representing a value of —3 may
be added to a value of y representing a value of 4-2. This
causes the new value of y to be —1 and requires that the
coding pulse representing the sign of y be changed.

The components shown in FIGURE 6 are included to
determine the sign of the y information for each integra-
tor. The components include the gate circuits 450, 452
and 454, which are utilized to determine negative values
of y. The gate circuit 454 opens for the passage of a sig-
nal upon the simultaneous introduction of signals from
the plates of the left tubes in the multivibrators 280, 393
and 404. Because of its connections, the gate circuit 454
passes a signal when the values of y and Ay are both nega-
tive and there is a carry. As has previously been dis-
closed, indications of 1100 are added to the value of y
when the cumulative value of the Ay increments for an
integrator are negative. The gate circuit 454 opens only
when a positive carry occurs since the addition of 1100
to any of the negative numbers shown in the chart in
FIGURE 12 causes a carry to be obtained. For example,
the addition of 1100 to an indication of 1100 represent-
ing —1 or to an indication of 0100 representing —9 causes
a carry to be obtained.

The signal passing through the gate circuit 454 is in-
troduced through the “or” network 456 to the grid of the
left tube in the multivibrator 276. This signal causes the
left tube in the multivibrator 276 to become cut off and
a high voltage to be produced on the tube plate. The
high voltage from the multivibrator 276 in turn causes
the left tube in the multivibrator 244 to become cut off.
The resultant high voltage on the plate of the left tube
in the multivibrator 244 passes through the “or” network
2454 for recordation by the coil 36 in the channel 16. In
this way, an indication is provided in the channel 16 that
the value of y for the integrator is negative.

Because of its connections to the multivibrators 280,
393 and 404, the gate circuit 450 passes a signal when the
value of y for an integrator is positive, the cumulative
value of the Ay increments for the integrator is negative
and there is no carry. Since the cumulative value of the
Ay increments is negative, an indication of 1100 is added
to the value of y for each pulse position after the position
of least significance. The addition of 1100 to any posi-
tive number between 1 and 9 causes a carry to be pro-
duced by the adder 324, These positive numbers are
shown in the chart shown in FIGURE 12. For example,
the addition of 1100 to an indication of 0100 represent-
ing 41 causes a carry indication to be obtained.

Since the addition disclosed in the previous paragraph
occurs in the pulse positions holding the value of y after
the first information position for y, a positive number in-
dicative of y represents a value of “10” or more. As has
been disclosed, the maximum value of Ay increments for
an integrator can never be greater than —7. The addi-
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tion of —7 to a positive value exceeding 10 still produces
a positive number. Under such circumstances, the pro-
duction of a carry indication indicates that the value of
¥ is still positive.

As will be seen, the addition of 1100 representing nega-
tive Ay increments to indications of 0011 representing a
“0” value of y produces a resultant indication of 1111 in
a particular pulse position but no carry. If a carry is
obtained from the addition of y and Ay in a previous pulse
position, this indication of “1” in the least significant posi-
tion when added to the indication of “1111” causes a
carry to be obtained in the particular pulse position. Be-
cause of this carry from a previous pulse position, a carry
indication can be provided in the position of highest
significance as to a positive value of y even though a value
of y less than “10” is added to negative Ay increments.

When the value of y undergoing computation is less
than “10,” a carry is obtained in the pulse position of least
significance for positive values of y greater in absolute
magnitude than the negative value of the Ay increments.
For example, a carry indication is produced when an in-
dication of 1000 representing a value of y equal to -5
is added to an indication of 1001 representing a value of
the Ay increments equal to —4. But a carry indication
is not obtained for an addition of 1000 representing a
value of y equal to 45 and an indication of 0111 repre-
senting a value of the Ay increments equal to —6. As
disclosed in the previous paragraph, a carry from the
pulse position of least significance causes a carry to be
obtained for the pulse position of highest significance
even though the value of y in the pulse position of highest
significance is represented by an indication of 0011 equal
to 0.

