3,141,969

T. A. BRENDLE

July 21, 1964

METHOD OF AND APPARATUS FOR PERFORMING COMPUTATIONS

Filed May 3, 1960

2 Sheets-Sheet 1

ATTORNEY

N
)
o
IR
N
mm //M
X
£oE- 2
#z—3 ¥y m
[+ —
o] on //ﬁ
FAOE 5
. &
= . D S
o < 0
— Nk F hl
N> N.UMHN&\ u“ .NU} -0 mﬁ —. 0 < xk HT \.V \\/
(4 202+ L4 \\\\\hew - \»\AWJr/
2 e el U e A b -— _.N.kwum\km..\w\_ 2 2 o
Z 1
2/ 4

XIFLXIAN/
ALNY 70

4

177

YIS T WY LRV
VLN T AN

c 9/4

/ 914

) 1T & L
TS



July 21, 1964 T. A. BRENDLE 3,141,969
METHOD OF AND APPARATUS FOR PERFORMING COMPUTATIONS

Filed May 3, 1960 2 Sheets-Sheet 2
FIG. 3 FIG. 7
o 720V
| I e I
3 FLsP FLOP
mweer “ ] ourPUr o
: o % “ 7 [° z
/9

™ FIG. 6

YW

3
N
] 7

- 120
3 +v7; |>
o~ 20V 2 Ze %
—Vr/
23 -z0 i
3 D/ AMP
| EOROR WLTHGE Ve %
. ¥ -
+
&
sl 1
e Ve /3/
CATE SIGAAL [SYINETRICAL | GATLE S/ENAL F /G 4
—— =7 TRANSSTOR |- — — =— -
£LIP - FLOP v
v 32 ¥ l/y/.? I A”
Ves [reanvsisror]| JCZ2  irwansisror
TRIGCLER SK//TEHN I'—'|
k74
~C/ C'z 1-\ R2 i .f
- Ve=ip
Vi FEEDBACK
VOLTAAGES
LI 7
Viazlp $
t DSEA TP
=) ovrlyT
NESHTIvE
TRICEER TRIGCER FLIP FLOP
NPT ovTFYT V77
ver Vez oV OFF 5"'3/;_’«-’// 5‘@?"’
+ + L | «oser | ceaser
+ + T L | orew | closen INVENTOR.
THOMAS A BRENDLE
ZERO + g CLosED | omeaw /
BY / -
ZERO ccos£D | cuosan _ W
e — bl W (e

AT TORNEY



United States Patent Of

; 3,141,969
Patented July 21, 1964

ice

1

3,141,969
METHOD OF AND APPARATUS FOR
PERFORMING COMPUTATIONS
Thomas A. Brendle, Mahwah, N.J., assignor to Curtiss-
Wright Corperation, a corporation of Delaware
Filed May 3, 1960, Ser. No. 26,474
2 Claims. (CL 235—193)

This invention relates to a method of and apparatus for
performing computations. More particularly this inven-
tion relates to a method of and apparatus for performing
a multiplicity of different types of computations.

An object of this invention is to provide a method of
and apparatus for performing a multiplicity of computa-
tions such as finding logarithms, extracting square roots,
summations, divisions and multiplication in which time is
utilized as an independent variable.

A further object of this invention is to provide a method
of and apparatus for performing a multiplicity of different
computations utilizing first order time constant networks,

Yet another object of this invention is to provide a
method of and apparatus for duplicating the relationships
which hold when the expression ¥1/V3=V2/V4 utilizing
first order time standard networks and solving the general
equation V1(V2+4+V4)—V2(V14-V3)=0.

Another object of this invention is to provide a method
of and apparatus for duplicating the relationships which
hold when the quantity V'1/¥3 equals the quantity V2/V4
as intervals of elapsed time and utilizing the intervals of
elapsed time to perform a multiplicity of computations.

Still another object of this invention is to provide a
method of and apparatus for performing a multiplicity
of computations utilizing time standard networks arranged
in an automatic, null balance closed loop system.

The method of duplicating the relationships which hold
when the quantity V1/V3=the quantity V2/V4 utilizing
this invention may include the steps of charging a volt-
age storage device on a transient between a voltage poten-
tial V1 and a voltage potential V3, and interrupting the
transient charge when the voltage in the voltage storage
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error voltage is zero whereby the value of the adjusted
voltage equals the required function.

