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ABSTRACT

The basic desigh of an analog computograph @as been
worked out to help evaluate reflection seismograms, by
simultaneougly caleulating and plotting points on a seismiec
profile map, these points corresponding to the reflections
detected on the seismic record. The computer is designed
for the more eommon assumptions made in computing that
subsurface wave velocities may be approximated by a linear
increase of veloclty with depth, This thesis has a
description of the planned computer following a short
section on seiémograph theory.

In order to m@ke possible an analysis to find
component tolerances, 1t was necessary to establish a
relationship between the equation variables and the machine
variables, The maximum possible error in output due to an
error in any one of the components was then caleulated.

Equations have been derived in this thesis for
quickly ealculating’the minimam reqyirements of a computer
as described herein, and from these, an analysis has been
made of the computer described. In_event the general
equations thus derived do not apply, a special analysis
was made for the problem at hand. The computer was )
analyzed for (1) minimum dead zone of the position servos,
(2) linearity and resolution of potentiometers, (3)

conformity to funetion of funection generators, (4) minimum



load resistance of potentiometers, (5) phase shifts, (6)
changes of gain of amplifiers, aqd (7) temperature effects
in resistances,

From the equations developed in the thesis,
component requirements and the probable error of a plotted
- point were caleculated for some given conditions, The
final sectlon includes some recommendations for improve=-
ments in the computer design. It 1s estimated that with
following these reco?mendations, and using commerclally
available components, a probable error of as little as

0.02% of the maximum may be possible,
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CHAPTER 1
THE PROBLEM AND DEFINITIONS OF TERMS USED

For many years, one of the drawbacks to aeecurate
interpretation of reflection seismograms as used in
geophysical work has been the large amount of time eon-
‘sumed by the tedious caleulations of "point-plotting™

1, slide ru1e82?3, and mechanieal devicesu’S

methods. Charts
have been developed to expedlte caleulations, but there 1s
8t1ll need for a more rapld means of obtaining a profile
map from the seismic record. In order to f£111 this need,
an analog eomputograph has been designed to simultaneously

caleculate and plot points on a seismic profile map.

I THE PROBLEM

Statement of the Problem., It was the purpose of this

study to determine the effect of errors in the various
computer components upon the error of the solution of the
equation 1nvolved, and the probable error of the eomputer
as a whole, such that ecomponent tolerances in respeet to

linearity, temperature varilations, ¢te., may be determined,

Importance of the Study. Before a computer of this

type 1is eénstfueted, specific knowledge should be obtained

as to its feasibility, necessary ecomponent tolerances, and



expected accuracy of the result. This study was made to
help supply information from whiech ecomponent tolerances,
expected accuraey, and feasibility, insofar as availabillity

of components 1s concerned, may be determined,

II Definition of Terms

Refleetion Seismie Prospectling. In the reflection

seismic method of geophysiecal prospecting, energy is arti-
ficially introdueed into the earth by controlled explosions.
These initiate elastie waves, comparable to sound waves,
the<§eloeity of which 18 governed by the elastie constants
of the earth materials. When such waves traveling down=
ward into the earth strike interfaces at which these
econstants change, because of a change of material, the
waves are at least partilally reflected back toward the
surface., The depth of a refleeting interface 1is determined
from the time required for the reflected wave to make the

trip down and back to deteeting instruments near the source.

Shot. The term "shot" refers to the explosion used

to ereate elastie waves in the ground.

Shot-point. The "shot-point" is the location of the

explosion.

Detector. The detecting instrument, or "detector”,



designates the unit placed on or in the surface of the
ground to deteet the ground mot;on where 1t 18 located., The
unit is also referred to as "receiver", "geophone", "seis-

mometer", "geotector", and more eolloquially as "jug".

Seismogram. The photographie paper record is called

the "seismogram",

Travel Time. The time required for the wave to

make the trip down to the reflecting surface, and back up
to a particular deteetor is here called the "travel time",

It 1s measured as a distance on a selsmogranm.

Point-plotting. "Point-plotting™ is the method of

determining a seismle profile by ealculating and plotting
individual depth points for the travel time of each

- reflection deteeted on the selsmogram.

Analog Computer. An analog computer 1s a computer

which deals with eontinuous physical variables; one
physiecal system 18 used as a model for another system,
more difficult to construet or measure, that obeys
equations of the same form.6’7 In these devices, physical
quantities, such as éoltages and shaft rotations, are made
to obey mathematical relations comparable to those of the
original problem. The physlecal quantities, or machine

varlables, which may be eonvenlently varied and measured



in the laboratory, must then behave in a manner analogous
to that of the original variables. The magnitudes and the
scales of the analogous variables ean be reduced or increased

in order to facilitate their measurement,

Maechine Variables, A computer cannot establish

mathematical relations between the original equation
variables, The machine variables are physical quantities,
simulating the equation varlables. The machiné variable
may be the fraetion of the reference voltage of the com=-
puter, or it may be the fraction of the maximum rotation
of a potentiometer, The relations between the problem
variables and the machine varilables are of the form:
X=ax,T*= att, ete.,
where the capltal letters are the machine variables, the
lower case letters are the problem variables, and the
ats are eonstant scale factors., The use of lower case
letters shall be used exclusively for equation varilables,
except In the case of angles, where the angle in the
machine c¢olncldes with the angle in the equation. The
scale factor associated with a variable_q is chosen by
the rule:

aq=

1 .
maximum expected value of |q |



IIT Organization of Remainder of the Thesis

After a brief review of seismograph theory and a
statement of the depth equation used, in chapter two,
ehépter three describes the operation of the computer,
and includes a listing of the limits of the variables,
and certaln relationships between computer eomponents,

A study of the effect of change of the equatlion variables
and the machine variables 1s then made in chapter four,
Chapter five 18 a study of the sources of error in the
computer, These are studied, where possible, from a
general point of view, and the results are then tabulated
for the individual components, Chapter six makes a study
of the probable error of the eomputer as a whole, In
Chapter seven, the aceuracy requirements of the computer
‘are discussed, and eomponent tolerances are given for a
set of specified econditions, The final chapter summar-
izes the results and includes some recommendations for

improvements,



CHAPTER II
REFLECTION SEISMOGRAPH THEORY

A brief review of seismograph theory as utiliged
in the eomputer will be presented here, For more eomplete
information, the reader 1s referred to any of a number of
texts on geophysiecal prospeeting.8’9’1°

The Method. When the ground ;s set In motion by

energy from the explosion, the receivers produce electrical
impulses which are all recorded on a single record. The
reedfd may be on photographie paper, or more recently, on
magnetic tape., At the present, however, a photographie
record, or selsmogram, is normally produced for final

analysis and interpretation.

Interpretation, The seismograph record may be

reduced by various means to give a pleture of the under-
lying strueture. One of the more accurate, but also time
consuming, methods 1s that of point-plotting, or ecalcu-
lating and plotting points for each travel time,

In ealeculating these polnts, a linear increase of
veloeity with depth 18 often assumed. If such an assump=-
tion may be made, the veloeity, v, at any depth, z, may
be written '

v=1=2(z) =v, + kz



where Vo < initial velocity
k = dv/dz, a eonstant,
For such a ¢ondition, it may be shown that the wave front
at any particular time, t, 18 a eirele with parametersll
¥y = (vo/k)(eosh kt - 1) |
= the vertical depth below the shot-point
of the eenter of the circle
r = (v,/k) sinh kt |
= the radius of the e¢irele,
For the case of a.wave reflected from an underlying
strata parallel to the surface, one half the travel time
may be set into the above equations to find the parameters
y and r at the instant the detected portion of the wave
front was refleeted{ Hereafter, the symbols y and r will
represent the parameters at the point of reflection. The
depth of the reflecting layer ls then
zZ =y + (r2 - xe)h
=y +pr¢os A
= h(eosh kt - 1 + sinh kt cos A)
where x = 1/2 the distance between shot-point and
detector

A = aresin x/r

angle between r and vertiecal
h = vo/k
t = 1/2 the travel time from shot-point to



detector,

Time Correction., The travel time, or half travel

time as used in the equation, must be corrected for differ-
ences In surface elevation and for the time of travel in
the weathered 1ayer.12 This, in effect, reduces the shot-
point and detectors to the same datum plane, Let
t, = 1/2 the travel time as measured on the
selsmograph record
tw = time ecorrection for elevation and
weathering., This may be positive or
negative,
The corrected half travel time is then
t”tr+tw
Shot, Detector Layout. In most field procedures

the detectors are laid out with equal spaeing in a straight
line along the earthts surface, The position of the shot
may be along the samé line, or it may be offset to one
side, The shot-point, or 1its perpendicular projection on
the line of detectors, may be beyond one end of the
detector spread, or located anywhere within the spread.

