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ABSTRACT

The purpose of this report is to explain how the UCRL differential
analyzer solves differential equations. It includes a description of the
machine from a functional point of view and an explanation of the method
of setting up equations for analyzer solution. It also includes operating

procedures peculiar to this instrument.
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APPLICATION AND OPERATION OF THE UCRL DIFFERENTIAL ANALYZER

1, Introduction

The differential analyzer described in this report has been in
operation in the theoretical group of the Radiation Laboratory for eighteeh
months. It was constructed in 1951 by the Radiation Laboratory under the
supervision of Eérl Sorensen and Carroll Gordon. The construction details
are described in reference 1. For eight months during 1951 the theoretical
group operated a differential analyzer, smaller but similar in design, which
was leasedfrom the University of Illinois. It was built by Professor
Arnold Nordsieck of that university and it proved the need for a similar
machine at this laboratory. The availability of these instruments has
been a valuable addition to tﬁe computing facilities of the theoretical
group.

I would 1like to thank Mro‘William Gerkin for his valuable suggestions,
interesting discussions, and continued interest in the operation of the

analyzer.

2, The Purpose of the Differential Analyzer.

The differential analyzer is an instrument for evaluating the solution

of ordinary differential equations. It solves linear equations with

variable coefficients and non-linear equations. It can be used to solve
systems of ordinary differential equations wﬁth a single independent
variable,

On the UCRL differential analyzer graphical information can be fed
into the machine as the problem is being solved. This enables the machine

to solve equations which contain empirical functions.
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The applications ofvthe,instrument are many since ordinary differential
equations appear in all branches of science and engineering. Typical examples
of problems well suited to analyzer solution are equations of motion of
charged particles in electromagnetic fields, one dimensional wave equations,
radioactive decay chains, mechanical and electrical oscillations, deflection

of beams, fluid flow, etc.

3. The Idea of the Differential Analyzer.

The idea of the differential analyzer is well knowhz’a. It consists
of a number of integrators which can be connected together so as to solve an
ordinary differential equation directly for given boundafy conditions. The
output of one integrator may be used:continuously as the integrand or variable
of integration of one or‘more other integrators and this system of inter-
comnected integrators generates the solution of the equation.

As an example of this method consider the harmonic oscillator

differential eguation:

Performing an integration with respect to x this equation can be written:

dy - - Sy dx . Integrator 1
dx
The solution is obtained by another integration:
Yy = S dy dx . A Integrator 2
dx

The solution of this equation is then obtained using two integrators

connected such that the output of integrator 2 is the integrand of integrator 1
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and the output of integrator 1 is connected to the integrand of integrator 2
with a change of sign. The variable of integration of both integrators is

the independent variable of the machine.

4. The Principles of the UCRL Differential Analyzer.

The UCRL machine is a mechanical differential analyzer. The

independent variable of the differential equation and all the functions

‘generated in solving the equation are represented by rotations., The

rumerical value of the function‘is directly proportional to the total
number of rotations of the shaft which represents it. The proportionality
factor is a calculated scale factor for that function for a particular
problem,

An integrator is a continuously variable gear. They are of the
ball and disc type. A horizontal disc mounted on a vertical shaft and free
to rotate in either direction is the driving component. Driven by this

component is a vertical wheel which rolls on the disc. This wheel has a

~ spherically ground edge so it is actually a spherical section which maintains

a point contact with the disc. The wheel and disc are steel with precision
ground surfaces and the friction between them on contact is sufficient to
drive the wheel without slipping. The vertical axis of the disc is
supported in a movable carriage so the point of contact of wheel and disc
may be continucusly varied. This variable disvlacement of the point of
contact from the center of the disc supplies a variable gear ratio. The
vertical wheel is mounted on a horizontal shaft in such a way as to allow
it to tip in and out slightly as it rotates permitting the wheel to roll

into new positions always maintaining only a point contact,
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Denoting a rotation of the disc by Ax , the displacement of the point
of contact from the center of the disc by y, the radius of the spherical
section by c¢, and a rotation of this wheel by A z , the equation of the

gear can be written:

c Az = y Ax

then the total number of rotations of the driven wheel can be written:

Consequently, if the variable of integration of aﬁ integral is made

proportional to the rotation of the disc and the integrand proportional to

the displacement of the point of contact from the center of the disc, then

thé total rotation of the driven wheel will be proportional to the integral.
The connections between units on the UCRL differential analyzer

are made by an electro-mechanical system. In QrderAto transmit the mechanical

rotations representing functions from one unit to another self-synchronous
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motor drives the independent variable selsyn whizh drives all the other

« electric motors. (selsyns) are used. So for each unit therc Are seisyns used
as outputs (generators) and selsyns used as inputs (motors). ~n 2iectric

selsyns by means of the connections made hetween urits. The asiual connecticns

. between selsyns are made by patch cords on a piug beard (Fig. 1) where thers
is a socket for each‘selﬁjn vroperiy labeled by its mathematical use, An
v
integrator, for example, has twc innut selsyns whith are ~he integrand and
variable of integraticn and one output which 1: the integral (Fiz. 2;. This
system éffor ¢ a greatv saving in ‘space anag in the time needed Tto Lot un A
problem., To change completely.from one Trablem to anoiner redu.res iess
than twenty minutes,
5. The Structure of the UCRL Differential Anaiyier
The UCRL differential analyzer consists of two comyicte units vhicn
can be used separately =¢c solve o can te wived for
dual operation which results in an analyzer cof Tity for the
solution of mere complicated probiems
Each unit has six integrators Por norr- ting 2
seventh intégratorf Under dual cperation this givwes ¢ tival com o
- +fourteen integrators whiéh is sufficient to handle & woue sarler, 1 probliems
. Tbe two extra integrators are mounted apé:t from th:rgggi?x'méihﬁné bﬁt are
connected with other uniisz on the regular niuw “oeiid
Fach analyzer unii has fwe 1nout-o in. 8z with Lie pelessary
’ (Fig, T There ars v o [20000AL onpud
« cutpub tables mwounted separsieir aleong witi the Twl & 790 100 €3r 4t Ly

These are also ccnnected with the main iug brara Woen trno oo analyzes
units are wired for duval operation there are f:en LI+ Tanut cut owr Lahis:

available for a problem

v ey
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1 Differ ential

ZN 217



Fig. 2

Integrator

ZN 663



ZN 218

Fig. 3 Front view of a single
analyzer unit.



UCRL-2239

These units consist of a horiéontal fectangular table which holds a
piece of 7 x 10 inch graph paper. OCOn the table a movable index carriage
rests on horizontal and vertical beams. These beams which traverse the
length and width of the table are fastened to blocks which engage the ordinate
and abscissa lead screws., The lead screws are driven by selsyns through a
friction coupling. The beam blocks may be disengaged from the lead screws
and moved along the guide way for initial setting. The friction coupling
of the lead screws allows for slight adjustments without turning the selsyn
shaft. ‘

When using the tables as input tables, a known functional relation-
ship is previously plotted on the regular graph vaper. The independent
variable of the function may be one of the dependent variables of the
differential equation, i.e., a known function of the solution, f(y) , is
fed into the machine as the problem is being solved. The abscissa selsyn
is driven by the selsyn representing the variable y which is being generated
in the machine. The ordinate selsyn is connected to a crank driven selsyn.

An operator then keeps the index on the plotted curve by turning the crank
which drives the ordinate as the machine drives the abscissa. The rotations
being fed into the machine by the operator are then proportional to f(y).

To illustrate this method consider the differential equation

Q;X = f(Y)

where f(y) 1is some known function of the dependent variable, such as the
force on a particle where the force is given as a funcﬁion of position.