A basic computer circuit for duplicating the relation-
ships which hold when V1/V3=V2/V4 may include a
time standard network such as a first order RC (Resistor-
Capacitor) or RL network  (Resistor-Inductor) connected
in series with a source of voltage or current V3. A
switch or gate connecis or disconnects an unknown volt-
age V1 across the capacitor C of an RC network, for
instance. When the gate is closed the voltage V1 is trans-
ferred to the capacitor and when the gate is opened, the
capacitor charges on a transient between the voltages V1
and V3. FElectrical means connected to the time standard
network interrupts the transient charge of the voltage Ve
on the capacitor as the voltage Ve passes through an
arbitrary value such as zero. At the instant the voltage

Ve equals zero the time of charge T equals
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device passes through an arbitrary value such as zero, at -

which instant the time interval of charge T of the volt-
age storage device equals
Vi
V1+7V3

the relationships desired to be duplicated.

The method of performing a multiplicity of analog
computations with quantities represented by voltages V1,
V2, V3 and V4 utilizing an elapsed time of charge T
of a voltage storage device may include the steps of
charging a first voltage storage device on a transient be-
tween a voltage potential V1 and a voltage potential V3,
interrupting the transient charge as the voltage on said
first voltage storage device passes through zero, at which
instant the time interval of charge T1 of said first volt-
age storage device equals

V3

Vi4-7V3

charging a second voltage storage device on a transient
between a voltage potential V2 and a voltage V4, inter-
rupting the transient charge as the voltage on said second
voltage storage device passes through zero, at which in-
stant the time interval of charge 72 equals

V4
V24-V4
comparing the time intervals T1 and T2 and simultane-
ously generating an error voltage equal to the difference

between said time intervals and adjusting at least one of
the voltages V1, V2, V3 and V4 until T1=T2 and the
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R101 log I—,llfﬁ

the relationships to be duplicated.

A closed loop, null balance computer for making com-
putations utilizing the relationship between the period
or elapsed charging time and voltage existing across a
first order RC network may include first and second basic
computer networks RIC1 and R2C2 respectively con-
nected in a null balance, pulse repetition system. Gating
means connect and disconnect to first RC network, R1Cl1,
with a source of voltage to charge the capacitor on a
transient between the voltages V1 and V3. A voltage
trigger comparator receive the output voltage Vc across the
capacitor and interrupts the transient charge at the instant
Ve equals zero. The elapsed time of charge T1 equals

Vi
R(C log Vitvs

In a similar manner the second RC network R2C2 is
charged on a transient between voltages V2 and V4. A
voltage comparator trigger interrupts the transient charge
as it passes through zero. The time of charge equalling

R20C2 log VTTW

A differential amplifier connected to the voltage compara-
tor triggers compares and generates an output voltage pro-
portional to the difference between the time intervals T1
and T2 which equals the desired function of the voltages
V1, V2, V3 and V4, and which when fed back into the
networks R1C1 and R2C2 for at least one of the voltages
V1, V2, V3 and V4 balances the computer, at which time
T1=T2.

These and many other objects will become apparent
from the following description of an embodiment of the
invention taken in view of the following drawings in
which:

FIG. 1 is an electrical schematic of the invention illus-
trating a basic computer network.

FIG. 2 is an electrical schematic of the invention show-
ing a closed loop, null balance computer circuit.

FIG. 3 is an electrical schematic of a voltage compara-
tor trigger used in the computer circuit shown in FIG. 2.

FIG. 4 is an electrical schematic of a modified version
of the invention shown in FIG. 2 including a flip flop
controlled switching system.

FIG. 5 is a chart illustrating the logic of the operation
of the switching system of the computer shown in FIG. 4.

FIG. 6 is a diagram illusirating the waveform of the
output voltage VT1 of the voltage comparator trigger
shown in FIG. 4. )

FIG. 7 is a diagram illustrating the output voltage of
the symmetrical flip flop utilized in the computer circuit
shown in FIG. 4.
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The principle of operation of this invention is based on
the condition that if V1/V3 equals ¥2/V4 then the fol-
lowing relations hold:

Vi V2
(1) ﬁ‘l—l—ﬂ-i-l 5
2) V14V V2+V4
V3 V4
(3) Vi +V3=V2—|—V4 10
V1 V2

which is the general computer equation
(4) V2AVI4V3)—VI(V24+V4)=0

A multiplicity of computations may be performed utilizing
the aforementioned relationships. For instance the above
relationships (1-4) may be utilized to find the square root
of a quantity represented by a voltage Vx as follows:
Assuming V1=Vx, V2=Vo, V3=Vo and V4=V and
inserting these values into (4) yields 0

5) Vo(VatVo)—Vax(Vot+Vr)=0

or

(6) Vo2=VxVr 25
or

(7 Vo=\/Vx

Vr being unity. This is the desired result.