If the deteetors are numbered eonsecutively from
one end of the spread (mnearest the shot-point), and the
detectors have equal spacings, 28, between detectors, then

the distance from the nth detector to the number one



deteector is 2(n - 1l)s. Letting
2u = the in-line (pa?allel) distance from
the shot-point to the number one detector,
2w = the off-line (perpendicular) distance
from the shot-point to the line of
detectors;
the half distance from the shot-point to the nth deteetbr
may be solved from the right triangle with legs of length,
w, and [u + (n - 1)s].
For a horizontal reflecting surface, the reflection

th Leceiver will be on the

poin% as deteeted by the n
vertical line intersecting the midpoint of a straight line
between the shot-point and the reeeiver, If a horizontal
plane rectangular c¢oordinate system is established with
one axis lying on the line of detectors, and the other
‘axis passing through the shot-point, then the coordinates
of the projected reflection points as detected by the nth
receiver are w, and [u + (n - 1)sl , the same as the legs
of the triangle to be solved for x. This indicates that
the reflection points on a single bed as detected by the
various detectors lie on a straight line and are at a
distance [u + (n = 1)s] from the projeetion of the shot=-
point on that line,

Summary of Variables, A restatement of the depth




equation with a

10

list and an explanation of the variables is

here made for reference purposes,

z = depth of rerleetlng layer
=y + 2 cos A
= h(eosh kt - 1 + sinh kt cos A)
= h{(cosh kt - 1) + [sinh® Xkt - (x/h)zlzg
y = depth of eenter of wave front
= h(eosh kt - 1)
r = radius of wave front
= h sinh kt
t = 1/2 travel time corrected to same datum
plane as ghot-point
t, = 1/2 travel time measured on seismogram
t, = time correetion for elevation and
weathering
k = rate of inerease of veloeity with depth
v = veloclty of the wave at any point

v, = original velocity of the wave

0
h = vo/k

x = 1/2 the distance from shot-point to receiver

A = angle between vertical and radius, r
= aresin x/r
u = 1/2 the in-line distance from shot-point
to number one detector

w = 1/2 the off-line distance from the shot-
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point to number one deteetor

8 = 1/2 the distance between eonsecutive
detectors‘ ‘

n = the number of any detector as numbered
from the end deteetor nearest the shot-
point.

Another varlable that willl be made use of later is
ut = the in-line distancg from the shot-point

th

to the n detector

=9 + (n = 1)s,



CHAPTER III
THE COMPUTER

The computer here deseribed was devised to solve
for and plot points on a profile map, these points being
- eomputed as a function of the travel time of the wave
reflections. The computer 1s based upon the assumption
that the sub-surface wave veloeclty eopditions may be
approximated by a linear inecrease of velocity with depth,

After a selsmologist has analyzed the selsmogram
and indicated the reflection travel times to be computed,
the record 1s rolled onto a drum similarly to the way in
which a sheet of paper 1s rolled onto a typewriter. The
zero time line on the record is set to coincide with the
zero time line on the drum, and the record is then rolled
4n and stopped with the indieator over each travel time to
be computed, A selector switch 1s set for the number of
the trace to be computed, gnd when the plotting head comes
to rest, a button is pressed to make a mark on the plot-
ting paper. A gear box with a changeable ratio 1s used
8o as to accommodate seismograms with different time
scales,

Mathematical Operations. 1In general, the operation

of the computer is this: as a preliminary adjustment, the

computer 1s adjusted for the parameters t,, k, h, u, w, s,
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and n, The recorded time variable, t_, is then entered as

?
an 1nput; and corrected for elevation and weathering con-
ditions., The corrected time i1s multiplied by k, and the
product, kt, is utilized as an input to funection generators,
generating the funetions (ecosh ¥t - 1) and sinh kt., The |
. funetions are multiplied by h., The function r = h sinh kt,
and x are iIntroduced into a trlangle solver to produce

the output (rd = ::2)'/'z = p ¢cos A, The two functions

v = h(eosh kt = 1) and r eos A = h sinh kt cos A are then
addéed to produce the desired depth, z =y + r cos A, which
appears on the output as a position of a plotting head, or
a point on a profile map,

Describtion. With the mathematical operations to

be performed having been related, a more detailed deserip-
tion of the method of performing these operations may now
‘be glven., One should strive to keep in mind the general
relationship between the equation variables and the machine
variables, and that there is a proportionality econstant
between the two. For example, a rotation proportional to
2t is also proportional to t, so that though the input to
a potentioﬁeter i1s a rotation proportional to 2t, the oute
put machine variable may be labeled as T, analogous to t;
the proportionality constant is twice what i1t would be for
2t.

In this computer, referking to Fig. 1, the input is



a shaft rotation proportional to the recorded time, Qtr,

but as a machine variable is Tr‘, This rotation 1s trans-
ferred to the shaft of a potehtiometer, Pl, with an output
voltage T,.» where T, 1s equal to a fraction of the refer-
ence voltage. A weathering eorrection voltage, Tw
potentiometer P8 and switeh Sla, is added to Th by a

surming amplifier. (It should be noted here, that the

» from

operational amplifiers used for summ;ng change the sign
of the voltages.) The output voltage, T, proportional to
the correeted time,'t, serves as a souree voltage for
another potentiometer, the fraetional rotation of whieh 1is
analogous to the equation variable k, thus multiplying
-voltage T by a faetor X. The'resulﬁing voltage is fed
into a serve which then produces a rotation proportional
to kt. This shaft rotation adjusts the position of the
‘wipers of two funetion potentiometers, the resistance of
which increases as [cosh a(kt) .. - 1] and sinh a(kt)max,
respectively, where a 1s the fractional rotation of the
potentiometer.

Potentiometer P7 is adjusted to multiply the output
functions by a factor H, proportional to h, with the
resulting output volﬁéges from the funetion potentiometers
being Y and R, proportional to y and r,.

The radius veetor, r, must be resolved into the

vertical component, r cos A. This may be done by feeding

14
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. 16
voltages R and X (the source of X i1s discussed later) into
a triangle solver to obtain the output R cos A = (RZ = X2)7,
One method of solution is by thenuse of a variable trans-
former, known as an A, C, resolver, and a servo unit to
position the resolver rotor (see Fig., 2)., The resolver
- has two sets of windings, one set free to :6tate inside
the other, If an alternating voltage, E, 1s applied to
the primary, then voltages appearing‘aeross the two
seeondary ﬁindings will be proportional to E sin A and
E cos A, where A 1s the angle between the primary and
seeoﬁdary windings,

Voltage R 1s fed into resolver RS1, and the second-
ary voltage R 8in A is eompared with the X voltage. The
difference, dr error signal, 1s amplified, and then '
drives a motor until a balance is reached, hence position-
‘ing the resolver rotor for the correct angle, A = arcsin x/r.
The voltage from the other secondary winding of RS1 1is
then proportional to r cos A, and is added to the voltage
from the other function potentiometer to obtaln a voltage
-2 = «(Y + R cos A,) This summed voltage drives a position
servo which 1n_turn positions the plotting head at a
distance z on the plotting scale being used,

The voltage represepting the x distance 1s obtained
through operation on three voltages. Switeh Slb taps off

a voltage proportional to (n = 1)s, where n is the number
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18
of the trace being computed, and s is one half the distance
between geophones., Potentliometer P9 is used to adjust the
machine variable, S, for the cor;ect value, Potentiometer
P12 taps off a voltage proporticnal to u, one half the
in-line distance from the shot-point to the number one
detector; this voltage 1s added to the voltage from switch
S1b to give a voltage [U + (n - 1)S1, proportional to the
total in-line distance from the shot-point to the receiver.
A voltage proportional to w, the off-line distance of the
shot-point to the detectors, is obtained from potentiometer
P10,

The quantities ﬁ and [U + (n = 1)S] represent the
legs of a right trlangle, from which the hypotenuse, X, is
desired. Letting Ut = (U + (n -~ 1)S], 1f Ut and W are in-
phase voltages eonnected to the primary eoiis of a .
‘resolver, then the outputs on the secondary coils are:13

| (1) -Ut sin B + W ¢os B

(2) Ut ecos B + W sin B,
The voltage on coll (1) 18 used as the error signal for the
servo amplifier, so that -U%t sin B + W ¢cos B = 0, or
tan B = W/U', The output on the other coil is then
Ut cos B +W sin B = X, the desired quantity.
- For plotting the horizontal distances (x plot) the

reflection points must be located with reference to the

shot-point, or in case of off-line shooting, with reference



19
to the perpendicular projeetion of the shot-point on the
line of deteetors, If the shot-=point projeetion lies out~
side the receiver layout (beyond one of the two end
detectors), the shot-point projection is located at the
edge of the>paper, and the reflection points are then
positioned progressively across the paper. The servo
driving the plotting head 1s positioned by using the vol-
tage (U + (n - 1)S] as an input. If the projection of the
shot-point 1is inside the receiver layout (between the two
end detectors), the number one reflection is loeated near
the edge of the paper, and the shot-point 1s then located
at the pfoper distanee toward the center., 1In this case,

. the voltage (n - 1)S, from switeh SIb, 1s used for position-
ing the plotting head to locate the reflection points, In
order to locate the position of the shot-point projeetion,
-the calibrating switeh (S2 in Fig. 3) is turned to the
"CALIBRATE SHOT-POINT IN~LINE DISTANCE" position; the U
voltage then positions the servo, and the location of the
plotting head may be observed., After the position of the
shot=point is established, the switech 1s returned to the
"OPERATE" position, and the plotted points will assume the
proper location with respect to this projection.