In the previous four paragraphs, various possibilities
have been discussed to show that a carry is produced when
a positive value of y for an integrator is added to a nega-
tive value of Ay having a magnitude less than the value
of y. Similarly, no carry is produced when the absolute
value of Ay for the integrator is greater than the positive
value of y. In this way, a signal passes through the gate
circunit 456 only when the new value of y is negative.

The gate circuit 452 passes a signal to indicate a nega-
tive value of y undergoing computation is negative, the
cumulative value of the Ay increments is positive and
there is no carry from a previous pulse position. For
positive Ay increments, an indication of 0011 is added to
the value of y for the pulse positions after the position
of least significance. For additions of 0011 to any nega-
tive number between “1” and “9,” no carry is obtained.
This may be seen by the arithmetical combination of
0011 with any of the negative numbers shown in the chart
in FIGURE 12.

In case the negative value of y undergoing computation
is less than 10, the addition of this number to a positive
number having a greater magnijtude and representing the
Ay increments produces no carry. For example, if a value
of 0110 representing a value of Ay equal to -3 is added
to any of the indications in FIGURE 14 representing
negative values of y equal to 4, 5, 6, or 7, no carry is ob-
tained. In this way, no carry can be transferred from one
position to a position of increased significance to cause an
output carry to be obtained at the position of increased
significance. Because of this, a signal passes through the
gate circuit 452 even for negative values of y less than 10,
provided that the cumulative value of the Ay increments
has a positive polarity and an absolute magnitude less
than the value of y. This signal passes through the multi-
vibrators 276 and 244 and the “or” npetwork 245a for
recordation by the coil 36 as a positive indication in the
channel 16.

The operation of the gate circuits 450, 452 and 454 can
be given by the following logical equation:

Y sn="Py3(Bs'B:Cy +B,By'Cy --B,BB;)

In the above equation,
Y n==a pulse of relatively high voltage recorded by the
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coil 36 in the channel 16 at pulse position 48 for an in-
tegrator to indicate that the value of y for the integrator
is negative; and

B,, B; and C; have previously been defined.

The gate circuits 466, 462 and 464 pass signals to in-
dicate positive values of y. Because of its connections to
the multivibrators 280, 293 and 404, the gate circuit 462
passes signals when the values of y and the Ay increments
are both positive and there is no carry. As previously
disclosed, a positive value of the cumulative yAx incre-
ments is represented by an indication of 0011. When this
indication is added to any positive value of y between 0
and 9, no carry is obtained.

The signals passing through the gate circuit 462 are in-
troduced through the “or” network 466 to the grid of the
right tube in the multivibrator 276. This signal causes
the right tube in the multivibrator 276 to become cut off
and a relatively high voltage to be produced on the tube
plate. ‘The high voltage on the plate of the right tube
in the multivibrator 276 is introduced to the grid of the
right tube in the multivibrator 244 to cut off the tube.
The resultant low voltage on the plate of the left tube in
the multivibrator 244 causes a pulse of relatively low volt-
age to be recorded by the coil 36 in the channel 16 as an
indication that the value of y for the particular integrator
is positive.

The gate circuit 460 passes a signal when the value of
y for an integrator is negative, the cumulative value of the
Ay increments for the integrator is positive and a carry
occurs, Since the cumulative value of the Ay increments
for the integrator is positive; an indication of 0011 is
added to the value of y. As has previously been dis-
closed, the value of y is megative when no carry is ob-
tained by the addition of a negative value of y and a posi-
tive value of the Ay increments. Inversely, the value
of y becomes positive when a carry is obtained.

The new value of y is also positive when a positive
value of y is added to a negative value of the cumulative
yAx increments and a carry is obtained. The new value
of y is positive for a positive carry since the value of
y is negative when no carry occurs. Upon the occurrence
of a positive value of y under such a set of conditions, a
signal passes through the gate circuit 462 and the “or”
network 466 to the grid of the right tube in the multivibra-
tor 276. This signal causes a pulse of relatively low volt-
age to be recorded by the coil 36 in the channel 16.