The equation can be written

y'(t) = Sf(y(t))dt : Integrator 1
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Another integration with respect to t gives

y(t) = ‘Yy'(t)dt ; Integrator 2

So two integrators and an input table are needed to solve this equation.
The abscissa of the input table is driven by the output of integrator 2.
The ordinate of the input table is driven by a hand crank which also drives
the integrand of integrator 1. The output of integrator 1 drives the integrand
of integrator 2. The variables of integration of both integrators are
connected to the independent variable selsyn which is driven by the power
supply. These are all the connections that are necessary to solve the
equation. The tables are used as outputs to record the solutiéns as they
are being generated. In this case both the ordinate and abscissa of the
table are driven by functions which appear in the machine explicitly as
rotations. - In this case the sighting index is replaced by a pen which draws
the functional relationship desired. The solution may be plotted against
the independent variable or in the case of coupled equations the dependent
variables may be plotted against each other to give trajectories, for example;
or the first derivative may be plotted against the solution to give a phase
plot.

On each analyzer unit there are six scaling multipliers (Fig. 4).
These multiply a function by a constant. The constants on each multiplier
vary from O;l to 0.9 in 0.1 intervals. They are actually just cone shaped
gears and to set the constant factor the appropriate gears are meshed. The
gears are coupled to selsyn shafts so theré are two selsyns to each
multiplier--an input and an output.

Adding two functions is done electrically on the UCRL differential

analyzer. There is a type of selsyn motor called a "differential selsyn"
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Fig. 4 Multipliers
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which algebraically adds the output signals of two selsyns. Consequently,

the rotations of this type selsyn represent the sum of the two input functions.
An adder then cénsists of a differential selsyn, with its two inputs, céupled
mechanically to an ordinary selsyn which then fuphishes thg output signal.

On each analyzer unit there are four such adders. In addition the integrand
selsyns of six inﬁegrators, three on each unit, are also differential selsyns.

This means that these integrators will perform integrals of the type

[f(X) + g(x) ] dx .

This, of course, is very helpful in that it saves the use of an adder-
.providing the sum f(x) 4 g(x) is not needed expl%g}tely.for some other
opération°

On all integrators there is a counter'whicb'records the rotations
of the igiegrand lead screw and is a measure of the integrator displacement
and thus is prbﬁoftional to the value of the function being integréted.
These counters,(and-consequently the displacements) are all set at the
beginning of ‘each analyzer run by the initial conditions of the problem.
There are also two extra counters on each analyzer unit which may be used
to measure any other functions in the problem. These counters have their"
own selsyns and are connected to the functions in the usual way;

The differéntial analyzer has been constructed to give an accuracy
of 0.1% for the operation of its components; The counters can be reéd .
accgrately for thfee'figures, consequently. the solutions can be recorded
to threé figures. The actual acc;racy of ; solutién depends largely on

the problem; i.e., the number of integrators uéed, number of input functions,

running time, etc. For most problems the solutions are good to within 1.0%.
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6. Method of Setting Up Differential Equations for Analyzer Solution with

Examples.

In setting up a differential equation for analyzer solution we operate
on the equation directly, i.e., expressing the highest order derivative
explicitly we then integrate bothvsides of the equation repeatedly unﬁil
the solution is expressed in terms of a number of integrals. Consider the

general equation of -order n.

y(n) (n'l))

8 f
= f(XS‘YS T 5 ¥ 5 0003 ¥

o ‘S.f(xy 55y eee, 7Yy ax

S(m2) Sy(n—-l) o

y = Sy‘xdx
Ordirarily such intégrals cannot be performed since the integrands contain
unknown- functions but with the use of a system of interconnected integrators
of the differential analyzer these integrals can be performed simultaneously.