General. The full diagram of the computer is shown
in Fig. 3. Potentiometers P1ll and P15 apply small cor-
reeting voltages to position the plotting head over the
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Fig. 3

DIAGRAM OF ANALOG COMPUTOGRAPH
FOR SEISMIC RECORD EVALUATION
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eorrect x or z reference line on the plotting paper.
These potentiometers should normally be adjusted above
ground to allow some leeway in a&justment, and to prevent
potentiometers P13 and P14 from driving against the mech-
anlecal stops.

On servo units in which voltages of a wrong phase
may be appllied, such that a balance cannot be reached,
limiting switches are used to prevent the motors from
running away, or damaging the potentiometer stops. These
switches are arranged to open the reference phases of the
two bhase motors when the potentiometer rotors move too
far., Servos 3 and 5 are arranged to prevent improper
phasing, therefore have no limit switches,

A constant voltage transformer 1s used as a volt-
age source., Since the end of all voltages is to drive a
servo unit, énd since all‘voltages stem from the same
supply, the computer 1s not eritical to small voltage
fluetuations. The constant voltage transformer is used
to prevent changes of sensitivity of the servo units that
take place with large voltage variations,

The lead screws shown on the dlagram indicate
schematically a means of positioning the plotting head,
but are not necessarily the means used,

Method of Setting Machine Variables., The time

varlables, tr and t,, are the only ones that are set into
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the machine through accurately calibrated dials, All
other econtrols may be approximatgly calibrated to facil-
itate sétting, but the acecurate settings of parameters
should be done by utilizing the plotting heéd movement as
a check. The values of the machine variables H and K may
- be adjusted by eross checking between the output at two
different depths as previously ealeulated, Thus, in effect,
it beecomes a process of empirically solving for two un-
knowns from two equations., The values of u, w, and s may
be calibrated by switehing S2 to the proper position, and
observing the motion of the plotting head in the x
direetion.

Limits of Variables., In order that certain resist-

ance ratios, and amplifier gains may be determined, and
that errors in the computer may be caleulated, it is
necessary that limits be set on the equation variables,
These limits have been set at approximately the maximum
values reached in practice. The set ialues may be found

in Table I,
Relations of Components, In order to fulfill the

requirements set forth by the limits on the variables,
certain resistance ratios, and the gain of isolation and
booster amplifiers must be established, These values,
within practical limits, may be a matter of choice and

expediency, for there 1s no unigue set of values which



TABLE I
LIMITS OF EQUATION VARIABLES

Equation Minimum Maximum Units

Variable
Z 0 20,000 ft
t 0 2.4 see
t, 0 2.4 sec
tw -0.1 0.1‘ sec
k 0.5 3.0 1/sec
kt 0 1.2 -
v, 5500 9500 £t/sec
v 5500 20,000 ft/seec
h 3000 18,000 £t
x ¢ 3000 _ £t
u 0 1500 ft
w 0o 1500 £t
8 0 150 £t
n 0 24 -
v 0 7.1 x 105 £t
r 0 14.7 x 105 £t
A o 30 degrees
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will fulfill the requirements, The relations chosen are
given below.

Comparative Reslstance Vaiues:
P8 = 2R2 = 2R3

R4 = R35 = R36

Rl = 9P3

R5 = 2R6

R11 = R12 = 0,74 R15 = 0,74 R10
R18 = 0.2 R19 |
R26 = R27 = R28

R29 = R31 = 0.5 R30

R9 = 9 P15

R25 = 9 P11

Gain of Amplifiers. The gain of all isolation and
booster amplifiers is 1.0, except for BA3 and IA2, which
have gains of 0.5 and 0,5% respectively.

Miscellaneous, Trimmer potentiometers should be

provided on the grounded end of R35 and R19 in order to
allow an initial gdjustment of the correct relationghips
between T, and T,, and between X and R cos A, Also, the
gain of IA2 should have a screwdriver adJustment to obtain
the proper summing of Y and R cos A, Elsewhere, small
errors in original adjustments willl be compensated in
calibration.

The funectional relationship on P5 and P6 is effec~-
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tive over 300° of rotation; P3 1s directly ganged to P5
and P6, so that but 5/6 of the 360 degree potentiometer

is used.



CHAPTER IV
EFFECT OF ERRORS IN THE VARIABLES

The effect of errors in the equation variables and
machine variables 1s studled in the following section.
For each of the variables, an equation 1s derived for the
error in output due to an error in the variable, From
this, and the limits that have been get for the equation
variables, the values of the equation variables have
been determined for the maximum error in output for an
errér in the given varlable. The valﬁes of the maximum
partial derivatives with respeect to the equation variables
and the machine variables, and values of the partials for
a speeial problem are listed in Table II at the end of the
chapter,

Output Error--General. Let the equation to be

solved be expressed as

Z=F(q,,¢l,) 93, + - *)
If there 1s an error dq1 in each of the variables, the
error in z 1s approximately

dz = 9z d + d2 4 oo ou
| P M ol &

In order to find the error in the machine, one must find
the partial derivative of each of the equation variables,

and the effect of the machine components upon the varlables,



Effect of Machine Components on the Variables, The

machine variables are related tq the equation variables

by the relation

Q' = —‘,— ¢
¢ (‘l')max 3

8o that 99: = (3 )max 9 Q:
and dz = (1,),"‘“c 9z daQ; + (gdpax 2% dQ2 *. . ..
9 TR

]

The output error due to any one machine variable is

dz = (9;),,,,,‘ _ad_?é. dQ;

=9z JQ;
Q¢
Note that 2z = (¢:) .. d=z .
d Q¢ ? '"”'e ‘

This will be used in the next seection.

In this computer, if the machine variable Q is
considered as the fraction of the maximum output of a
component, then Qmax = 1. Therefore, 4Q is the fractional
error of the eomponent, Sinece components are normally
classified according to the maximum percent error, then
it remains to find the partial derivatives and their
maximum values, in order to find the maximum error due

to any one eomponent.

THE PARTIAL DERIVATIVES

Eguation Variable t. Writing the depth equation
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in the form

z = b{(ca:b hkt - 1)+ [.rinh‘ht - (7'&_)2]'/2}

and taking the partial with respect to t,
. 2z - hhf:t'nh kt + sinh kt cosh kt }

9t sinhZ Kt = (X2 ]
[ )]
Since kh = v
and [Jinhz Kt - (_x_)Z}'/'2 = sinh kt cos A
h
then 2z = v,,(;/'ﬂ/; ht + cosh Kt
‘ 0t cos A

Referring to the maximum values on the iimits, in Table I
dz. - 2.4 V,(.s/'nh ht + coesh U€E

97— Cos A
0z = 2.4 Va(-f"nh kt + cosh Kt
I7r cos A
2z = 0./ v,(.f/'nh ht + cosh k¢t
9 Tw cos A

To set up eonditions for a maximum value of this

partial, 1t 1s necessary that

Vo — max, = 9500 ft/sec

A — max, = 30°

x — max. = 3000 £t
o r = x/sin A = 6000 ft
In order to let the term (ecosh kt/cos A) have greater
effect, let kt become a maximum for the given eonditions,

then h will become a corresponding minimum, since h < 1/k.
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Conditions must also be sueh that

v&E 20,000 ft/sec

or, for Vv, = 9500 ft/sec
then dy z =hz = V=Yoo = 19,500 ft /sec
- dz
so that hk £ 19500 L.
2 See

Also, k= Vo = 2500

A s :
go that Z2 £ 49,500 h = 114

4500
But - z = 4 Flkt) |
where f(ht) = cosh kWt =] + sinb 4t cosA

from a table of hyperbolie funetions it may be determined
that

Cosh At = /.33

and kf = 0.79
Then h = r = 6.9 xs0° £t
Srnh Kt
z= 76 x 10° f¢
h Sec
t = 0.56 spe

thus showing that all parameters are within tolerance,
The maximum value of the partial of z with respeect to



the equation variable is

(i;) = 2.3 x 10% Ft/sec
ot /max '

Equation Variable k. In a similar manner to that
used for t, 1t may be shown that

20z — ht(.rinh kt + cos i‘}
ok cos A

and

"

3ht(:inh kt + cosh ht)
cos A

PR
IK
To obtain a maximum of this partial,

h — max. = 18,000 £t

X — max, = 3,000 £t

t — max. allowable with other specifications
. k — min, = 0.5 sec’l
z — max, = 20,000 ft

Now flkt) =

|

Zz = /.1
A
For the general case of

F(ut) = f = (cosh ht - 1) +[5,-,, h% Kkt - (_%.)2]'/:&
(cosh ht -1 = €)% = sinh? pt _((77;_)2 |

and since cosh®ht - sinh? kt =/

solving for eosh kt gilves

cosh ht = (F+ 12 + | + (}7))2
2Z(f + 1)

30
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For the specific case of f(kt) = 1.11, and x/h = 1/6,
cosh kt = J.300
and from a table of hyperbolie fﬁnctions, kt = 0.756, and
sinh kt = 0,831. Now

t = (4t) = 151 see
A

A= .fin"( X ) = /.6
h sinh kt

Vo = Kh = 9000 Ft/sec

‘ v=v,+kz = /9000 ft/sec
thus eompleting the list.
Theréfore,

(_3__2_._ = 5.9 x 10% ft-sec
9A/max

Equation Variable kt. In a similar manner as used

previously,
0z _ - h(::‘nh kt + cosh kt')
d (kt) cos A
and 9z = 1.2 h(.fr'nb kt + cosh gt)
d(AT) cos A

For a maximum, the same conditions apply as for k, so that

oz = 3.9 x 10% ft
O(kt)/may

Equation Variable h, It may also be shown that

2z - cosh ht -1 + sinh kt
7 h ' cos A

and = /8,000((:0:/1 ht - | + sinh kt-)

dz
oH cos A



To obtain a maximum, then

kt — max. = 1.2

X — max. = 3000 f¢

A — max, = 30°

Checking other parameters gives

r = _x = 6000 f¢
sin A
h= _r = 3.97x 10> £t
Sinh kt ‘
z -8 #2 xm"{’t
Also V=V, + k2 £ 20,000 ft/sec
Yo +2= /h +2 & 20,000 Ft/fsec
k
80 that ke /.62

thus satisfying all requirements for the variables.