Similarly many other computations such as multiplica-
tion, summations, finding logarithms etc. may be per-
formed utilizing the relationships (1-4) by choosing the
proper values for the quantities V1, V2, V3 and V4, once
the relationships (1-4) have been duplicated.

Referring to FIG. 1 a basic computer network
for duplicating the relationships which hold when
V1/V3=V2/V4 is shown. The basic computer network
comprises, for instance, a first order RC time standard
network which comprises a resistor R, a capacitor C and
an adjustable voltage source V3. An unknown voltage
V1 is connected across the capacitor through a solid state
switch or gate which is opened and closed by suitable
means not shown.

The switch or gate is closed for a conduction interval
just long enough for the voltage V1 to be transferred to
the capacitor C at which time the voltage V¢ across the
capacitor C equals the voltage V1. = At the end of the
charging interval and when the switch gate is opened,
a transient. current Iy will start to flow in the RC time
standard network. The differential equation describing
the network when the switch is open is:

V14+V3=RI{-1/Cfldt
The transient current I; is expressed as follows:

V3 T
(8) =% °"®e
When VC, the voltage across the capacitor C, equals zero

this reduces to the following:

>
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Vs T 60
9 L=F ¢ Rre
substituting this value into (8) gives
V3 _Vi+vs T
(10) - E °TRC 8

solving for T,

(11)

since RC is a constant

V3
T=REC log 5717573 o

V3
(12) T=K 100 m

the exact relationship required. 75

a

Referring to FIG. 2 an analog computer circuit for
performing a multiplicity of computations utilizing the
relationships represented by the elapsed time of charge
T1 of a first order RC time standard network is shown.
The computer circuit comprises a pair of similar first order
RC time standard networks R1C1 and R2C2 connected
in a closed loop, null balance, pulse repetition system.

Before describing the circuit shown in FIG. 2 in detail
the operation of the computer will first be briefly de-
scribed.

As stated the principle of operation of the computer is
based on certain relationships (Equations 1-3) which it
has been shown can be duplicated electrically as the charg-
ing time interval T of a capacitor C arranged in a circuit
as shown in FIGURE 1. By employing two networks
RIC1 and R2C2 two respective charging time intervals
T1 and T2 may be obtained. By employing voltages V1
and V3 with the network R1C1 the time interval re-
quired for the capacitor C1 to charge from the voltage
V1 through zero is expressed as follows:

V3
Similarly the charging time interval required for the ca-
pacitor C2 of the network R2C2 to charge from a voltage
V2 through zero is expressed as follows:

V4
(14) T2=K log V2iva

A voltage comparator trigger 13 shown in detail in
FIG. 3 interrupts the transient charge of the capacitor C1
at the instant the output voltage VC1 of the capacitor C1
reaches zero. At that instant the trigger trips “on” swing-
ing its output voltage VT1 from a positive to a negative
value. Similarly a voltage comparator trigger 14 trips
“on” and interrupts the transient charge of the capacitor
C2 at the instant the output voltage VC2 of the capacitor
C2 reaches zero. When both of the triggers 13 and 14
have tripped on, an And circnit 22 pulses four-dicde gates
11 and 12 to again transfer the voltages V1 and 2 to the
networks R1C1 and R2C2. At this time the gates are
opened and the charging time intervals T1 and T2 are
again compared.

A differential amplifier 23 compares the trigger volt-
ages VT1 and VT2 and generates a voltage Vo which
is proportional to the difference between the respective
time intervals T1 and T2. . The voltage Vo thus gen-
erated is fed back into the networks for ome or more
of the voltages V1, V2,-V3 or V4 in the Equations 13
and 14. Since cycling of the computer is continuous,
the time intervals T1 and T2 will continue to be com-
pared and the voltages Vo adjusted until T1 equals T2
and the closed loop computer circuit is balanced. At
this time the voltage Vo reaches a steady state and

_equals the required function of the voltages Vi, V2,

V3 and V4. By feeding the voltage Vo in the networks
RICI1 and R2C2 for one or more of the voltages V1,
V2, V3 and V4 the computer may be utilized to perform
a multiplicity of computations such as square root ex-
traction, division, multiplication, summations and find-
ing logarithms.