The operation of the gate circuits 460, 462 and 464
can be given by the following logical equation:

Yo' =Pug (BB Ci+By'By'Cy{'4By'ByCy)

In the above equation,

Y. =2 pulse of relatively low voltage recorded by the
coil 36 in the channel 16 at pulse position 48 for an inte-
grator to indicate that the value of y for the integrator is
positive; -and

B,, By and C; have previously been defined.

In FIGURE 17, a chart is shown of the indications
which may be provided by the various stages when the
cumulative value of yAx for an integrator is to be multi-
plied by a value of “2.” The first column in the chart
indicates the possible values for the decimal digit at pulse
position 47 for an integrator. As may be seen, these
values may vary between “0” and “4-9” in the positive
direction and between “0” and “—35” in the negative direc-
tion. The values are obtained by the arithmetical com-
bination of values of y between “4-5” and “—35” with
values of yAx between “0” and “+44.” Only values of
YAx between “0” and “4” appear since an overflow occurs
at a value of “4-5” and since the cumulative value of
yAx i$ represented only by positive number. In the second
vertical ‘column, the indications representing in binary
form the decimal values in: the first column are shown.
These indications are designated in FIGURE 17 by x3,
X3, x3 and x, and are represented in the drawings by the

10

15

20

25

30

40

45

50

55

60

65

70

75

of yAx.

38

inputs from the adder 324 to the grids of the left tubes in
the multivibrators 272, 274, 276 and 278, respectively.
The third column represents the carry which is introduced
from the added 324 to the multivibrator 278 at pulse posi-
tion 47 when the adder produces at this pulse position
indications corresponding to the values shown in the first
column. The indications introduced from the adder 324
to the multivibrator 278 is represented as ¢, in column 3
of FIGURE 17.

As previously disclosed, the addition of two numbers in
the “excess three” code requires that a value of “3” be
subtracted from the value obtained by the addition when
no carry is produced by the addition. It has also been
previously disclosed that a value of “+-3” is added to the
result obtained when a carry occurs in the addition of the
two numbers. In addition to these corrective values, a
factor of “5” must be sometimes provided when the
cumulative value of yAx for an integrator is to be multi-
plied by “2.” For example, a value of “—5” is sub-
tracted from the cumulative value of yAx when the cumu-
Jative value at pulse position 47 is equal to or greater
than “5.” 'The value of “5” is subtracted since an over-
flow pulse is produced in the channel 22 in a manner
which will be disclosed in detail hereafter.

Since no carry is introduced from the adder 324 to
the multivibrator 278 for cumulative values of yAx be-
tween “5” and “9,” the normal corrective factor of “—3”
is added to the corrective factor of “—5” to obtain a cor-
rective factor equal to a decimal value of “—8,” as shown
in column 5 of FIGURE 17. This corrective factor is
provided by the multivibrators 292, 286, 288 and 299
which are respectively designated in FIGURE 17 as Yy,
Yz, Y3 and Y4.

For cumulative values of yAx between “0” and “+-4,”
a corrective factor of “5” is not provided since no over-
flow in the channel 22 occurs. When positive values of
y are added to positive values of yAx to produce a posi-
tive value between “0” and “4” at pulse position 47, no
carry is introduced from the adder 324 to the multivibra-
tor 278 at this position, as shown in column 3 of FIG-
URE 17. This causes a corrective factor equal to “—3”
in decimal form to be provided by the multivibrators 292,
286, 288 and 299 representing Yy, Y, Y3 and Y, How-
ever, upon the addition of a negative value of y to a posi-
tive value of yAx to produce a new value between “0”
and “--4” at pulse position 47, a carry occurs from the
adder 324 to the multivibrator 278 at this position. Be-
cause of this carry, a corrective factor equal to “-+-3” in
decimal form is provided by the multivibrators 292, 286,
288 and 29¢, as shown in columns 4 and 5 of FIGURE 17.

