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Non-linear components fit most non-linear row po-
sitions. Number of configurations is limited only
by the number of components kept on hand.
Basie Computer is pre-wired and can be expanded
simply by plugging in desired components — no
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Draws less power than 60 watt bulb. Operates from
115V, 60 cycle outlet.

Bus bar power distribution eliminates complex
eabling and simplifies maintenance.
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Solid state design — instant warm-up — no coolin
problems.

Human engineered control panel is inclined for
easy, finger-tip control.

Push button potentiometer readout system speeds
set up — reduces errors.

Built-in null volimeter provides direct reading or
precision null reading.

Color coded patching modules and accessories pro-
mote programming efficiency.
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* Feedback Resistor
Type 646.010 — 10,000 ohms, =+ 0.19, wire-round resistor;
supplied in a BLUE molded plug, is designed for patching
between summing junetion and output terminations of any
operational amplifier.

e Input Resistors
Type 646.006 10,000 ochms, =0.1%., an ORANGE banded
epoxy-encapsulated, wire-wound resistor — male end plugs
into amplifier summing junction termination, female end
accepts pateh cord plug.
Type 646.007 - 100,000 ohms, = 0.1%, a YELLOW banded,
expoxy-encapsulated, wire-wound resistor — male end plugs

ACCESSORIES

Feedback Resistor

,(,f’" into amplifier summing junction termination, female end
v accepts pateh cord plug.
Input Resistor e Resistor Set (Type 5.134)

Includes the following quantities of Input and Feedback
Resistors described above:
15 each Type 646.006 (see above)
10 each Type 646.007 (see above)
10 each Type 646.010 (see above)
* Diode Unit (Type 614.051)
A WHITE banded, epoxy-encapsulated silicon diode for
limiting the output of computing components or generating
non-linear effects.
o Patch Cord Set (Type 5.133), includes the following:
10 each Type 510.033-0, 6" long, Color — Black
15 each Type 510.033-1, 12" long, Color — Brown
: 10 each Type 510.033-2, 18" long, Color — Orange
S i - 3 ) 5 each Type 510.033-4, 30" long, Color — Blue
e Service Shelf (Type 51.039) s Multiple Block ( Type 542.605)
Facilitates maintenance of any - Provides a six hole, off-the-patch-panel tie point for
plug-in computing component interconnecting pateh cords or inereasing the number of
under normal operating conditions, Patch Cord output holes of various computing components.
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BASIC PROGRAMMING PROCEDURES FOR
TRANSISTORIZED ANALOG COMPUTERS

INTRODUCTION

Many of the problems encountered in scientific or engineering endeavors require the solution of mathe-
matical equations or sets of equations which in most cases are difficult and in other instances are, for
all practical purposes, impossible to obtain by the classical approach to equation solution. The PACE
TR-10 Analog Computer aids in overcoming this difficulty by providing the technical worker with a

simple-to-use computer which permits the rapid solution of linear or non-linear mathematical equations.

Although the analog machine is correctly termed a computer, it does not perform its computations by
numerical calculations as does the desk calculator or the digital computer. The analog computer per-
forms mathematical operations on continuous variables instead of counting with digits. Thus the analog
computer does not subtract 20 inches from 45 inches to obtain 25 inches but, rather, it subtracts 4 volts
from 9 volts to obtain 5 volts. This answer the operator reads as 25 inches in accordance with his ar-
bitrarily specified **scale factor’ of 1 volt equals 5 inches. In the PACE TR-10, as is the case with
the majority of modern analog computers, the continuous variables are d-c voltages.

The electronic analog computer makes possible the building of an electrical model of a physical system
in which d-c voltages will behave with time in a similar way to the variables of interest in the actual
system. If the vertical position of the center of gravity of an automobile oscillates with time during a
disturbance, then the voltage representing the height of the center of gravity above the road surface will
also oscillate; if the temperature of the coolant water at the exhaust port of the condenser rises exponen-
tially to a steady value as a power plant is put into operation, then so will the voltage representing it on
the computer. It can be said that the actual system and the electrical model are analogous in that the vari-
ables which demonstrate their characteristics are described by relations which are mathematically equiva-
lent. The actual system has thus been “simulated”” because of the similarity of operation of the electric-
al model and the actual system. These capabilities of analog computers are of great value in performing
scientific research or engineering design calculations in that they give an insight into the relationship
between the mathematical equations and the response of the physical system. Although the analog com-
puter operates as a simulator, it performs basically as an equation solver since it performs mathematical
operations which result in solutions of the equations used to represent the actual system.