Referring now to FIG. 2 the input voltage V1 is ap-
plied to the network R1C1 across a capacitor C1 and
ground through a conventional four-diode gate 11. ‘A

.resistor R1 is connected to a voltage source V3 and the

capacitor C1 forming an RC time standard network
R1C1. In a similar fashion an input voltage V2 is ap-
plied to the network R2C2 across a capacitor C2 and
ground through a conventional four-diode gate 12, while
a resistor R2 is connected to a voltage source V4 and
the capacitor C2 forming an RC time standard network
R2C2.

As described in FIG: 1, the voltages V1 and V2
respectively are transferred to the capacitors C1 and
C2 when the gates 11 and 12 open for the correct con-
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duction intervals. The operation of the gates 11 and
12 is conventional and only the operation of gate 11
need be described in detail.

The gate 11 is a four-diode bridge having four cor-
ners 11a-11d. The voltage V1 is connected to the op-
posite corners 11a—c, and is transferred to the capacitor
C1 when a positive voltage pulse appears across the
opposite corners 115 and d. During this interval the
gate 11 is open. When the positive voltage across the
corners 115 and d goes negative the gate 11 closes. The
gate 12 is opened in a similar fashion to transfer the
voltage V2 to the capacitor C2.

Upon a closing of the gates 11 and 12 respectively, the
output voltages VC1 and VC2 of the capacitors C1 and
C2 which are connected to identical voltage comparator
triggers 13 and 14, respectively, discharge on a transient
toward zero. The voltage comparator trigger 13 which
is essentially a high gain amplifier trips “on” and in-
terrupts the transient discharge of the voltage VC1 as
it passes through zero as is clearly shown in FIG. 2.
An output voltage VT1 of the trigger 13 swings from a
positive value to a negative value at the instant the
voltage VC1 passes through zero. The elapsed time

(>3
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interval of charge T1 of the capacitor C1 is as expressed

in Equation 13.

The voltage comparator trigger 14 trips “on” in a
similar fashion, interrupting the transient charge of the
voltage VC2 as it passes through zero as shown in FIG. 2.
The charging time interval T2 of the capacitor C2 is as
expressed in Equation 14. 'An output voltage VT2 of the
trigger 14 also swings from a positive value to a nega-
tive value at the instant VC2 passes through zero.

The voltage comparator trigger 13 which is identical
with the voltage comparator trigger 14 is shown in de-
tail in FIG. 3 and comprises transistors 16, 17 and 18,
interconnected and suitably powered to form a high
gain amplifier which produces a constant amplitude pulse
when the input voltage VC1 is negative or zero.

The output voltage VT1 of the trigger 13 is shown
in FIG. 2 and is a high positive value during the interval
when the capacitor C1 is discharging between V1 and
zero. When the voltage VCI1 is positive, the trigger is
in an “off” state and the transistors 17 and 18 are non-
conducting,

When the input voltage VC1, which is applied to the
base electrode of the transistor 16, passes through zero,
the transistor 17 connected to the emitter of the tran-
sistor 16 through a trigger level resistor 19 is arranged
to conduct. The exact value of voltage VCI1 at which
the transistor 17. conducts may be adjusted by varying
the setting of the trigger level resistor 19.

The transistor 18 remains cut off until the potential at
the collector electrode of the transistor 17 exceeds the
bias applied to the emitter electrode of the tramsistor 18
by a level diode 21. This occurs as VC1 passes through
zero volts. At that instant the transistor 18 conducts,
tripping the trigger 13 to the “on” state. The output
\(oltage VT1 is instantaneously changed from a posi-
.tive value such as 20 v. to a negative value such as a
—20 v. for example. The output voltage VT1 remains
at a constant negative value until the gate 11 is opened
:(a:nld the voltage V1 is again transferred to the capacitor

As stated the operation of the triggers 13 and 14 is
identical, differing only in the trigger input voltage (VCl1
or VC2) employed and the output voltage derived
(VT1 or VT2).

The output voltages VI'1 and VT2 are equal in am-
‘plitude and opposing when the triggers 13 and 14 are
both “on” or “off,” and the voltage across the trigger
outputs is zero. When the triggers 13 and 14 are in
different states (either “on” or “off””), the voltages VT1
and VT2 are adding and the polarity of the resultant
voltage across the trigger outputs is 40 volts depending
upon which of the triggers 13 or 14 trips first as deter-
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mined by the length of the respective time intervals T1
and T2.