Although an individual integrator can be used to solve a definite
integral as a plénimeter,does this i; a very inefficient use of the analyzer.
Frequently persons with skill in seolving différgntial equations are able to
express the solutioﬁ as a rather complicated definite integral and then
desire t§ use an analyzer to evaluate this expression. This does not make
use of the real advantége of the analyzer which is the creation of a

mechanical system which obeys the given differential ecuatiocn.
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To illustrate the method of setting up equations for analyzer
solution we shall consider several eiamples,

Consider the équation

2 2 _ \2
dy + (a+ cosx)y = f(x)y + gx)y dy + h(x) [dy

¥(0) Yo

with initial conditions
0

y' (0)

where a is a constant and f(x), g(x), h(x) are known functions of x

and are given in tabular form. We can write the equation as

2 2
v oz - w+wunu+gﬂmru+ gx)y y' ax+ \ n(x)y ax .
We can express the above integrals as Stieltje's integrals:

y = - \(a4cosx)d Sydx + \f(x)d y? dax +g(X)d(L2)
2
+ Sh(X) d [Sy' dy

We shall write this as

y'oz - S(a + cos x) du+Sf dv +S__g_._ dy2+gh dw
. i _ 2 :

' 2
where u - Sydx : v = Sydx g

1
Sy dy

o
"
-
0
o
Q.
~
€
-t
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The cos x can be generated on the énalyzer with two integrators

e

cosx-_—-gsinxd.x _ : sin x ' = Scosxdx

and the solution is then obtained with one more integrator

1
y = 5; y dx

This problem requires eléven integrators as is seen and three input tables
for the known functions f(x), g(x), h(x). It also fequires three adders
to combine the terms which make y', As outputs we would plot y vs x,
y' vs x, y vs y. This would then use the three remaining plotting
tables. A wiring diagram for this set up is seen in Fig. (5). In an
actua;,set up ail the functions are prefixed by scale factors so that the
value of the functioh is then expressed in number of turns of a selsyn shaft.
The choosing of appropriate scale factors will be discussed in the next
section. |

A barticular solution of a differential equation is started on the
‘analyzer by setting the initiai displacements of all the integrators used.
Consequently, the initial values of all functions which are integrands must
be specified.: If all of these values are known initially then the problem
is called a one-point boundary value problem. The preceeding problem is
an example of this type.

if, however, ﬁhe4initial values of functions whic¢h are integrands
are not all kﬁown, but other conditions are given then the unknown function
values must:be eétimated and trial solutions run until the given boundary
conditiéns are-satisfied. An examplé of this type of problem will now be

considered.
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Consider the system of equatiohs

‘ . |
af - —g[f teg"+ (1+8)

cdx »
dg = -2+ f[f2+g2—(1-{3)]

- ax x

with the coﬁditions that f and g vanish as x goes to infinity. We
glso:specify that, g(O); = 0 . The problem‘is to find the discrete values
of £(0) “which lead to solutions with no modes, one mode, two modes, etc.,
and that are astptoti§ to, zero. ’

It is observed that x =0 is a»singular point of the second

eduation. Consequently, the system cannot be solved by an analyzer at the

- origin. The system can be solved in the small finite interval, 0< x £ € ,

by method of series éinée_ g(O) = 0 , so the analyzer solution can begin

at x= € s which is a regular point. Solutions exist only for a certain

range of values of the numerical'constant; ?’ . We shall assume that this
range haé-been determined from other considerations.

We may now write the equations in a form suitable for analyzer

set-up.
| £ - -S [f2+ g+ (I"'P)]gdx
| 2, |
g = -g_z_gdx+3[f ¥ -<1-,(3)] £ ax .
: X

*We then express the integrals asvthe follbwing Stielt jes integrals:

fleereaetla S
Sae tor e {[ei-anpo[ea].

(0]
1"
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S5¢ the analyzer set-up is

£
i

i}

T2 o2 |
- [f+g+(1+lB)}.du
_Szgd K x + S[f'+g —(l—_ﬁ}]dv
u o= j; g dx v = ‘S f dx
f2=_82fdf gZ:Ségdg.