In like manner, a corrective value of “4-5” in decimal
form is added to the cumulative value of yAx at pulse
position 47 when the cumulative value of yAx at this
position is negative. A value of “+5” is added since a
negative value of yAx indicates that an overflow in the
negative direction has occurred for the cumulative value
Since a negative overflow in the channel 22
is indicative of a value of “—5” when the output is to be
multiplied by “2,” a corrective factor of “—5” is added
to return the cumulative value of yAx to its proper value.
In addition, a value equal to a corrective factor of “-4-3”
in decimal form is also added since the cumulative value
of yAx is negative and no overflow has occurred. This
corrective factor has previously been disclosed in detail.
As a result, a total corrective factor of “48” in decimal
form is added to the cumulative value of yAx for nega-
tive values between “—1” and “—5,” inclusive. This
corrective factor is shown in columns 4 and 5 of FIG-
URE 17.

In columns 6 and 7 of FIGURE 17, the cumulative
value of yAx is shown after the corrective factor in the
multivibrators 292, 286, 288 and 296 has been added to
the indications passing from the adder 324 to the multi-
vibrators 272, 274, 276 and 278, respectively., The
decimal value is shown in FIGURRE 7, and the binary
indications recorded in the channels 14, 16, 18 and 29 are
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shown in column 6. These binary indications are respec-
tively recorded in the chaanels 14, 1§, 18 and 20 in ac-
cordance with the pattern appearing in the multivibrators
244, 398, 399 and 250. These multivibrators are respec-
tively designated as O,, Oy, O; and O, in FIGURE 17.

Similarly, the chart in FIGURE 18 indicates the pos-
sible values which may be obtained for the different
parameters when the cumulative value of yAx for an
integrator is to be multiplied by “5.” As in FIGURE 17,
the first column in FIGURE 18 indicates in decimal form
the uncorrected value of the yAx increments at pulse posi-
tion 47 for an integrator. The second column illustrates
how the signals passing from the adder 324 to multivibra-
tors 272, 274, 276 and 278 and representing xi, X2, X3
and x, indicate these values in binary form. The third
column indicates the carry which is introduced from the
adder 324 to the multivibrator 278 at pulse position 47
when the cumulative values of yAx in columns 1 and 2
are produced at this position.

Columns 4 and 5 of FIGURE 18 indicate the corrective
factor which must be combined with the values in col-
umns 1 and 2 to return the indications in column 1 and 2
to the proper values in the “excess three” code. As may
be seen, decimal corrections of either “3” or “5” are
provided. The corrective factor of “3” for indications of
yAx at position 47 equal in decimal form to “¢” or “1”
have been previously disclosed in detail, In addition, a
corrective factor of “—2” is provided for values of yax
equal to “+2” or “4-3” and a corrective factor of “--2”
is provided for values of yAx equal to “—1” or “—2.”
This corrective factor of “2” is similar to the corrective
factor of “5” which is provided for certain indications
shown in FIGURE 17.

The proper values of yAx at pulse position 47 for an
integrator are indicated in binary form in column 6 and
in decimal form in column 7 of FIGURE 18. These
results are obtained by the arithmetical combination of
the indications in columns 2 and 4 of FIGURE 18. The
indications provided in column 6 are recorded in the
channels 14, 16, 18 and 20 to serve as the new cumulative
value of the yAx increments at pulse position 47. At the
same time, indications representing an overflow in the
cumulative value of the yAx increments are recorded in
the channel 22 for the integrator in accordance with the
indications in column 8. A pulse of high voltage is re-
corded in the channel 22 at pulse position 48 for the
integrator for values of “+41” or “~1” in column 8,
and a pulse of low voltage is recorded for indications of
“0” in column 8.