Therefore {_a_z_) = 2.6
max

Equation Variable x, Taking the partial of z with

respect to x gives

—

aZ =
dx

- X

(A% sinh?nt - x2)¥*

~X

r cos A

-Fr 3rn A

F cos A

~tan A

The partial with respeet to X is
2z

Fd
29X

= = 3000 tan A

32



33
For the limits specified, the partial has a maximum at

A =30°, '
(é_z___) = 0.58
29X /max

Equation Variable (n - 1)s, Considering (n - 1)s

as a single variable,

&

2z = 9z Jdx (n -1ds
oLln -nN3] 9x dl(n-1s]
Now x =f{w? + [u + (n —/)5]2}7‘
20X = 4 + (n-1)3
9[Cn-ns] X
2z = - 4 *+ (n-))5 tan A
dL(n -ns] x
and Q2 = =-3000 U_#* (n =15 tanA
o[Cn-1nS8] X

For w = 0, = —tan A

!

az
of(n-ns]

with a maximum in the eomputer at A = 30°, the same as for x.

Equation Variable u., Similarly,

0Z =~ d _*(n =05 tan A
4 x
and Jdz = =/3500 ¢ 2 Lu-ls taen A
ol x
with a maximum at w = 0, and A = 30° of
faz = —tan Amax = —0.58
o« /max

Equation Variable w. Likewise,

2X = _Ww
ow X
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so that 2z = —w tan A
ow X
9z - - /500 w tan A
W X

This has a maximum at (n - 1)s =u = 0, and A = 30°,

.LLZ_) = ~tan A =-0.58
d w/may
Equation Variable z. Clearly,
2z =/
¢z
then 93z - 2.0 xs0*
: I Z

for all values of z.

Equation Function cos A. Considering (ecos A) as

a variable , and (Cos A) as the machine variable,

__Qz__ = h sinh ht
dlcos A)

= r

D& . =r
IHCos A)

- The maximum value of r has been listed as 1.5 x 104 e,

Equation Function sin A. It has been shown pre-

viously, that xX= rsinA
and _ai = i‘a n A
ex
S(srnA) ox Jd(srnA)

—r tan A
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and oz = —0.5 r tan A
(Sin A)

To obtain a maximum, let A = 30", with a corresponding
maximum of » = x/sin A = 6000 ft, Then
2= = 3.5 x 10°
a(.’l'n A) ma x

Equation Funetion (eosh kt - 1). Considering

(cosh kt = 1) as a single variable,

o= =
d(cosh hkt —1)
with a maximum at h = 18,000 ft. Designating the machine
variable as M(eosh kt - 1), then

9z
dM(cosh kt -1/)

Equation Funetion sinh kt. Also,

-9z = A
d(sinh At) heos

The partial with respeect to the machine variable 1s

92
IM(sinh ht)
This has a maximum value at h = 18,000 ft, and A = O,
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THE PARTIAL DERIVATIVES WITH RESPECT TO THE VARIABLES

Equation - -

Varéable, (02/0q), (d?éi?)? (02/0a) ., (a?éi?)max
t, t, 2.0 x 104 h,ox 104 2.3 x 104 5.5 x 10‘}
£, 2.0x 10" 2.0x10° 2.3x10° 2.3x10°

X 5.1 x 10 1.5x10° 5.9x 10° 1.8 x 107

Kt 2.9x20" 3.5x10° 3.9x10% #.7x10"

h 2.3 5.4 x 10t 2.6 5.6 x 10"

x -0.15 -4.6 x 10°  -0,58  -1.7 x 10°

(n - 1)e -0.15  ~4.6 x 10°  =0.58  =1.7 x 10°
u -0.15 -2,3 x 10°  -0,58  -8.7 x 10°

w - - -0.58  -8.7 x 10°

cos A 1.3 x 104 1.3 x 104 1.5 x 104 1.5 x 101‘
sin A 2.0 x 103 1.0 x 105 3.5 x 10° 1.7 x 10°
(cosh kt - 1) 8.8 x 10° 7.1 x 105 1.8 x 10" 1.5x 10"
sinh kt 8.7x103 1.3x10" 1.8x10% 2.7x10"
r 0.99 1.3 x 10" 1.0 1.5 x 10"

¥ 1.0 7.1 x 10° 1.0 7.1 x 105

1.0 2.0 x 10" 1.0 2.0 x 10"

-~ These values_are eomputed for variables specified

in Appendix 1.



CHAPTER V
ERRORS IN THE COMPUTER, AND' COMPONENT TOLERANCES

With a knowledge of the operation of the computer,
and a knawledgevor the effects of errors in the machine
variables, the effeets of varlous sources of error may
be caleulated,

In general, the possible errors in the designed
computer may be listed as:

(1) Errors in the position servos, including gearing;

(2) Errors due to non-linearity and resolution of

linear elements;

(3) Errors due to lack of conformance to funetion

of non=-linear elements;

(%) Errors due to loading of electrical components;

(5) Errors due to phase shifts;

(6) Errors due to changes of gain of amplifiers;

(7) Errors due to temperature effects;

(8) Errors due to calibration manually.

This paper will be concerned chilieflly with the first
seven of the above listed sources of error, for exeept for
the resolution of adjhsting potentiometers, it 1s assumed
that the error due to manual calibration i1s limited only

by the reading accuracy of the output,
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I Servo Errors

In as much as the lnherent error, or dead zone, of
the servo units 1s dependent on the design, it 1is here
aséumed that the obtainable accuracy of position of a
servo 1s limited only by the resolution of the voltage
actuating element which it controls.

The servo units will be eonsildered from the stand-
pqint of finding the miniﬁum dead zone in terms of angular
rotation or in terms of the fraction of the total rotation
of the driven element. |

It has been pointed out that the error in z ecaused
by a fraectional error, dQ, in the voltage from the con-
trolled eompoﬁeﬁt is

dz = max g—?—z-— aQ

=2z dQ

IQ
‘Therefore, in order to 1limit the output error to a small
value dzo, the servo must position the driven component
such that the ratio of the error in the output voltage from
the component to its maximum value must be
4 « oot

A/max

The above equation is sufficient for servos driving linear

elements, However, on servos driving the resolvers, the
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value of dQ 1s a non-linear function of the angle; these
wlll be considered separately,

For the linear elements, letting
@ = the angle of rotation,
the allowable error in angle is
de -4— emax dzo
(5&)
I9Q /max
or, if the eomponent affects the output in the x direetion,
to 1limit the error to a value dxO roi any one component,
d0 % Omax d X, |
(5)
IR/ max
For example, servo number 3 must be considered from two
standpoints: first, it determines the precision of plotting
in the x direectlion, and second, it helps to determine the

aceuracy of calibration of the x sources,

Servo Number 2. The first of the servos to be

consldered driving a non-linear element 1s servo number
2, driving resolver RS1 with an output machine variable
Q= RecosA = _1__ r cosA

Fmax

For an error in angle A,

dQ.:: -rsinA dA
) F'max

= - X dA

I'max
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so that for [dQ| =« 4z,
rmax(_d-;—
9F/max

then _ dA = d=z, radians

X 0z

”mx(a/-,na)‘

or. dA = 180 dzo degrees

T Xmax 2’_?:_/

OV /max

Servo Number 5. The output of resolver RS2, driven

-by serveo number 5, 1s
X = U'cos B + WsinB
If an error dB appears in angle B, the error is
d¥ =(U/'sin B + Weos B)dB
The term in parentheses 1s equal to the voltage on the
other coll of the resolver and is set equal to zero, so
that the error becomes small.
Turning to another method of approach, and letting
dX = X(B+ 48) - X(8)
then dX = U'cos (B +dB) + W sin(B + dB)
“(U'cos B + W sin B)
dX = ' [cos(B +dB) -cosB8] + Wlsin (B +d8) - sinB]
But cos (B +dB) = cos B cos dB -~ s3in B sin 4B
M €os B cosdB
and sin(B +dB) = sin B eos dB8 + cos B sindB
= s5fnB cosdB

e dX = U cos Blcos dB -1) + Wsin B8 (cos dB -)



dX (cos dB=-1)(U'cos B + W sinB)