The function ,en x 1is generated as follows

0]
]

In x - 1 dx 1 = -\1 d £nx
X X ’ x

This problem then requires nine integrators and two adders. There are no

input functions in this problem; consequently, the operator needs only to

set the initial displacements and start the machine and the solutions are

‘generated automatically. As outputs we plot f vs x, g vs x , and

f vs g,

The wiring diagram for this problem is shown in Fig. 6. The function
which goes to the integrands of the first two integrators is the sum
fgﬁ— g2, however their initial displacements are different. The first is
initially displaced by an amount proportional to [fi + gi + (1 + ,B )]
and the second by an.amount proportional to ,[bfi + gi - (1- /3)‘] -
That the system Cahnot be solved on the analyzer at the point x - 0 is ‘
obvious from the last pwo integrators.

In these examples we have made use of some standard connectiéns for.

generating elementary functions. A list of some of these standard connections

fcllows.
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We also make use of the following relations:

1. Ku = k du s 'k = real constant

2. | Sf(x) g(x) dx = S’f(x) d [Sg(x) dx}
3. : uw o= jixvthr +~f; v du .

7. Scaling a Problem for the UCRL Differential Analyzer.

g(x)d l:gf(x)dx]

v The independent variable and all the functions generated in solving a
system of differential equations are measured in the differential analyzer by
selsyn shaft rotations. Consequently, we must select suitable proportionality
factors between the numerical value of the function and the number of rotations
of the selsyn shaft which represents it. In doing this we are governed by
certain rules imposed by the design of the integrators and plotting tables.

We should recall from section 4 in the descriptiop of an integrator
that the radius of the Vertiqal integral wheel is a constant, c¢ , which

appears in the integrator equation as

z2 = _1_ j; ydx .
c

Since all the variables in a system are expressed in rotations; the constant,
c , mustxalso,be given in these units, and furthermore in the same units
as the integrand displacement; y , as is evident from the above equation
in moment form ¢ Az = yAx . For the integrators on the UCRL
differential analyzer this constant is equal to 50, since a displacement
equal to the radiﬁs of the integral~wheel requires 50 turns of the integrand
lead screw.

Consequently, in a problem set-up the integrals are written in the

following form:
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(X z) = _l_S(@ y) d(f x)
50 |

where (X z), (f3 y), (¥ x) are the variables expressed in selsyn shaft
rotations and of , ﬁ s ¥ are scale factors assigned to the variables
z, ¥, X for a particular integrator. An expression (2 x) means that

a change in the variable x by one unit requires ¥ turns of the selsyn

shaft representing x. The scale factors must of course satisfy the relation:

= BY

We are, however, further restricted in choosing these factors.by the
maximum allowable.displacement of the integrators. On the UCRL analyzer
the total displacement of the integrators is equivalent to 100 turns of

the integrand lead screw--SQ turns for positive displacements énd 50 turns
for negative displécements. Conseéuently; When selecting scale factors for
fgnctions which are integrands the positive and negative variation of the
product must not. exceed 50. That is, if y 1is an integrand function and

ﬁy

other hand it is desirable to choose integrand scale factors such that the

ﬁ is.its scale factor for an integrator then 4 50 . On the

maximum displacement is attained, for purposes of increased accuracy and
ultimate saving in running time.

The next consideration in choosing scale factors is the size of
the plotting tables. Thé total variation of.the abscissa is equivalent
to 200 turns of the abscissa lead screw and the total variation of the
ordinate is equivalent tb 140 turns of the ordinate lead screw. These lead

screws have twenty threads per inch so the graph paper which is used is
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7 o x 10¢ witﬁ twenty linés per inch. This means that the coordinate axes

may be conveniently labeled so that function values may be read off the plots-
in their original units. When assigning a scale factor for a variable that

is used as ah ordinate or abscissa of a table it must be selected so as to
keep the total variation of the variable on the paper.

On the integrators and plotting tables there are limit switches which
automatically stop the machine if any of the variables exceed the design
limits. This prevents damage to the instrument and is a signal to reconsiderr
aﬁd probably rescale the problem.