Maultiplication of the cumulative value of the yAx in-
crements for an integrator by a factor of “2” is controlled
by the presence or absence of a pulse in the channel 14 at
pulse position 48 for the integrator. The presence of a
positive pulse in this pulse position for an integrator pro-
vides an indication that the cumulative value of the yAx
increments for the integrator is to be multiplied by a
decimal factor of “2.” The absence of a pulse in this
pulse position indicates that muliiplication by “2” is not
to occur.

When a positive pulse appears in the channel 14 at pulse
position 48 for an integrator, it passes through the gate
circuit 492 since the gate circuit opens at this pulse posi-
tion because of its connection through the line 340 to the
counter 234. The pulse is then recorded by the coil 30 in
the channel 14, In this way, the pulse is recirculated in
the channel 14 to produce a multiplication of the cumula-
tive value of the yAx increments for the integrator every
time that the integrator is presented for computation.

Similarly, the appearance of a positive pulse in the
channel 2¢ at pulse position 48 for an integrator provides
an indication that the cumulative value of the yAx incre-
ments for the integrator is to be multiplied by “5.” This
pulse passes through the gate circuit 494 to the coil 48.
The indication is then recorded by the coil 48 in the
channel 20, By such recirculation, the positive pulse is
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retained in the channel 20 at pulse position 48 to control
multiplication of the yAx increments by “5” every time
that the integrator is presented for computation.

FIGURE 7 illustrates the circuits required to produce
the corrective factors indicated in column 4 of FIGURES
17 and 18. As previously disclosed, this corrective factor
is provided by the multivibrators 292, 288, 288 and 299.
As will be seen in the chart shown in FIGURE 17, the
multivibrator 292 should provide an indication of “0” for
values between “-45” and “--9,” inclusive, and between
“_1” and “—35,” inclusive, when the cumulative value of
the yAx increments for an integrator is to be multiplied
b.y “2'1.'

For values of only “4-6” to “+9,” inclusive, and of
only “—17 to “—4,” inclusive, the signals passing from
the adder 324 to the multivibrators 276 and 278 and
representing x; and x, represent binary indications of “1.”
This is indicated in column 2 of FIGURE 17. For values
of only “+5” and “—5,” the signals passing from the
adder 324 to the multivibrators 272, 274 and 278 and
representing x1, xp and x4 provide binary indications of
“1.” For this reason, the operation of the right tube in
the multivibrator 292 is controlled by the logical expres-
sion Yy =Pugb1x4xs+Pgb1xaxoxy, where by=—2a high volt-
age induced in the coil 30,

Because of the connections made to its input terminals,
the gate circuit 470 passes a signal only when Pyghyxaxs
is true. Similarly, the gate circuit 474 passes a signal only
when Pygbix,xox; is true, These signals pass through the
“or” network 472 to the grid of the right tube in the
multivibrator 292 to trigger the tube into a state of non-
conductivity.

As will be seen in columns 3 and 4 of FIGURE 17, the
multivibrator 286 representing Y, should provide a binary
indication of “1” only when a signal passes from the adder
‘324 to the carry multivibrator 282 to represent a binary
indication of “1.” As shown in FIGURE 18, representing
Y, the multivibrator 286 should also provide a binary
indication of “1” for integrators requiring a multiplica-
tion by “5” when a signal passes from the adder 324 to
the carry multivibrator 282 to represent a binary indica~
tion of “1.” In addition, for integrators providing a multi-
plication by “5,” the multivibrator 286 should provide a
binary indication of “1” only in those instances when a
signal representing x; passes from the adder 324 fo the
multivibrator 276 to provide a binary indication of “0.”

In order for the multivibrator 286 to operate as dis-
closed above, its operation is controlled by the logical
equation Yp=C¢-}Pygbsx;’, where by=a relatively high
veltage induced in the coil 48. The indication Pygbyxs”
is provided by the gate circuit 482 because of its connec-
tions to the appropriate stages. The output signals from
the gate circuits 478 and 482 pass through the “or” net-
work 285 to the grid of the left tube in the multivibrator
286 so as to trigger the multivibrator into a state of
non-conductivity.