The output voltages VT1 and VT2 of the triggers
13 and 14, respectively, are connected to a conventional
“and” circuit 22 and to a differential amplifier 23 to
complete the closed loop, balanced network computer
circuit.

The “And” circuit 22 is a coincidence circuit having
two or more inputs to each of which is applied a pulse
of common polarity such as VT1 and VT2 and a single
output. A pulse appears at the output of the “And”
circuit 22 only when identical pulses (VT1 and VT2)
are applied to both inputs. Thus when VT1 and VT2
are both negative, the “And” circuit 22 pulses both gates
11 and 12 through a transformer 24 to open the gates
and again transfer the voltages V1 and V2 to the ca-
pacitors C1 and C2, respectively. The complete cycle
of the voltages VC1 and VC2 is illustrated in FIG. 2.

Referring to FIG. 2 the output voltage VT1 of the
trigger 13 is applied to the differential amplifier 23 and
across a capacitor C3 to ground through an input R3
while the output voltage VT2 of the trigger 14 is ap-
plied to the differential amplifier 23 and across a ca-
pacitor C4 to ground through an input resistor R4, Dur-
ing conditions of balance, that is when the opposing volit-
ages VT1 and VT2 which are equal in amplitude are
both positive or negative, the voltage VEF across the
capacitors 26 and 28 (points E and F in FIG. 2) is zero
and will remain zero until one of the triggers I3 or 14
trips and the triggers are in an opposite state. When
this occurs, because of the capacitors C3 and C4, the
voltage VEF will rise as an exponential function of time,
its polarity indicating which trigger 13 or 14 has tripped.

The differential amplifier 23, which may be of con-
ventional design and need not be described in detail, has
a very high common mode rejection ratio and conducts
only during the intervals when VT1 and VT2 are opposite
in polarity producing an output voltage Vo which is a
linear function of the voltage VEF. A polarity inverter
30 such as a pair of center grounded dropping resistors
or a grounded cathode vacuum tube circuit, for instance,
is connected to the differential amplifier and reverses the
polarity of Vo, thus providing both a negative and posi-
tive Vo output.

As stated, the output voltage Vo of the differential am-
plifier is a linear function of the voltage VEF and it
rises until the triggers 13 and 14 are again in the same
state at which time the voltage VEF returns to approxi-
mately zero. The rate of increase of the output voltage
Vo of the differential amplifier 23 is determined by the
time constants R3C3 and R4C4 of the input impedance
to the differential amplifier 23. The amplitude of the
voltage Vo is thus determined by the length of time the
voltage comparator triggers 13 and 14 are in different
states.

Since the triggers 13 and 14 are both in the “off” state
when the voltages VC1 and VC2 are positive (the instant
the gates 11 and 12 are closed) and reverse to the “on”
state only when the voltages VC1 and VC2 pass through
zero, the amplitude of the voltage Vo at any instant is
proportional to the difference between the respective
charging times T1 and T2 that it takes for the capacitors
C1 and C2 to charge between the voltages V1 and V3
and V2 and V4, respectively. That is:

Vs V4
V1i4+V3 V24-vV4
When both of the triggers 13 and 14 have tripped “on”
the “And” circuit 22 pulses the gates 11 and 12, resetting
them and commencing a new cycle. '

The adjusted voltage Vo is fed back into the networks
R1C1 and R2C2 for one or more of the voltages V1, V2,
V3 or V4 depending upon which computation is to be

(15) Vo=K(T1—T2)=Ko

-performed. As the computer circuit cycles the voltage

VEF is reduced to approximately zero, at which time the
time intervals T1 and T2 are approximately equal. Uti-
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lizing the relationships which hold when V1/¥3=V2/V4
and the circuit of FIG. 2 a multiplicity of computations
can be performed by -choosing the proper designations
and values for the voltages V1, V2, V3 and V4.