‘Although a scaling set-up may be successtl.insofar as the problem
is contained within the limits of the machine it is usually desirable to
re-scale it to make optimum use of the iﬁtegrators and plotting.ﬁables.
Consequently, the first set-up should generously allow for the variations
in the unknown‘functions°

We shall now consider an example of the method of scaling for the
UCRL differential analyzer,

Consider the equation

mz = eE, (z, t) = eEq(z) cos (Wt + 80)
Z(O) = 0
with initial conditions o
Z(O) - VO
We shall find it c¢onvenient to transform independent variable by 6 = wt

then the equation becomes

[o))
N
1

e Eo(z) cos (8 ¢ S;) .
48 m w?

So for analyzer solution we shall consider an ecuation ¢f the form
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N
1]

£(z) cos (6 + §)
Z(O) = 0

with initial conditions
z'(0) = v /w

and where f(z) is a known function of position and can be tabulated and
plotted for the range of 2z which is required. This function f(z) will
be fed continuously into the analyzer from an input table. The integrals

to be considéred are the following:

7' - Sf(z) cos (e+80) de - Sfdsin (G-i'go)

z = Sz'de

sin (6 + §) - Scos (e +§) as
cos.(6+8) = -Ssin (e +S) ae

The ranges of the variables can be stated and are tabulated below.

Region I: 0 £ 2 £

N

£(z) £ 0.4
t

0
0<£ 3z £ 1.0 (estimated)
0

o0& ,T. (estimated)

Region II:

)
z' £ 5.0 (estimated)

&
T4 o< 107 (estimated)
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We have selected an example that makes use of the technique of splitting
the range of solution up into regions so as to make better use of the
integrators and for ease in following the given input functions. A scaling

set-up for Region I would be as follows:

Integrators

100 z' = LSlZSfdhOsin(@-fS)
50

100 z = _;L_SlOO(z'—OS)d5OQ+509
50

’40si'n(e+8) = __l_gaOcos(@-f'S)dEO@
50

4O cos (B +8) = -_;_,Sho sin (@ +S) d 50 8 .
50

Plotting Tables

250 £ vs 50 z
100 z' vs 50 =z

1068 vs 50 2z .

Multipliers

.2(508) = 10 ©
.5(250 £) = 125 f
.5(100 2) = 50 z .

A set-up for Reéion IT would be:

Integrators :
1 (125 £ d 40 sin (8 + &)

100 2' = 1
50

20z = ;_gzo(z' - 2.5)d 5064 508
50 |



R 4

UCRL~-2239

~27-

AOsin(9+8) = _}_ShOcos (6+8)d506
50

40 cos (8 +8§ )

-1 ShOsin 6+ 8)as0e.
50

Plotting Tables

250 f wvs 20 z
20 2z vs 20 z

50 vs 202z .

Multipliers

JA(508) = 58
5(250 £) = 125 f
.2(100z') = 20 z' .

A wiring diagram for Region I is on Fig. 7. It should be noticed
that a function may have one scale.factor for use on a plotting table and
another on an integrator. When such functions are generated in the machine
the largest scale factor is generated and the others are obtained from it
by means of the multipliers which only multiply by tenths.

In this example we have used on integrator 2 the techniqug of
displacing an integrand function so as to make use of all the di;placement
for integrating instead of just the positive side. This is particularly
effective when the integrand function remains near zero for some time. In
employing this technique we of course must make use of an adder for each

such displacement.

A sample initial values sheet for the preceding problem is given

. below,



502

40 cos{§+d)
40 sin{8+8)
108

508

250f

1002

40cos {6458}

40sin(6+3)
108

i oy
125¢ U-—ZV—J—I A (2) fg]
100(Z-5) [-———]g/ 3 ILCJ)
40cos(+3) L-}L] 3
40sin (8 +3) t3)
INTEGRATORS ADDERS MULTIPLIERS

Z%= 1{Z)cos{8+8.)