(cosdB -1) X

Since Xmax = 1/

G'X,M, = (cosdB —1)(cos dB +1)
(cos 4B +1)

= cos?2 dB -/
cos dB * 1

sin® d8
cos dB + |

X% s5in*dA
2

for dB small, so that very nearly,
) dB = 5’.’7-4 (Z- deax)l/z
In order to limit the output error to a value dz,, then

dXde -{—— dZo

az)
W max
-.1 dBé /QO [Z ng ]'/Z dfgrp@s
™ (é&
ax max

Results, Calculations have been made for the
fesults regarding the angular error for the servos, and
have been collected into Table III. This table shows the
maximum angular error, or dead zone, per unit error in
z. The allowable dead zone of the servo, for an output
error dz,, is then, in terms of the output angle,

a9 < dz, x tolerance per foot error in z,

b1



ho
TABLE III

REQUIREMENTS FOR ANGLE OF DEAD ZOKE OF
SERVO DRIVEN COMPONENTS

Servo Equation Tolerance per Tolerance per

Variable Foot Error in x Foot error in z

1l kt 2.1 x 10 . emax

2 r cos A - 1.9 x 10™2 gegrees

-4 -4

3 x 3.3 x10 emax 5.8 x 10 . 6 max

4 z - 5.0 x 10 emax

5 x - 2.1/(dz°)y‘ degrees
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II & III Linearity, Resolution,
and Conformity to Function

The general requirements for linearity, resolution,
an& eonformity to function are now discussed. Following
a description.of a general method of finding the require-
ments of components, and special discussions where neces-
sary, the output error due to errors in the components,
and the maximum allowable errors in the ecomponents per
unit error in output, z, are shown in Tables IV, V and VI.

. @General Reguirements. The requirements of a eom-

ponent in the ecomputer depend upon the analogous variable
which 1t generates, and the manner in which it is used,
Except for functional eomponents, potentiometers driven
by servo unlts and potentiometers requiring an accurately
calibrated se¢ale must, of necessity, be linear, On the
other hand, potentiométers whieh are adjusted by hand by
observation of the output, need not have any high degree
of linearity, but the resolution’ must be small enough to
allow aceurate adjustment of the maechine variables,
Funetion generators must accurately duplicate
the analogous variables in order to limit errors on the

output depth scale, Since these units are normally quoted

-- Resolution of a potentiometer is defined as the
smallest fractional change of resistance as the contact
moves along the resistance coil, It is equal to 1/total
no. turns of wire,



as to the percent deviation of the funetion from the
maximum value, the requirements ?ay then be eomputed on
the same basis as for linear potentiometers,

, Linearity. If a eomponent is generating a machine
variable Q, representing equation variable g, and a
nonlinearity dQ oceurs, then the error in output depth,
measured in units of depth, 1is

dz =9z dQ

Values of 9z/0Q and (az/'aQ)max are given in chapter IV,
Limiting the error due to each component to a value dzo,
then dQ £ dz,
( Q/max

The value of the tolerance on a ecomponent 1is

percent tolerance per foot error in z = /oo 7%,

-g_Q—max

Linear and functional eomponent tolerances are listed in
Tables IV and V,

Resolution. On adjusting potentiometers dependent

only on resolution, if the smallest resistance step
eorresponds to a change of output 2 dz,, then 1t is
possible to set the potentiometer to a value which will

produce an output wilthin a value dz_ of its desired value,

o
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The resolution must then be

d@“ ZdZo
(O’Q max
and percent tolerance per foot error in z = (2)(/00)7%

(5 hmas

Resolution tolerances are listed in Table VI,

Resistors R22, Resistors R22, whieh in a sense

form a step function generator, and are listed with the
funetion generators in Table V, are here considered in
order to determine the neeessary preeision of the
resiﬁtors.

Clearly, for an abso-

E
-1 R(1%6)

lute linmit of the error to

some value, then each resistor
must have the same preecision !

: _ n %R(l‘-‘e)
as required for the funetion

generator as a whole, Howe

)
1
:
ever, the resistances of low 2 % R(1t€)
value will tend to eompensate 9 L
for those of high value so
that the probable error is Fig, 4
) EQUIVALENT OF
decreased eonsiderably., Con- RESISTORS R22

sider the equivalent series network in Fig. ¥, where
g = the total number of series resistors

m=n«1= the number of resistors across



which the output 1s measured,

e = the probable fractional error of the
resistors

E = the source voltage

E0 = output voltage across m resistors

1 = eurrent through the resistors,

The ratio of the output voltage to the source voltage 1s

L, =L R (Mt Vme)
£E E

The current 1s ( = E
Rlg t Vg ¢)

80 ti'xat

np

- ER(m3 Vme)
ER (9 £V7 €)

= mtvm e
9:v5 &

m(/ t.f_)
= Vm
A -
(1 *45)
Now, if e << 1, then to a close approximation,

Fr 20507 5)

Ignoring errors of the second order,

%"_z _"p_ /x L ?‘fj‘)
= tr;)_[l te(__yLﬁ. —_’l/f)]
=_m__(/t¢" Q‘m)

9 gm
gt opofasm
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Lo 5

Eo =m + e/ m((qa -—m)
= 9

The probable error of Ep with respect to E 1is
then

I

e _Vm(lg -m)

33&

r-e, =

Taking the derivative of this and setting it equal to zero

gives
d( .e) = + . - !
gip-e.] r e 6%2===ééggr_
dm 29 m(9-m) )

P

[ m :_2_

This value of m corresponds to a maxinmum value of the
probable error; setting in this value gives

E)may = t_O
re e

For the case in question, g = 23, so that
(P-Cmax = £t O./e

This error in terms of the machine varlables 1is
pe. =d[(n-D5]

The maximum probable error in depth then becomes

a’ = d =z d ( - 5
“ Jd(n-1)5] [tn =151

= * L7 xs0% a

The required probable error of the resistors to limit the
probable error in depth to a value dzo is

< 5,9 ,\'/0"30'20
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| Following the practice of eonsidering the probable error

of a eomponent as 1/3 the limiting error,l4

the preecision
tolerance 1s 3e per foot error in z, or

Tolerance per Foot Error in z = 1.8%
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PABLE IV
LINEARITY REQUIREMENTS FOR POTENTIOMETERS

Equation  Per Cent  Per Cent
Component Variable Tolerance per Tolerance per
Foot Error Foot Error
inx in 2z
Pl tr - 0.0018
P3" | kt - 0.0021
P13 X 0.033 0.058

4- Note: The tolerance for P3 must be Qultipligd by
5/6 for linearity computations, since but 300° of 360
rotation 1s used,
TABLE V

REQUIREMENTS FOR FUNCTIONAL COMPONENTS

Equation Per Cent Per Cent

Component Variable Tolerance per Tolerance per

Foot Error Foot Error
in x in 2

P5 (cosh kt - 1) - 0.0068

P6 sinh kt - 0.0037

RS1 ecos A - 0.0067

RS2 X . - 0.058

R2s ™ (n - 1)s 0.59 1.8

-~ fThese figures are based on probable error of output
from the resistors.
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RESOLUTION REQUIREMENTS FOR POTENTIOMETERS

, Equation Per Cent Per Cent
Component Variable Tolerance per Tolerance per

Foot Error Foot Error
in x in 2

P7 h - 0.0043

P9 (n - l)s 0.067 ' 0.12

P10 w - 0.23

Pl1l x/10 0.67 -

P12 u 0.13 0.23

P15 z/10 - 0.10
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IV Loading of Components

The loading errof‘of_thé }inéaﬁ potentiometers has
been approaehed from the standpoint of finding a minimunm
value for the load resistor™ The potentiometers that
must be eonsidered are those dependent on limearity, plus
the function generators not isolated by amplifiers,
Resistors R22 may be eonsidered as a potentiometer of
resistance 23 R22, _

Simple Potentlometer. The deviation, D, due to

-loading of a potentiometer here refers to the fraction DE
of the total voltage impressed acrogs the potentiometer
by whieh the output voltage is in error due to loading
effeets, or

D=2~ L.
E

This 1s given by Korn and Korn as 15

D=-a*(l-a)pP
Re

for P/RL << 1

where EO = output voltage at the wiper
E = voltage impressed aecross the potentiometer
a = fractional resistance of the potentiometer

across which E_ 1s measured.