Square Root Extractions

To extract the square root of a number represented
by a voltage Vx for instance the closed loop, null balance,
computer network is arranged as follows:

(16) V1=Vx the unknown voltage
17 V2=+Vo
(18) V3=—Vo
(19) V4=—Vr (reference voltage)

Assuming Vx=9, Vo equals zero initially, R1C1 equals
R2C2 and the gates 11 and 12 are open, the operation of
the circuit is as follows:

The capacitors C1 and C2 will charge to the voltages
Vx and Vo, respectively, at which time an “And” circuit
output pulse will be discontinued, closing the gates 11 and
12. The voltage comparator triggers 13 and 14 will
remain in the “off” state until the input voltages VC1 and
VC2 pass through zero. The times required for the ca-
pacitors C1 and C2 to charge to zero are T1 and T2,
respectively where

(20) = RlC’llog(V +Vx)
or
Vo4-1
1 g( Vo
and
(21) T2=R2C2 log (V +VO)
or

)

Since the quantity K in both equations is equal, T1=T2
reduces to

Va+Vo VoitVr
(22) Ve Vo
which reduces to
(23) Vo=\VxVr
and when

Vr=1
24) Vo=\/Vx
or o
Vo=VV1

Note that Vr may be any value desired to give the proper
amplification factor for Vo.

In the example, since Vx is 9 and Vo is zero or at a
minimum operation voltage for the differential amplifier
23, T1 is greater than T2. The voltage comparator trig-
ger 14 will trip instantaneously and the voltage VT2 will
go negative. At that instant, the voltage VEF will start
from zero and increase exponentially as a function of
time until the trigger 13 trips and the voltage VT1 goes
negative.

The output voltage Vo of the differential amplifier
because of the time constants R3C3 and R4C4 increases
linearly during the time interval (T1—T2) to a value
of 3 volts. At the instant the voltage VT'1 goes negative
the “And” circuit 22 will pulse the gates 11 and 12 through
the transformer 24 to again open the gates and charge
the capacitors CI and C2, respectively, for a next cycle
of operation.

During the next cycle of operation, the circuit will be
balanced, T1 equals T2, and the voltage Vo will remain
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8

constant. Tt is to be noted that by varying the time.con-
stant of the input impedance to the differential amplifier
23, the slope and thus the amplitude of the voltage Vo
may be varied. In this event the computer circuit will
continue to cycle and compare the respective time inter-
vals T1 and T2 until the voltage Vo is adjusted to the
proper value and the time intervals T1 and T2 are made
equal. At that instant the computer circuit is balanced
and Vo equals the required function of the voltages V1,
V2,V3 and V4.

In this instance the time constants R3C3 and R4C4 of
the input impedance to the differential amplifier 23 are
chosen so that the slope of the output voltage Vo is such
that the time intervals T1 and T2 are made equal and
the computer circuit is balanced in one cycle of operation.
Thus, the respective charging time intervals T1 and T2
are simultaneously compared and made equal to provide
a symmetric, null balance closed loop, computer circuit.

Division or Ratio
To perform the computation of division such as Vx/Vy

using the computer circuit of FIG. 2, assume the follow-
ing:

(25) Vi=Vx
(26) Vy=V3
27 Vi=V2
and

(28) Vo=V4

The operation of the circuit is the same as for extracting
square roots, and

Vy
(29) T1=R101 N
and
(30) T2=R202 log = Vr
Vot+Vr

when the respective voltages VC1 and VC2 pass through
zero.  Adjusting the voitage Vo until T1 equals T2 and
solving for Vo, yields

Vr _  Vy
(31) Vodvr Vyiva
which reduces to
Va

(32) Vo 0=y, or Vi/v3

the desired function. The differential amplifier 23 in-
creases the output voltage Vo linearly during the interval
when the triggers 13 and 14 are in opposite states to the
correct value so that the computer network is again bal-
anced. During the next cycle of operation T1 equals T2,
the voltage VEF remains. zero and Vo is not changed.

Summations
To find the sum of the quantities Vx--Vy-}+Vz, for

example, using the null balanced computer circuit of
FIG. 2, assume the following:

(33) Vi=Vx
(34) V2=Vo

(35) V3i=Vy

and

(36)- Vi=—Vz

Again solving for T1 and T2 when the voltages VC1 and
VC2 pass through an arbitrary value of voltage VA where
VA<(Vo—Vz)

. A
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and

(38) T2=R202 log ﬁ%

which when
(39)
reduces to
(40)

or

Ti=T2

Vo=Vx-+Vy+Vz

Vo=V14V3+V4

the desired relationship. Again the differential amplifier
23 responds to the difference between the time intervals
T1 and T2 to adjust the voltage Vo and balance the RC
time standard networks RI1C1 and R2C2. It is to be
noted that the transient voltages VC1 and VC2 across the
capacitors C1 and C2, respectively, need not be inter-
rupted at the instant they reach zero but may be inter-
rupted at some arbitrary value such as VA in this instance.