Although the analog computer utilizes electronic components and electrical circuit characteristics in its
operation, it is not essential that its user have an extensive knowledge of electrical circuits. The task of
preparing on the computer the correct electrical model is simple, and the steps necessary for accomplish-
ing this task once the mathematical description of the primary system is known will be detailed in this
manual. Once the electrical model is completed, experiments can be performed cheaply, quickly and with
great flexibility to predict the behavior of the primary physical system under many different conditions,
and it is with this in mind that one builds the model. The intention here is to give the scientist or engi-
neer using an analog computer for the first time a comprehensive introduction to its functions, its mathe-
matical programming, and its operation to achieve usable experimental results.

The analog computer is basically a set of building blocks, each able to perform specific mathematical
operations on direct voltages and capable of being easily interconnected one to another. By constructing
an appropriately interconnected group of building blocks, an electrical model is produced in which the
voltages at the outputs of the blocks obey the relations given in the mathematical description of a physic-
al problem. As our interest is frequently in the dynamic behavior of physical systems, the mathematical
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equations are usually differential equations having time as the independent variable. By applying appro-
priate initial conditions and forcing functions to the electrical model, its behavior is determined to be the
same as that of the primary system. This behavior is viewed through output devices which produce traces of
voltage values plotted one against another on an x-y plotter or against time on a strip-chart recorder. Steady
values of voltage are viewed on a voltmeter which is an integral part of the computer and can be connect-
ed by a selector switch or by push buttons to the output terminations of many of the computing blocks.

In reading this manual, the reader ought to gain from the first section sufficient knowledge of the com-
puter operation to enable him to interconnect computing units and to operate the computer without difficul-
ty, from the second section, an understanding of simple programming procedures and computing techniques
to allow him to construct a computer circuit diagram for any straightforward investigation, and, from the
third section, an introductory view of more invelved analog computer studies which will indicate to him the
investigations possible with a larger complement of equipment, Needless to say, the full story cannot be
told in a short manual. There are many lessons to be learned in the art of analog computing, and, as in
every practical subject, experience is to be preferred over reading. However, the ideas and facts pre -
sented here ought to set the reader well along the best path to the goal of dynamic problem investigation
by simple effective use of the modern analog computer.
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I. THE COMPUTER

INTRODUCTION

The PACE TR-10 Analog Computer is a fully transistorized, general purpose analog computer. Solid state
circuit elements are used throughout the computer to eliminate vacuum tubes, thereby achieving a compact
design which requires very little power. It is able to operate stably and accurately in normal office sur-
roundings. Reliable, with simplicity in functional design, it is easy to use and can be a powerful tool for
the individual engineer in the rapid solution of scientific and engineering problems.

Consistent with our objective of programming the computer by interconnecting its components to solve
mathematical equations, we will concentrate our attention on the computing components — the building
blocks for our electrical model. These blocks are able to perform the following operations on variable d-c
voltages — multiplication by a constant, algebraic summation, integration with respect to time, multiplica-
tien of two variables, generation of known functions of a variable, or combinations of these operations.
Each component has input terminations and output terminations which are readily accessible at the front
face of the computer for interconnection by plugs and patch cords.

Below the patching area lies the monitoring and control panel. This contains features which permit (a)
switching the computer on and off, (b) controlling the operational mode of the computer, (c) setting the
values of problem parameters to three-place accuracy, (d) reading out stationary values of problem vari-
ables, and (e) periodically adjusting the balance of the d-c amplifiers to ensure their accurate
operation.

The front face of the computer is divided into three five-inch high rows of computing compeonents and their

corresponding interconnecting terminations. This will be referred to as the

‘patch panel”. In the top row
there are attenuators for multiplying voltages by positive constants less than unity. In the bottom row there
are high-gain d-c amplifiers,uncommitted in their form of operation and, as we shall see later, capable of
performing many tasks. In the middle row there is an assortment of components and terminations — integra-
tor networks for use with the d-c amplifiers, fixed and variable function generators, quarter-square multi-
pliers, comparators, and terminations for additional control panel mounted attenuators, function switches,
the reference voltages of +10 volts, and ground potential. These computing components will be the build-
ing blocks in forming any model and their characteristics and uses will be explained in sufficient detail to

enable the reader to make use of them in his problems,

ATTENUATORS

Probably the simplest useful operation performed on the computer is that of multiplying a variable veltage
by a positive constant whose value lies between zero and unity -- in electrical terminology, attenuation. A
simple potentiometer is able to perform this task effectively to an accuracy of 0.1%. Thus, one is able to
adjust problem equation coefficients and problem initial values by setting of the appropriate attenuator.