-~ The load resistor is8 the resistor paralleling the
portion of the potentiometer between the wiper and ground;
it has the effeect of reducing the voltage at the wiper,
by redueing the effeetive resistance to ground.
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P = potentiometer resistance
Ry, = load resistance,
Taking the partial with respeet to a, and setting this
equal to zero,

9D = ~a(3a -2)P. =0
ca A

or a=2
3

for a maximum deviation,

Therefore D = -4 P
may Z7 RL '
But - D = dQ, the error in the machine variable,

Therefore the maximum error in output due to loading of a

potentiometer generating the machine variable Q is

dZ = LZ_ Dma_x
aQ max

68, 9%

9Qmax \27/ A,

so that, if the output error is to be limited to a value
dzo, then

= %(_gé-)max szo

Potentiometer with Resistor in Serles, The loading

effects on potentiometer P3 may bé found by study of the
fraetional part of the loading eurve for a potentlometer

of resistance(P3 + Rl). Since P3 uses but 5/6 of the

full rotation, and the resistance of P3 is 1/10 of the
total resistance, the maximum value of a is then 1/12, ILet
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D, = deviation of pot (P3 + R1) at the maximum

of a =1/12
D = deviation of pot (P3 + R1l) at a.
The deviation from linearity of the 300° of P3 1s approxi-
inately twelve times ‘the difference between D and 12aD;
this may be seen more readlly by referring to Fig. 5. The
mltiplier of twelve 1s necessary sinece D 1s the fraetion
of the total,

AcTc.Lal

1
T%?

2,

Il

Fig. 5
LOADING OF POTENTIOMETER P3

The deviation of P3 1s then

H=12(l12za Dm - D)

Letting P = L+ R
R,



the deviation at aj,, = 1/12 is

Dm = @*(1-a)p = 1
m 2 7Dk r
so that O = /z,oa[_{L_ —a(l~42?
: (12)*

- To £ind the position of the maximum, set the partial equal
to zero.

dD = ,a(.?m’—zz/a + 0\ = o
da - 12

8o that

a = 24 t (596 - 132)7R
72

Since a «1/12, inspection indicates that

a = an -~ (44417
22

= 040
».‘. pmdx :'0'0/3/3 = OJOIé(PZ;R!!
L

And since R1 = 9 P3, and Ry = R5 + R6 = 1.5 R5 (assuming
no grid resistor other than the summing resistors),

then o . = 0,12 :3/35.

Ir Cnax 18 held to a value suech that the resulting output
error 1s dz,, then

Dinay = d(KT) &« _dz,
(3(K7))mak

and Ry Z 0.12 5 ( z )
’ Tas d’?KT) may
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Potentiometers P8. An equatlion to £ind the maximum

deviation of potentiometers P8 becomes extremely involved.
However, since the load resistor 1s governed by the
requirements of Pl, and the portion of the voltage tapped
from P8 is small, then by making this branch of the same

~ order of resistance as P1 (e.g., R2 + R3 = P1), an ample
safety factor may be obtained., An additional help i1s that
the partial of z with respeet to the machine variable 1s
small in comparison to that of Pl.

Load Resistor Requirements. Using the above

equa%ions, Table VII has been prepared showing the required
value of the load resistor for each potentiometer as a
funetion of the minimum error to be produced by loading of
the potentiometer, The summing resistors for the poten-
tiometer output have also been inecluded, assuming that the
‘amplifier input grids have no eonnection to ground other

than the summing resistors.



TABLE VII
REQUIREMENTS FOR LOAD RESISTORS OF LINEAR POTENTIOMETERS
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Potentiometer Mig:mtggad Summing Resistor
n (8.2 x 10°/dz_)P1  R36 2 (5.5 x 10°/dz,)PL
%] (8.% x 103/az°)P3 R5 2 (5.6 x 103/az°)93
pg" (8 «x 103/azo)P8 R35 > (5 x 103/dz,)P8
P14 (3.0 x 10°/az,)P1k R15 > (2.3 x 10°/dz,)P1k
P13 (2.6 x 10°/az,)P13 R28 ® (1.7 x 10°/dz,)P13
'(u.h x 102/ax°)P13 R28 = (3.0 x 102/ax°)P13
23 R22 (5.9 x 103/azo)322 R29 = (3.5 x 103/az°)322
(1.0 x lou/azo)RQQ R29 * (6.1 x 10°/dx,)R22

4+ See discussion above,
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V Phase Shifts

Fhase shifts will be eonsidered from a general point
of view as to the effects in the eomputer, The places in
whieh trouble may occur may be listed as:

(1) Phase shifts between inputs of two-phase

motors

(2) Phase shift of input to servo amplifier

(3) Phase shift of voltages into summing networks

(4) Phase difference between inputs into resolver RS2,

Motor. If there is a phase shift of the control
phage of the motor with respect to the reference phase,
the result will be a reducfion of torque, since only the
eomponent 90° from the reference phase is effective In
producing torque on the rotor., Thus, a small phase shift
at the motor ean do no more than effect a slight change of
‘gain, which would not be detected because the servo

feedback reduces dependency on gain.

Servo Amplifier. Consider two voltages, E and E,,
Into a servo amplifier, where E is the input voltage, and
E2‘is the controlled voltage., Let E be of the correct
driving phase of the two phase motor, and E2 be at an
angle of (m - C) with respect to E. For the motor to
drive E2 until a balance 1s reached, then the component of
E, 180° out of phase with E must equal -E, or

E =—E; cos C
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The fractional error in the driven component is

‘.’é: ___25'£ = ! -;’
£ E cosC

= )—- coesC
cosC

/- cOsC)(/ * cosC
cos(C ! +cosC

/] - cos?(
Cos C() + cosC)

sin2c
cosC (] + cosC)

)]

L sinfC
2

for C small.

If the voltages into the servo amplifier have a
constant small angle C, then the resulting error may be
calibrated out in the original calibration of the computer.
However, if one of the input voltages varies in phase,
for instance due to resolver phase shifts, then a
nonlinearity results in the servo controlled output. The
effeet of an input of varying phase 1s discussed in the

followlng section,

Summing Networks. In general, harmful phase shifts

into the summing networks are unlikely in this computer
because of the extremely small inductive reactances in

the resistors at 60 e.p.s., and because the shift would
be reasonably eonstant., However, voltages out of the

resolvers present more difficulty, because of inherent
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phase shlfts in resolvers,

In this computer the voltgges‘may be considered
from the standpoint of driving components for the servo
motors, since all voltages eventually drive a servo. If
any one of the source voltages for a summing network should
' be'out of phase, then effectively the voltage 1s multiplied
by the cosine of the phase angle, Thus, a fixed phase
angle between inputs to the summing ngtwork may be cali-
brated out. However, a fixed phase difference should not
be allowed to become too great, for it has the effect of
prodﬁcing noise in the servo amplifier.

If the phase angle changes by an angle ¢ from the
desired phase, then the error 1s the same as was indiecated
in the servo amplifier,

dE = _L_ 5’.”26

E 2
If a summing network has an output corresponding

to an equation variable q, the fractional change of q is

49 = 4E
f max E"“"
= _I_sin?cC
2
so that . dg = __Z_I_ Gmax sin? C

The error in the output of the computer is then

dz:_é;_dg
J4
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dz = 2 max dz sin*C

va
2 7g

L 2z smcC
2 49dQ

If it 13 desired that the output error be limited to a

value dz,, then, of necessity,

C &£ sin'| 2 dz, 2
($5)
98 /may

Since C 1is small, then the sine 1is very nearly equal to

7]
. 24dz, .
C & [(55_)”1“] radians

Jo 2420 "
= 7 (dz) d’t’grl’t’:
JR /max

ﬁesolver RS2, If the two input voltages to a

the angle, so that

resolver differ in phase, then effectively, one of the
input magnitudes is multiplied by the cosine of the phase
ditterence.lé Since the inputs to RS2 are calibrated
separately before entering the resolver, an error can
result from a phase difference in the inputs., The output
is proportional to
Xz U'cos B8 *w srn B
Now 1s W is at an angle C with respect to Ut, then
X=U'cos B *+ wsinB co.;c
Ax= wsin 8 (1 — cos C)

- zL wsim B8 sin?C



AXx ~ I wasin B sin*C
2
Since dx £ dz,

(.Lz.
X /max
letting B = 90° and solving for C gilves

¢ £ sin"l 2dze ]’/Z

(_6_2_ Wmax
X /may

& ;;‘n"E«-.s xr0”% (dz,)'/"]
Thus an error from a phase difference between the two
inputs would be very unlikely, since an error of 2° would
give-an error of less that 1 ft, in z,

Phase Shift-~-~Results., Assuming that there can be

no harmful phase shifts except in the resolvers, the
resolvers are the only components for which caleulations
have been made, Table VIII shows the maximum allowable

variation of phase angle of output for the resolvers,

61
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TABLE VIII

LIMITS ON CHANGE OF PHASE OF RESOLVERS

Resolver Equation Maximum change
Variable of phase, degrees
» 73
RSl r eos A 0.21(dz)

RS2 x 1.9(dzo)""
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VI Changes of (Gain of Amplifiers

It 1s a well known raeﬁ tyat electronic amplifiers
are-subjeet to changes of amplification which may be
caused by any number of things, such as varliations of
electrode voltages, temperature, aging of tubes, ete.
These changes of gain c¢can affect the preeision of a
computer so that the required accuracy must be considered
in the design or in the purechase of gueh units,

Servo Amplifiers. Reduection of gain of the servo

amplifiers will result in deereased sensitivity of res-
ponsé, and an Iinereased dead zone of the servo-controlled
component, With good amplifier design, good voltage
regulation, quality tubes, and a sulitable warm-up period
before operation 1s begun, little trouble should be
experienced with change of servo amplifier gain,

Isolation and Booster Amplifiers, The 1solation and

booster amplifiers are feed-back amplifiers with a gain of
approximatély 1.0 or less, to prevent excessive current
loading of the potentiometers or other voltage sources.
They should be of a design such that the gain is constant
to within the same accuraecy that 1s required of the source
potentiometers as given in Tables IV and V. Many different
designs are in use, 80 methods of stabilization will not
be eonsidered.