It will be seen in FIGURE 17 that the multivibrator
288 representing Y3 should provide a binary indication
of “0” for decimal values between “--5” and “4-9,” in-
clusive, and between “—1” and “—5,” inclusive. The
multivibrator 288 should also provide a binary indication
of “0” for decimal values between “0” and “-}-4” when
these values are obtained by the arithmetical combina-
tion of yAx and a negative value of the dependent quan-
tity y. For decimal values of only “4-6” and “4-9,” in-
clusive and “—1” to “—4,” inclusive, the signals passing
from the adder 324 to the multivibrators 276 and 278
and representing x; and x4 have binary indications of “1,”

For values of only “-5” and “—5” in column 1 of
FIGURE 17, the signals passing from the adder 324 to
the multivibrators 272, 276 and 278 and representing x;,
%3 and x4 have binary indications of 1. Only when
values between “0” and “4,” inclusive, are obtained
through the arithmetical combination of yAx and a nega-
tive value of y, a carry signal is introduced from the
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adder 324 to the multivibrator 282. This carry signal
should control the binary indication of “0” in the multi-
vibrator 288. The chart shown in FIGURE 18 illus-
trates that the multivibrator 288 representing Y; should
provide a binary indication of “0” only when a signal
representing x; passes from the adder 324 to the multi-
vibrator 276 to provide a binary indication of “0.”

Because of the requirements set forth in the charts
shown in FIGURES 17 and 18 and disclosed above, the
operation of the multivibrator 288 is controlled by the
logical equation:

Y3'=CotPygbixsxs+Pagh1Xaxax1+Paghaxs’

As previously disclosed, the gate circuit 470 passes a
signal only when Pygbixyxs is true and the gate circuit
474 passes a signal only when Pyghyx,xox, is true, Simi-
larly, the gate circuit 482 passes a signal representing
Pygbyxs’ because of its different connections to proper
stages.

The signals passing through the gate circuits 470, 474
and 482 are applied through the “or” network 287 to the
grid of the right tube in the multivibrator 288 to trigger
the tube into a state of non-conductivity. A signal also
passes through the “or” network 287 from the plate of
the left tube in the multivibrator 282 when a high voltage
is produced on the tube plate to indicate that a carry
has occurred.

The chart illustrated in FIGURE 17 shows that the
multivibrator 290 representing Y, should have a binary
indication of “0” when the value of yAx is arithmetically
combined with a negative value of y to produce a posi-
tive value between “0” and “~4.” The chart also shows
that a signal representing C, passes from the adder 324
to the carry multivibrator 282 to provide a binary indi-
cation of “1” for only these values. In accordance with
the chart shown in FIGURE 18, the multivibrator 299
should also have a binary indication of “0” when a signal
passes from the adder 324 to the multivibrator 282 to
provide a binary indication of “1.” In addition, the multi-
vibrator 299 should have a binary indication of “0” for
negative values of “1—" and “—2,” as shown in column
1 of FIGURE 18. Since the multivibrators 276 and 278
representing x3 and x; have received positive signals from
the adder 324 only for values of “1—" and “—2” in
column 1, these signals should control the operation of
the multivibrator 290.

Because of the logic disclosed in the previous para-
graph, the operation of the multivibrator 290 can be
controlled in accordance with the logical equation

Yy =cot-Pugbatexs

Because of the particular connections to the gate circuit
490, the gate circuit passes a signal only when Pyghax,xs
istrue. The signals from the gate circuit 498 pass through
the network 289 to the grid of the right tube in the multi-
vibrator 290 and trigger the tube into a state of non-
conductivity. Signals also pass through the “or” network
289 from the plate of the left tube in the multivibrator
282 to trigger the right tube in the multivibrator 290
into a state of non-conductivity upon the occurrence of a
carry indication. Signals also pass through the “or”
network 289 from the counter 234 at pulse position 1
of each integrator to prepare the multivibrator 290 for
proper operation in the subsequent pulse positions of
the integrator.