Obviously, the above circuit can be utilized to find the
sum of a greater number of figures by using the voltage
Vo in two or more of the balanced networks in a pro-
gressive relationship.

Multiplication

To muliiply the quantities Vx and Vy for instance
using the null balanced computer network of FIG. 2,
assume the following:

41) Vi=Vx
(42) V2=Vr
(43) V3i=Vo
and

44) V4=Vy

Solving for T1 and T2 when the voltages VC1 and VC2
pass through zero

_ Vo
(45) Tl—RlCl log VatVo
and
Vy
46 = L
(46) T2=R2C2 log Vot Ve
Making Vr unity and T'1=12 gives
47) Vo=VyVx

which is the desired result. It is to be noted that when
Vx=Vy, the circuit may square the unknown quantity.
The differential amplifier 23 responds to the difference
between the time intervals T1 and T2 and simultaneously
adjusts the voltage Vo to the correct value to balance the
RC time standard networks R1C1 and R2C2.

Referring now to FIG. 4, a simplified schematic of a
modified version of the computer circuit of FIG. 2 is
shown. The modified computer circuit includes the RC
time standard networks R1C1 and R2C2, the operation
of which is identical to that previously described. The
voltages VC1 and VC2 in this instance, however, are
connected to a single voltage comparator trigger 13. The
voltage comparator trigger 13 is set to trip from the “off”
to the “on” state when either of its two inputs VCI1 or
VC2 is zero or negative and resets when both of its
inputs VC1 and VC2 are positive. As before described
the output VT1 of the trigger 13 is either positive or
negative. The output voltage VT1 is shown in FIG. 5 as
a series of sharp pulses which are determined by the
voltages VC1 and VC2 charging from a positive value
through zero. The pulsating output voltage VT1 of the
voltage comparator trigger 13 is connected to a conven-
tional symmetrical flip flop 31 which in turn controls
a pair of switches 32 and 33. The switches 32 and 33
may be transistorized and act as SPDT switches. They
are placed in opposite positions, switch 32 being closed
and switch 33 open or vice versa. The switches 32 and
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33 are pulsed from one position to the other by the
symmetrical flip flop 31 which responds to the pulses
in the output voltage VT1 of the voltage comparator
trigger 13. The logic of the operation of the circuits as
shown in FIG. 6 illustrates the manner in which the
switches are opened and closed by the flip flop 31 as the
voltages VC1 and VC2 charge through zero from the
voltages V1 and V2, respectively.

A differential amplifier 23 having the proper input
impedance as previously described is connected to the
symmetrical flip flop 31 across a pair of collector resis-
tors 34 and 35. The output voltage of the flip flop 31
is of constant amplitude either positive or negative which
is determined by the state of voltage comparator trig-
ger 13.

The differential amplifier 23 is arranged to operate on
the average voltage output Ve of the symmetrical flip flop
31. Thus when the time intervals T1 and T2 are equal,
the average value of the error voltage Ve is zero and the
output voltage Vo of the differential amplifier 23 re-
mains constant. When the time intervals T1 and T2 are
different, the differential -amplifier 23 will adjust the
value of the voltage Vo accordingly until T1 equals T2
and the error voltage Ve is zero. The polarity of the
output voltage Vo of the differential amplifier 23 is
inverted across the dropping resistors 36 and 37.

As shown, the circuit of FIG. 4 is arranged to take the
square of’'a quantity Vx. In this instance assume the

following:

(48) Vi=Vx
(49) V2=Vo
(50) V3=0
and
(51 V4=Vr

In operation with the power off the transistor switches
32 and 33 are closed transferring the voltages V1 and V2
to the capacitors C1 and C2, respectively. The instant
the transistor switches 32 and 33 are energized, the
symmetrical flip flop 31 by its inherent feedback trips
on to open one of the switches, for instance, switch 32
and close switch 33. At that instant the voltage VC1 of
the capacitor C1 will start on a transient charge toward
the voltage Vo. As the voltage VC1 passes through zero
the voltage comparator trigger 13 will trip “on” to pulse
the symmetrical flip flop 31 and reverse the position of the
switches 32 and 33. That is, the switch 32 now closes and
the switch 33 opens.

At that instant, both inputs VC1 and VC2 to the volt-
age comparator trigger 13 are positive and the voltage
comparator trigger 13 will reset to the “off” state. At
that time, however, the voltage VC2 of the capacitor C2
is charging from the voltage Vo toward zero and at the
instant the voltage VC2 reaches zero the voltage com-
parator trigger 13 will again fire “on” to pulse the sym-
metrical flip flop 31 and again reverse the state of the
switches 32 and 33 to initial a next cycle of operation.