Summing Amplifiers. Chiefly, it is not necessary
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that the summing amplifiers have an extremely accurate
multlplying factor of any particglar value for the added
voltages, but it is lImportant that this faetor should remain
constant within limits,

Amplifier SmA3 differs a little in this respect,
- for in operating with the shot~point inside the spread,
the voltage (n - 1)S is calibrated beyond the amplifier,
but the plotting voltage 1s taken pr;or to entering the
amplifier. Thus, to prevent error in the x plot for this
particular case, then the gain of the amplifier must be
equai to 1,0, This may be accomplished by a trim-pot,
or rheostat, on the ground side of R29,

As shown in Fig. 6,

a summing amplifier con-

sists of an input summing

‘network;" a high gain amp- . é? «;3¢~ &

resistor providing an

error sSignal at the Input

VWA
lifier, and a feedback E. Ra £,
O—AWA [§:>~———<3
6

grid of the amplifier, The -
e
output 1s37 SUMMING AMPLIFIER

'ﬁ’: i z'ﬁf (/-A)+R,(_L_ s L
R, Rz

- Appendix 2



where El and E, are the lnput voltages to be summed,
Ry and Ry are their respeetive summing resistors, and

A 13 the amplifier gain., Let

A =
/- * Rof L. L
(ﬁ’: Aa )
" then Eo = =(E, Ro + £ Ro ) F(A)
( ! A, g ﬁz)
Letting = / + [ 1
r~ (ﬁ, ' * /?2}
so that f(A) - _A__
A-r
then. very nearly, for A >7 o
F(A) = 1 +
“a
Also, by the same token, if A i1s multiplied by some
factor ¢, then flcA) = / +0
cA
It follows that _
f(A) -1 =
A
! flcA) -1 =~

cA
FEA) -/ = _CI_F(A) —/]

Now [£(a) = 1] 1s the difference of the output
from what it would be with £(A) = 1, the ideal value,
In practice it is not necessary that £(A) = 1, but it
mast be that changes of amplification, A, such as may
be expected in the amplifier with change of tubes and



change of transconductance, will not affeet the value of
£(A) appreeiably. _

The above expressions may be used to find the
mininum design gain of an amplifier, If the gain should
decrease by some fraction b, the amplification A becomes
(1 - b)A, the value of ¢ becomes

c = /-6
and the fractional error due to the change is
dE = [Pled =1] - [£(A) -1]
= =(7_/_z_)[r(A)—/J - [£A) -1i]

which may be reduced to

dE - —,2b
£ A(l-6)

80 that if the fractional error associated with the

decrease of A i1s to be limited to a value e, then it
must be that

AZ _~b
el(’-b)

#lertm) (! * % " 4)

If the output of the amplifier is a machine variable Q,
then = dl = _dz

2z

IR
and 1limiting the change of output depth to dz,, for the

change of gain,



Z/—-{?T L %,L ! )OQ)max(a'zo)

The required gains of the summing amplifiers are
shown in Table IX, including a column allowing for a

25% reduction of gain,

67
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TABLE IX

MINIMUM GAIN OF SUMMING AMPLIFIERS

Amplifier Equation Minimum A Mininmum A for
Variable for 25%
Reduction bA Reduetion
" SmAl % 1.7 x 10° b 5.5 x 10" /dz,
(T- E)azo

SmA3 x 2 x 103 b 1.4 x 103/'dzo

- A
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VII Temperature Effects in Resistances
The effects of temperatufe ehanges in the resistance
networks will now be studied. Tﬂe possible sources of
temperature errors are in the summing networks, in |
potentiometers set in series with other resistances, and
the series resistance network of resistors R22, It 1s
pere assumed that the current 1p all resistors 1s small
with respeet to the rating, so‘that the temperature of any ;
resistance is uniform, and no "hot sbots" develop., The
effects of temperature will be approached from the stand-
point of simply determining what the limits must be on
temperature change and temperature coefficlents. Results

are shown in Tables X and XT.

Summing Networks. To study the temperature effects

of a summing amplifier or a servo amplifier having an
‘output voltage'”

£, = E/Re + E; R + . ..
e Rz

the input voltages may be held constant and the resistances
allowed to vary with temperature, The change of output

with temperature is

~dEy = 0Eo dRe dT, + 9Es dRL AT, + . . .
0Re dT Ry dT

QU

and the.change of resistance with temperature 1is

-r Appendix 2



70
dR¢ = ReA¢

——

7_

where 7T = temperature
A3 = temperature coefficient of resistance
of resistor Ry
d7; = change of temperature of resistor Ry
The change of output then becomes
~dFfo = E,% AedTo + EzRe A, dTo + ... -E,_,ZL A, dT—...
)

f R
= E R (Ao d7 ~2,d7) + E2 R (D0dTo ~Ad7;) +..
ﬁ, 4’2
Letting d2, =20 -2, j dA; = Ao - RAp; ete.
and d7 = d% = d7;, = d7
then ~dEy = E,Re dAdT + Ez Ro da, dT + ...
R/ '?Z

Further letting
Q = output machine variable

Qi = input machine variable into the 1th

reslistor
then Q=Q +Q; +Q;3 + . ..
= £, = _E, Ro + _E; Ro + . ..
£ omax Eomay R Lomax 72
~and Qe = £ Ro
Eomax R

From the above, then

dQ = dEo = £,  RodAdT + Ez  Ro da, d7..
Eomax Eomax N Eomax Az




-
d@ = Q,dA,dT + Qz dA, dT

and d@; = Q¢ dA;dT
Also _ dz - d=
3 Q¢ IR
so that dQ; = _d=
: GL&)
PR
= d=
159
IQ
Therefore, for a slingle resistance ratio
0’/1[0’7: _d______Z
Qi dz)
2Q
To 1limit the output error to a value dz,, for a change of
the 1°® resistance ratio, since (Q)pay = 1 then '
dA;d T & _dz,
Jﬁij
98 /max

Series Reslstors and Potentiometers. Potentiometers

set in serles with another resistance between the supply
and ground will now bé consldered, First, as a speclal
case, potentiometer P3 will be considered,

Potentiometer P3 has been chosen as a 360° pot
using but 300° to represent the function kt. For this
discussion let

R, = resistance of 300° used for function

a
Rb = reslistance of remainder of pot.

a = fractional rotation of 300° used for
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funetion.
With no loading effeets, the output from P3 may be written

Eo = dﬁlqj_ = aEﬁg_
. R * Ry +R 3 + A
and dE, = 9L, dAR, dTa + JL, dRa 4T + JE, dﬂh a7
< dRa dT dA, AT A,
dEo = aE[ARalRs +R)AgdTa -~ Lufe  24d7 - fuf 2d7j
(B +R)? (B +R)* A+ R)
and d7 = d7; = d7-

g0 ’ihat dE, Efga)(%_,_)(ﬂ_;d’f - 2,47 )

= £, _A (/‘13475 - ;lld'7;)

A +R,
or, letting dA = Az - A,
and d7 = d77 = d7;
then dfe = _A dA dT
£, A +R,

It ean be shown using similar reasoning that for
a potentiometer P, in series with resistor R, the change
of output with temperature 1s

dE, = _A dA 47T
£E, P+R

where dA = difference between temperature coefficients
of potentiometer and resistor. If the potentiometer gen-

erates a2 machlne variable Q, then

dQ = _dE, =_A __dAd7T
Lomay P+R

so that to 1limit the change of output to dz,,
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dAdT £ P+R d=z.
R dz
')Q max

Series Resistance Networks. For a network of series

reéistors such as R22, the maximum possible change with

temperature 1s, using the above reasoning,

where m = number of resistors 1in series
d2 = the maximum variation of temperature

coefficlient of the resistors.
Therefore, iIn order to assure an error no greater than
dz,, then the produet of the varlation of temperature
coeffliclents and change of temperature in resistors R22
should be

dAdT & 2% _dz,

* ﬂ[(” ")3] }max

Potentiometers P8, Assuming no loading effects,

the output at the junection of R2 and P8 may be determined
from the equivalent dlagram in Flg. 7 as

E, = (R; + Bfay)2E - E
Ry + P Jay + A

= E(R; + Pf2y — Ra)
Ra + /2y +R3




T4

+E Ry Fe /24 Rs -E
E,
Fig. T

g
EQUIVALENT DIAGRAM OF POTENTIOMETERS P8

The change of output with temperature is

dEo = 9L, dR2 dT2 + 9Eo dRz d7; + IE, d(Pe/z4) d7p
oAz dT 93 dT d(F/24) 4T

= E[-2R(Ry + Po/23) AsdTe  + 2 R; Ry A3 dT3]
(R, *+ Rjfz4 + A3)*

+ EL2R (Pa/24) 2p 47, ]
(RZ + f3fey + A3)%

where 2, and 47, are the temperature coeffiecient and

change of temperature of (P8/24%).
Since Mz = A3 = _g_e.