— —
o]
B

INPUT -
QUTPUT
TABLES

‘
CRANK

}ﬁ]soe

5585
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REGION I REGION II.
Start Finish Start Finish
o
S - - -
0. 0 9 e, el
- Z:l; Z=1+ Z:ll;
8+9 30° ) ° 0 ° 9 3
° z=1,+30 2=4+30 z=lh+3o
z 0 " 4 14
[ ' f ¥
g 0.2 z l Z:lp ,Z IZ:A z Z:ll.y
f 0 .1 .1 .05
I1: 125 ¢ 0 12.5 12.5 6.25
I2: 100(z'~ .5) -30.0
I 3: 40 cos (8 + §) 34.66
I 4: 40 sin (6 # &) 20.0
8. Procedure in Wiring and Operating the Differential Analyzer.

After an analyzer set-up has been carefully planned and written

out we are then ready to put this set up on the machine. A typical procedure

for doing this will be discussed,

A detailed description of the various

controls as well as the plug board is given on pp. 34-48 of reference 1.

If the set-up requires more components than can be supplied by a

single analyzer unit, then both analyzer units should be connected for dual

operation.

This should be done first and with the power off.

If the set-up




o=

o

UCRL-2239

«30-

requires only one unit then they should be disconﬁected and both units used
separately.

The power should be turned on while patching the plug board according
to the wiring diagram for a particular problem. During this wiring the wheels
should be up and independent variable motor off. When wiring the board after
each connection is made the lamp board underneath the analyzer should be
observed to make sure all the lamps are out. This means that the selsyns
connected are in phase. If a bulb is on the patch cord connecting the selsyn
indicated should be disconnected and connected again repeatediy until the
light goes out.

Each patch cord is wired to retain the proper polarization. The

cords should be plugged so that the cable drops down from the plug. To

introduce a negative sign in a connection, the plug on one end of the cord

making the connection should be rotated 1800 so that the plug is upside down.
After the problem is wired up the multipliers should be set and the
necessary input and output sheets placed on the plotting tables., We are

then ready to set initial conditions. The integrator wheels should be up

during all of this preliminary work. The initial displacements of the
integrators should be set first. By holding over the switﬁh opposite each
ihtegrator the independent variable drives the integrand selsyn of that
iritegrator. Consequently, the displacement is easily changed and is measured
by the counter mounted on the shaft of the integrand selsyn. Positive
displacements are measured in tenths of turns from 0.1l to 50.0 and negative
displacements are indicated on the counters by readings from 50.0 to 99.9.
Care must be taken when near the edge of the disc to change the displacement

in the proper direction.
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When more than one integrand has the same function, setting one will
change the other so the others should be disconheéted and set separately
and then connected again. Integrators that can be set to the same number
when connected must be chosen. (Not all integrand selsyns can be set
accurately together.) The best choice is a regular integrand selsyn along
with an integrand with a differential selsyn. Then one input to the
différential selsyn is locked by a crank which can adjust the differential
selsyn to the same setting as the regular selsyn.

It frequently happens; when an integrand function is an‘output of a
multiplier, that the setting of the integrand displacement is impossible
because of the reverse in mechanical advantége. The integrand plug should
be disconnected momentarily until the setting is made. After connecting the
plug again a finer adjustment can be made by disengaging the multiplier,
turﬁing the output gear slightly until the setting is reached and then
engaging the gear carefully at the proper multiplier ratio.

After the integrator displacements are set the independent counters
are set in the same ﬁay and the settings recorded. The plotting tables are
then set according to the initial conditions of the functions plotted and
pens placed in the holders on the output tables.

At this point the variac of the independent variable motor should
be set at zero. The variac must always be set to zero when the wheels are
lowered,. To' start the analyzer solution after all is set--lower £he integrator
wheels. This automatically turns on the independent variable motor. The
speed of the motor is then gradually increased from zero to proper runniﬁg
speed by slowly turning up the variac. When the solution is completed turn

down the variac, raise the wheels, and remove the pens from the output tables.