Fach time the trigger 13 pulses the flip flop 31, an
output voltage Ve of the flip flop 31 swings between a
positive and negative value resulting in a pulsating out-
put as shown in FIG. 7.

Since the waveform of the voltage Ve is symmetrical
the average value of the error voltage Ve is zero when
the time interval T1 and T2 are equal and varies as a
function of the difference between the respective time
intervals T1 and T2.

A differential amplifier 23 which has a high common
mode rejection ratio operates on the average value of the
error voltage Ve to produce a voltage Vo, which is
applied to the dropping resistors 36 and 37 and inserted
into the computer circuit as voltages V2 and V3, in this
instance. The circuit will cycle and continuously com-
pare the time intervals T1 and T2 until the differential
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amplifier adjusts the voltage Vo to the value which
forces the error voltage Ve to zero. At this time the
following equations hold:

(52) T1=T2
or
(53) Vo _ Vr

Vz+Vo Vo+Vr
Solving Equation 53 yields,

(54) Vo=\Vx

which is the required function of the input voltage Vx.
Thus, in the modified closed loop, null balance computer
circuit of FIG. 4 the time intervals T1 and T2 are deter-
mined separately and then compared to produce an error
voltage Ve equal to the difference between the respec-
tive time intervals T1 and T2. In the null balance closed
loop computer circuit of FIG. 2 the gates 11 and 12
are closed at the same instant allowing the capacitors
C1 and C2 to charge toward zero simultaneously to deter-
mine the respective time intervals T1 and T2.

It is to be noted, however, that the circuit of FIG.
4 may also be arranged to perform the computations of
division, multiplication and summation by the proper
selection and insertion of voltages into the circuit for the
values V1, V2, V3 and V4. Further, the circuit .of
FIG. 2 as well as FIG. 4 may be utilized to find logarithms
by disconnecting the differential amplifier in each case and
using the error voltage Ve or VEF directly.

A preferred embodiment of the invention has been
shown, but obviously numerous alterations and modifica-
tions may be made in the light of the above teachings.
Accordingly, it is to be expressly understood that the
spirit and scope of the invention is to be limited only by
the spirit and scope of the appended claims.

I claim:

1. A closed loop null-balance .computing circuit for
generating an output voltage Vo as a function of input
voltages V1, V2, V3, V4, at least one of the latter
voltages being Vo, said computing circuit comprising:

(a) two like input circuits, one receiving V1 and V3

as input voltages and delivering output voltages VT1,
the other receiving V2 and V4 as input voltages and
delivering output voltage VT2, the following or-
ganization of the first input circuit also applying to

i2
the second input circuit with V2 substituted for V1,
V4 for V3, and VT2 for VTI1, said first input
circuit including:
(al) a gate receiving at its input V1,

5 (a2) means for applying spaced gating pulses to
said gate for gating V1 through,

(a3) a time constant network receiving as ener-
gizing potential V3 and the through-gated V1,
and producing output potential which is sub-
stantially V1 while a gating pulse is applied to
said gate, and which relaxes from V1 towards
V3 upon closure of the gate,

(a4) a trigger receiving the latter output signal as
trigger input signal, for generating VT1 in form

15 of a two-level trigger output voltage pulse train,

the trigger output voltage transferring from the
first level to the second level when the trigger
input voltage attains a predetermined value
while relaxing towards V3, and retransferring

0 to said first level as the trigger input voltage

recovers to substantially V1,

said computing circuit further comprising:

(b) pulse generating means responsive to coincidence
of second levels of VT1 and VT2 for generating said
gating pulses and delivering them via the mentioned
pulse applying means to the input circuit gates,

(c) differential integrating means receiving VT1 and
VT2 as input voltages and building up Vo as the
time integral of their difference, and

30 (d) means for applying =Vo to at least one of said

input circuits to constitute it at least one of the four
voltages V1, V2, V3, V4, whereby to force the first
level durations of VT1 .and VT2 substantially to
coincidence, whence Vo assumes a value correspond-
ing to the computed result.

2. A computer circuit. according to claim 1, wherein
the gating pulse generating means produces gating pulses
having uniform width and having separation that is
variable in accordance with the time difference of first
40 level durations of VT1 and VT2.
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