Four types of potentiometer modules are available, as shown in the accompanying Figure 1.

Attenuator 42,183. Ten-turn carbon potentiometers (5K ohms) with uncalibrated knobs. The upper poten-
tiometer has one end grounded and thus has only two terminations immediately below the knobs and on the
left side of the module. The lower potentiometer has both ends available and thus with the arm has three
terminations at the lower right of the module. A ground connection is conveniently placed so that when,
as is frequently required, one end of the attenuator needs to be grounded, a short patching cable can be
used. The arm of each potentiometer constitutes the output of the device. It is terminated a second time
for monitoring purposes at the upper right of the adjusting knob.
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Attennator 42.187. Same as for 43.183 except that in place of the second arm-termination a more convenient
arrangement is available for adjusting the coefficient setting of the potentiometer. A push button is used
toreplace the patched signal voltage input by +10 volts and to connect the arm of the potentiometer to a
Pot Set Bus. With the appropriate positioning of the Meter Mode Selector Switch this connects the output |
of the attenuator directly to the voltmeter for suitable adjustment (discussed later). No auxiliary patching
is required to adjust this attenuator accurately as is required for 42.183.

Attenuator 42.188. Ten-turn, wire-wound potentiometers (5K ohms) with calibrated dials. Same as for 42,187
except for a change in the potentiometer used.

Attenuator 2.128. This group of four ten-turn, wire-wound potentiometers (5K ohms) with calibrated dials is
positioned at the right of the control panel. The potentiometer terminations are at the right side of the
middle row of the patch panel. All potentiometers are grounded, having simply one input and an output ter-
mination. Push buttons are available for ease in adjusting these attenuators and the. intention is that

they be used in a computer model to effect changes in the important design parameters of an investigation.

Whenever the coefficient setting of an attenuator is to be adjusted with accuracy on the computer, an elec- |
trical check of the setting must be used. A mechanical adjustment could be inaccurate for a number of
reasons. For a fair degree of accuracy, applying + 10 volts to the input and reading the output voltage on
the voltmeter will be satisfactory, provided the intended connections from this attenuator to other compo-
nents are complete and the potentiometer is therefore correctly loaded. For precision in setting the co-
efficient value, a nulling arrangement must be used in which the voltage appearing at the output of the at-
tenuator is nulled against the output voltage from an unloaded, carefully aligned, precision ten-turn poten-
tiometer.

The nulling arrangement for an attenuator type 42.183 is shown in Figure 2. A patch cord must be connect- |
ed from the arm of the attenuator to the VM- Jack on the control panel. A second cord must be used to con-
nect +10V reference voltage to the ‘‘high end’’ of the attenuator. With the meter mode selector switch in

the NULL position and the reference switch associated with the NULL POT switched to the +10 position,

the attenuator can be adjusted until a null indication is obtained on the meter.

For the setting of attennators Type 42.187, 42.188 and 2.128 (push button feature), a similar nulling
arrangement is used with the exception that the operation of the push button will automatically accom-
plish the equivalent of the two cable connections mentioned above. The attenuator will be supplied with
+10 volts, and its arm will automatically be connected to a POT BUS within the computer. Setting the
meter mode selector switch to the POT BUS position will connect the nulling arrangement to the POT
BUS. With the NULL POT reference switch in the +10 position, a null will be obtained by adjusting the
attenuator.

When setting a potentiometer it is important that the load be the same during setting as during use in the
problem. In practice the load on an attenuator usually consists of a resistor connectéd between the poten-
tiometer arm and an amplifier summing junction which rides at ground potential. In some cases it is pos-
sible during the setting procedure to overload an amplifier so that its summing junction is no longer at
ground. Should this happen, the overload alarm would sound and an incorrect setting would be made. To
prevent this, the operator should ground the appropriate amplifier summing junction with a patch cord
during the pot setting operation. The cord should be removed before proceeding with the problem,