As may be seen in columns 1 and 8 of FIGURE 17,
an overflow signal should be recorded in the channel 22
for decimal values between “-5” and “--9,” inclusive,
and between “—1” and “—35,” inclusive. For only the
decimal values between “4-6" and “~-9,” inclusive, and
between “—1” and “—4,” inclusive, signals representing
x3 and x, pass from the adder 324 to both the multi-
vibrators 276 and 278 to provide binary indications of
“1.” For only the decimal values “4-5” and “-—5,” the
signals representing x;, X, and x, pass from the adder
324 to the multivibrators 272, 274 and 278 to provide
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binary indications of “1.” FIGURE 18 shows that an
overflow should occur in the channel 22 only when a
signal representing x, passes from the adder 324 to the
multivibrator 278 to provide a binary indication of “1.”

Because of the logic discussed above, a positive pulse
should be recorded in the channel 22 at pulse position
48 for an integrator in accordance with the logical ex-
pression

Z=PyBeB;1 X4 X3--PysBeB1 X4 X5 X1-+PysBeB1X,

The term Bg is included since it indicates that Ax incre-
ment has actually occurred. As previously disclosed, an
overflow can occur only upon the actual occurrence of
a Ax increment since the cumulative value of the yAx
increments cannot be changed without such an occurrence.

Because of the particular connections that are made
to its input terminals, the gate circuit 443 (FIGURE 3)
can pass a signal only when PyBgB;X X5 is true. The
signals from the gate circuit 443 pass through the “or”
networks 434 and 436 to the coil 52 for recordation as
a positive signal in the channel 22. Similarly, the gate
circuit 444 is able to pass a signal to the coil 52 only
when PyBeB; X XoX, is true. A signal can pass through
the gate circuit 445 omly for an actual occurrence of
P,sBgB. X, because of the particular connections made to
the gate circuit. The signals from the gate circuits 444
and 445 also pass through the “or” networks 434 and
436 to the coil 52 for recordation as a positive signal in
the channel 22.

As will be seen, the logical equation for the introduc-

-tion of information into the Z line includes such terms

as By, Bg, X;, X, X3 and X, for the integrators which
provide a multiplication of the yAx increments by either
“2” or “5.” These terms represent the output from the
multivibrators 202, 214, 272, 274, 276 and 278. How-
ever, the logical equations controlling the operation of the
multivibrators 292, 286, 288 and 299 representing Yy, Y,
Y; and Yy include such terms as by, bg, x1, X3, X3 and x;.
These terms represent the inputs to the muliivibrators
202, 214, 272, 274, 276 and 278.

Because of the inherent operation of the multivibrators,
the input signals to the multivibrators occur a pulse posi-
tion before the corresponding output signals from the
multivibrators. For example, a signal 6, introduced to
the multivibrator 282 at one pulse position causes a signal
B, to be produced by the multivibrator at the next pulse
position. The input signals to the various multivibrators
are used to control the operation of Yy, Y, Y3 and Yy
in order to produce a proper sequence of operation of
Y1, Yy, Y; and Y, in synchronization with the operation
of the other components in the analyzer.

The system disclosed above has several important ad-
vantages. Since the values of y and the cumulative
value of yAx for each integrator are recorded in decimal
form, these values can be easily determined for each
integrator. Furthermore, the recordation of y and yAx
for each integrator in the channels 14, 16, 18 and 20 on
a decimal basis causes the capacity of the analyzer to be
increased with no material increase in the time required
for the analyzer to solve a mathematical problem.

The analyzer also has the advantage of providing a
considerable flexibility in its operation while it computes
on a decimal basis. This results from the operation of
the analyzer in multiplying decimal values by such in-
tegers as “2” or “5.” Because of such possible multi-
plications, an overflow in the cumulative value of yAx
for each integrator can occur from the channel 29 into
the channels 22 and 24 for such values as 2, 5, 10, 20, 50,
100, etc. This causes the possibilities of overflow in the
decimal system to approach those in the binary system,
where overflows can occur for such values as 2, 4, 8, 16,
24, 32, 64, 128, etc.