In developing the electrical model of the primary physical system, a computer diagram is used and there-

fore a set of symbols is required to represent the different units. The symbol for an attenuator is shown in
Figure 3. Note that the number of the attenuator is placed inside the circle, and the setting or adjustable
parameter is indicated outside the circle.
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OFF
- amplifier consider the circuit shown in Figure 4, where the symbol containing —A represents a high-gain
Q\)O d-c amplifier, As is customary in all analog computing circuits, the voltages ei, eg, and e, are measured
n with respect to a common ground potential. Applying Ohm’s law to the input of the amplifier, one has i
summing currents:
VM-JACK ej — eg €o — €g .
1K NULL 2.2K NULL ! =8 m
[ —O AA'AY METER POT 4 R; Ry
| (2K) _
| — Also, by definiti fA: ee = —Ae (2)
| — J so, by delinition o : o g
| b ; T : ; :
| Now ig, the amplifier’s input current, is extremely small compared with the currents flowing through
AR | —~——+ 10 VOLTS Ri and Ry giveu by the quotients involved in equation (1). Thus, one may approximate it as zero, and,
|r "'": | L combining the two equations, one has:
I’\ -
—< ,—-‘--P\,“."‘v—i- —t-‘; Ry e
Sy ) ATTENUATOR =~ R R L
__|____ TO BE ADJUSTED i 1 +% 1+ R_f)
Figure 2. Nulling Arrangement But A, though dependent on frequency, has a value in the range of 10* — 107 for all expected computer

operations and, therefore, provided the ratio Riis comparatively small (less than 100, say), one can write: l,

€g = — — & (4)

a) K = adjustable parameter (setting of attenuator
may be changed for different problem runs).

) ()~
/

AN
INPUT
RESISTOR
.685 \ _ iq
b ) @ b) Indication of the actual numerical setting of R.' — —A —
the attenuator shall be used whenever the S 0
setting remains unchanged for a series of
problem runs. !
Figure 3. Attenuator Symboel . €i €q €o
OPERATIONAL AMPLIFIERS TYPE 6.112-1. _ ‘ |
The most versatile computing unit within the computer is the operational amplifier. It can be used in any ]
one of a number of ways to effect different mathematical operations. Sometimes, as will be seen, the opera- = ‘
tion requires the connection of other components to the amplifier. To appreciate the use of an operational Figiics 4. Operational Hwplifies |
. 7

L._ F =2
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Thus one obtains the most important result that, provided the input current is low and the amplifier gain is
large and negative, then the output-input relation is solely dependent on the ratio of the feedback to the
input resistors. By suitable choice of resistors or other impedances such as capacitors, many worthwhile

relations can be obtained. A few of the more commonly required ones will be detailed in the following para-
graphs.

L

Sign - changing or Inversion

If both resistors are of equal value, 10K ohms say, the output voltage will be equal but opposite in sign «

to the input voltage.

€y = — €

(5)

Blue plugs containing 10K ohm resistors are available for connecting between the output and input ter-
minations of a high-gain d-c amplifier, and single pin plugs containing 10K ohm resistors are available for
use as input resistors. Thus the connection of a d-¢ high-gain amplifier for use as an inverter is as shown

in the accompanying Figure 5. Two 100K resistors may also be used to make an inverter. However, this

is not generally recommended since better performance is obtained with the 10K -10K inverter.

2.

Multiplication by — 10.

If the feedback resistor has ten times the value of the input resistor, then the output voltage will be op-

Jo

\
1
I
|
I
|

%

!

[
1
\

e

PATCH CORD

~———— BLUE FEEDBACK
PLUG (IO K)

?

SINGLE PIN /E
PLUG (10K) ‘/.._ _:—_/_V
//-\
//
-~

/

<
\
)

\\(\
AY
AN

+€

AMPLIFIER
6.112-1

7

l— e

CONNECTIONS PERFORMED * COMPUTER CIRCLIIT
SYMBOL:

10K

10K |

€, =8, +€;

™S
|

Figure 5. Operational Amplifier — Inversion
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posite in sign and ten times the input voltage.
e, = — 10 ¢; (6)

Single pin 100K ohm plugs are available for use with the amplifiers and thus a connection as shown in the
accompanying Figure 6 effects a multiplication by —10.

3. Multiplication by a constant — a, 1 < a <10.

By the combined use of an attenuator and an operational amplifier, a multiplication by a constant between
—1 and —10 can be obtained. Figure 7 shows the appropriate connections.

4. Division by a constant 3.

Division by a constant 8 can either be treated as multiplication by 1/8 or can be obtained with the cir-
cuit shown in Figure 8. This circuit satisfies the relation:

eo e;
— = - — (7)
P Rf Ri
1 Rf
and thus: €o = — E R_; i (7a)

SINGLE PIN ——
PLUG LIOOK)

~
i
s/ /
-~
___/

SINGLE PIN —
PLUG lIOK)

P
f
+e; =

AMPLIFIER
6.112-1

-|oei

CORNEEIaNS: IRERESIMED COMPUTER CIRCUIT SYMBOL:

100 K

s
+e; s ~10€ +e; mI\ -10€,
10 K |/

Figure 6. Operational Amplifier Multiplication by — 10
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ATTENUATOR |
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ATTENUATOR
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|
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100 K s |
10K > |
NG N 0 '
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W] T B
ey 1 < SETTING: S8
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SETTING s - [ T\ @ e
o« 04
10 o
Figure 7. Multiplication by a constant — a ) Figure 8. Division by a Constant + 3
10 11
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5. Summation of a Number of Voltages.

The inclusion of more than one input resistor to a high-gain d-c amplifier circuit, each resistor having a
voltage applied to it, changes the original development of the input-output relationship to:

N .. T B
R~ R, R R ] @

That is to say the current flowing through the feedback resistor must be the algebraic sum of currents
flowing through the input resistors since the amplifier input voltage and current are zero.

Thus :
Ry Ry Rf
= — Bk = — €3 +.uuneun

€o [ R, R, eTR S ] 9)
By using equal values for all resistors, one obtains a simple algebraic summation with the usual inversion
associated with every computing amplifier. If the resistors have different values, then each input voltage
is multiplied by a factor given by the ratio of the feedback resistor to the input resistor before the sum is
taken. If both positive and negative voltages are applied to an amplifier, then due recognition to sign is
paid in the algebraic summation process. See Figure 9.

[ [, .
/@-‘— o o Q‘
¢ AN Ve 10K AMPLIFIER
| 6.112-1
C)Y ( )—
‘/"\ 4 f\
//

—e—_
A I 10
T
100K
CONNECTIONS PERFORMED COMPUTER CIRCUIT
10K
AN\
10K €y +e
+e, AN S —— -e, T '
+e, —AA 2 +e,
100K

Figure 9. Operational Amplifier — Summing

12

S e e TN

TR=-10 OPERATOR’S MANUAL

6. Integration with respect to time.

If the algebraic sum of the input currents is forced to pass through a feedback capacitor rather than a re-
sistor, the current equation is:

deg e, €3 €3
c S [R, + R, + R!-+.,,.] (10)

This relation depends simply on the fact that when current passes through a capacitor the voltage across
the capacitor changes with a rate proportional to the current. Integrating equation (10) and assuming an

initial voltage across the capacitor of V¥, gives:

1% Sy BB 5 V& = ¥ (11)

If C has a value of 10 microfarads and all input resistors have values of 100K ohms, the expression for
e, reduces to:

e°=—_££ [e, + e; + ey +.... 1 dt + Ve (12)

If an input resistor has a value of 10K ohms, then the corresponding input voltage is multiplied by 10 be-
fore summation and integration.

It is necessary to be able to control the operation of integration and also to be able to apply an initial
charge to the capacitor to set the initial value (V) of the output voltage eo. Thus, to form an effective in-
tegrator more than a simple capacitive feedback is required. To effect integration on the TR -10, one
connects an integrator network across a high gain d-c amplifier and the necessary input resistors are
applied to that integrator network. Do not apply input resistors to the standard input terminations of the
d-c amplifier for this would by-pass the most important ‘‘hold relay” in the integrator network (see later).
The output voltage may be vaken from either the network or the amplifier terminations. (See Figure 10).

With these six examples there has been demonstrated the versatility of the operational amplifier. To sum-
marize, one might list the following operations as those performed by the unit when suitably connected

with resistors and/or capacitors.

a) Inversion

b) Multiplication by a constant greater
than unity

¢) Algebraic summation

d) Integration with respect to time of
an algebraic summation

The amplifier has uses other than those of directly effecting mathematical operations. By suitable analysis
combinations of input and feedback elements can be determined for developing with one amplifier many de-
sired transfer relations. Frequently the amplifier is used without a direct feedback connection through a
passive element but with a feedback path through other computing components. With this arrangement the
amplifier brings about a null of the input currents by changing that one dependent on the feedback connec-
tion. A simple example of this use appears later in the manual when the quotient of two variables is dis-

cussed.

COMPUTER SYMBOLS

Consistent with the standard symbols used in drawing computer circuits for the larger vacuum-tube com-
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