In co-pending application Serial No. 324,726, filed
December 8, 1953, now Patent No. 2,923,470, by Robert
E. Beck et al, a system is disclosed for determining the
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initial value of y for different integrators. This system
requires that certain values be varied by the arithmetical
combination of incremental values. Furthermore, in co-
pending application Serial No. 390,506, filed November
6, 1953, by Glenn E. Hagen et al., a system is disclosed
for providing a correction to the value of y for each in-
tegrator over the range of each Ax increment. This cor-
rection is produced by obtaining a particular function of
the cumulative yAx increments during the time that gAx
increment is being produced.

It should be appreciated that the particular systems
disclosed in the two co-pending applications mentioned
in the previous paragraph can also be included in the
system disclosed and claimed in this application. In-
stead of recording the value of y for each integrator in
alternate pulse positicns in the channels 14, 16, 18 and
29, the value of y can be recorded in every 4th position
in the channels. Similarly, the value of yAx, the initial
value of y and the correction in the valve of y can be
recorded in every 4th position on a recurring basis.
These values can be presented on a sequential basis to
the adders 324 in a manner similar to that in which the
values of y and yAx are alternately presented as disclosed
above. In such a system, the advantages of parallel
decimal operation and of multiplication of the decimal
values by “2” or “5” would be even greater than in the
simplified analyzer disclosed above.

It should be further appreciated that a system of par-
allel decimal operation and of multiplication of the
decimal values by “2” or “5” in a manner similar to that
disclosed above can be included in other digital differen-
tial analyzers than that disclosed in co-pending applica-
tion Serial No. 217,478. For example, the system dis-
closed above can be easily adapted for use with the
digital differential analyzer disclosed in co-pending ap-
plication Serial No. 263,152, filed December 26, 1951,
now Patent No. 2,850,232, by Glenn E. Hagen et al.

Although this invention has been disclosed and illus-
trated with reference to particular applications, the prin-
ciples involved are susceptible of numerous other ap-
plications which will be apparent to persons skilled in
the art. The invention is, therefore, to be limited only
“as indicated by the scope of the appended claims.

We claim:

1. A differential analyzer having: a plurality of in-
tegrators, each comprising; a first register means for ac-
cumulating signal-represented variations in a dependent
quantity of a mathematical function; a second register
means with a plurality of parallel output connections at
predetermined intervals; transfer means adapted to re-
ceive signal-represented variations in an independent
quantity of said mathematical function, said transfer
means functioning to form and transfer to said second
register means, signal-represented values proportional to
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the product of the value registered in said first register
and said variation in an independent quantity upon each
occurrence of said signal-represented variation in an in-
dependent quantity; overflow means for forming over-
flow signals at a time when the value in one of said
second register means reaches a predetermined level;
first program means for interconnecting said integrators
whereby overflow signals from predetermined integrators
are applied as signal-represented variations to other in-
tegrators; and second program means for effectively in-
creasing the magnitude of said signal-represented product
values registered in the second register means of certain
of said integrators by a predetermined factor, said second
program means selecting one of said predetermined out-
put connections whereby to accelerate the production of
overflow signals from said certain integrators.

2. Apparatus according to claim 1 wherein sajd regis-
ters comprise segments of a magnetic drum; means for
revolving said drum; and means for recording and
sensing digital signals to said drum.

3. Apparatus according to claim 2 wherein said in-
tegrators operate in sequence and said second program
means comprises plural register means associated with
said integrators to register program signals for indicating
the contents of the second register means in an integrator
shall be increased.

4. Apparatus according to claim 2 wherein said regis-
ters are binary digital registers, and wherein said pre-
determined factor may be two or five to thereby facilitate
decimal scaling of said differential analyzer.
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