~ and letting d7 = d73 = d7; = d7p

the fractional change of output may be reduced to

dEe = (2003 dr[(a, —Ay) + L (2, - 227]
25

Eo
Further letting A, =~ A3 = Ap
and dA = As - A,
then _a_’ﬁ__z.-f,,, = /2dT7dA

The change of depth, z, for a change of temperature in
this eircult generating machine variable Ty then becomes

dz = dz. 4 Tw
9 Tw
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dz = /2 9z d7edR
Jd 7w

Therefore 1t is necessary that

dTdA = dzg
2 fdz
7w )max

_ with the previous specification that all of the tempera-
ture coefficients of resistance in the circuit are
approximately equal, 1.e., the resistors are wound with
the same material. (Resistors of the same materlal ean
have different temperature coefflcients because of
various factors, as discussed by Blackburnla.)

Caleulations on Temperature Effects., Using the

values of (az/'aQ,)max for all the variables fed into the
summing networks or generated by the voltage dividers,
calculations have been made and Tables X and XI have been
prepared showing the maximum value of d7dA/dz for each
of the resistance pairsIF Since some of the pairs affect
the x output, the tables include columns showing also
the maximum d47d1/dx,

If 1t is desired to limit the output error in z
to a value dz,, for any one of the resistance pairs, then

the design should be such that
dTda .e(c/_yza) dzo
4

max

<+ A resistance pair here indicates the feedback
resistor and one of the input resistors of a summing
network, or the serles resistors in the case of a voltage
divider,



TABLE X

TEMPERATURE REQUIREMENTS IN SUMMING NETWORKS
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Amplifier %ggi:%gﬁ Resistors (a743/ax),.. (47d1/dz),,,
SmAl t, R4, R36 - 1.8 x 1079
SmAl ty R4, R35 - 4.3 x 107"
sA1 kt RS, R6 - 2.1 x 1070
SAM r R15, R1l - 6.7 x 1070

 SA4 ¥ R15, R12 - 1.4 x 107F
SA4 z/10 R15, R10 - 5.0 x 1074
SA2 x R18, R19 - 5.8 x 10~%
SmA3 u R31, R30 6.7 x 107 1.2 x 1073
SmA3 (n - 1)s R31, R29 3.3 x 107 5.8 x 1074
SA3 x R28, R2T7 3.3 x 1074 -

SA3 x/10  R28, R26 3.3 x 1070 -
TABLE XI

TEMPERATURE REQUIREMENTS OF SERIES RESISTORS

Resistors %gﬁ?:%gg (aTar/ax) . (d7da/az)max
P3, R1 kt - 2.4 x 107°
P8, R2, R3 t, - 3.6 x 107
P15, R9 2/10 - 5.6 x 1073
P11, R25 x/10 3,7 x 1073 -

R22 (n-1)s 3.4 x 10~ 6.0 x 10~




CHAPTER VI
CALCULATION OF PROBABLE ERROR OF A PLOTTED POINT

In order to further help the engineer, calculations
have been made concerning the probable error of a plotted
- point., It shall here be assumed that amplifiers and
temperature varlations have been chosen so as to produce
no error in output., It will further be assumed that all
other eomponents have been selected to give the same
maximum error dz,, with the exception of resistors R22;
thesé have been chosen with a maximum probable error of
(1/3)az,. The probable error due to a component shall
here be assumed to be 1/3 of its limiting error, which is
specified by the manufacturer, The same assumption willl
here be made eonecerning the error due to loading of a
‘potentiometer, servo dead zone, resolver phase shifts and
resolution of pots not dependent on linearity. The maximunm
probable error due to each error source is then I(I/B)dzo.
The equation varilables and the cecorresponding error sources
are listed in Table XII.

Twenty eight individual error sources are listed
in Table XII, each ha%ing a maximum probable error of
t(1/3)dz°. The probable error of output is then, in
general, since the maximum values of the partial derian

tives do not oeceur with any one set of values on the
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TABLE XII
SOURCES OF COMPUTER ERROR

Equation
Variable Sources of Error
t, P1, Pl=-load
t,, P8, P8-load
k P2
kt P3, P3-load, Servo #l-position
h P7
sinh/kt P6
(éosh kt - 1) P5

¢os A

RS1, RSl~-phase, Servo #2=-position

RS2, RS2-phase, P13, Pl3-load, Servo
#3-position, Servo #5=position

P12

P9, R22, R22=-lo0ad

P10

P14, Plh-load, Servo #4-position




79
variables,

.

pe. £ .é_ /28 dz,%

( 1.8 dz,
Probable Error of a Hypothetical Point. The prob-

‘aﬁle error of a hypotheticai point at the maximum depth
and maximum value of kt, as set forth in Appendix 1 will
‘now be computed, The probable error due to a component

of equation variable q, 1s (1/3)dz, multiplied by the
ratio of (92/9q)/(92/0Q)p,y, at the value of q in question,
The -values of the partial derivatives are listed in Table
II. The probable error due to each méehine variable and
the corresponding number of error sQurces are listed in
Table XIIi; Using the values here given, the probable
error of the result for this particular point is then

pe. = 43_& [7(.872 + (8¢)2 + 3(.74) + ((88)* + (.48)?

+ (#2)* 4+ 10(.26)2 3]'/2

From these calculations, it may be said that for the
design assumptions that the maximum allowed output error
for each error source is dzo, then the probable error in
plotting of a point 18 of the order of dz,, the value being

dependent on the values of the input varlables,



TABLE XIIT
PROBABLE ERRORS DUE TO COMPONENTS FOR HYPOTHETICAL POINT
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Equation Number of Error Probable Error due
Variable Sources to Machine Varlable

b 2 0.87 dzo

tw 2 0.87 dz°

k 1 0.86 dzo

kt 3 0.74 az,,

h 1 0.88 dz,
sinh kt 1 0.48 dz°
(cosh kt = 1) 1 0.47 dz,

eos A 3 0.87 dz,

x 6 0.26 dz

u 1 0.26 dz,
(n-1)s 3 0.26 dzo

oW 1 0
z 3 1.0 dz




CHAPTER VII
COMPUTER REQUIREMENTS

The accuracy desired in a computer of this type may
differ through the industry according to personal or
company preferences, First of all, one may point out
that, in making veloclty assumptions, the data fed into
fhe machine may well be off by 5%, and then argue that,
sinee this is true, there 1is no need for any great acecur-
acy in the computer, He may contend that the main re-
quirément is not a high degree of absolute accuraey but
that the computer repeat preclisely the results for any
given set of values, and that it be free from random
errors, Certainly, it would be undesirable and impracti-
¢al for the machine to plot points for a refleeting layer
‘out of the proper relationship with another layer,

Only partially opposed to the above 1dea, others
may argue that in spite of the faet that the original
data may be 1in error, the computer should acecurately
reproduce the results obtained by caleculations made by
hand, and precisely repeat the results for any given set
of values, '

In agreement with the latter point of view calecu~
lations have been made on component tolerances to give a

total probable error of the same order as the error that
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may be expeeted from errors in reading the time on the
seismogram., However, more atten@ion has been given to
factors influencing repeatability and random errors, in
an attempt to reduce these.

On the standard seismogram, the two way travel time
" may be estimated to one milli-second, a variation of
at =5 x 10™* sec. on the one way travel time. It was
shown in Table II that the maximum rate of change of
depth, z, with respeet to time, %, 1is 2.3 x‘1o” ft/seec.
The maximum error in depth for a one milli-second error

in the two way travel time 18 then

dz dt = 12 ft
(af)Max

If each component is chosen to give a maximum error
of 25 ft, (a probable error of 8 £t.) in the depth, then
from the caleulation in Chapter VI, the probable error of
the computer will have a maximum of the same order as the
maximum error due to one milli-seeond error in the recorded
time. On components not affeeting repeatability, except
for summing resistors, calculations have been made on a
basis of a 26 ft. maximum error due to each component,
Since little extra expense would be involved, summing
resistors have been calculated for a 5 ft. maximum error,
On items that can affeect the repeatabllity (i.e., servo

dead zone, isolation and booster amplifiers, summing
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amplifiers, and temperature effects) caleulations have been
made on the basis of a 5 f{. maximum error due to each
component, On cecomponents that dé not affeet z, but do
affect x, caleulations have been made for a maximum of
5 ft. error in x. The precision of resistors R22 was com=-

- puted for a probable error of 8 ft. In regard to random
errors, the sources of such errors are the same as for
éources affecting repeatability with the possible addition
of the resolvers, The calculations were made from the
information given in Tables III through XI. The results
are shown in Tables X1V, XV, and XVI,

Because of the difficulties that may be encountered
by use of 300° rotation in potentiometer P3, as planned,
caleulations have also been made'for a potentiometer

using a full 10 turns,



TABLE XIV
TOLERANCE OF COMPONENTS NOT AFFECTING REPEATABILITY

Component Characteristiec Tolerance
Potentiometers :
Pl Linearity 0,045%
P3 (10 turns) Linearity 0.052%
P3 (300° function) Linearity 0.045%
P8 | Linearity 1.1 ¢
P13 Linearity 1.5 %
| P14 Linearity 1.2 ¢4
pP5° Funetion 0.17 %
P6 Funetilon 0.09 %
P2 Resolution 0.028%
P7 Resolution 0.11 %
P9 Resolution 3.0 %
P10 Resolution 5.8
P11 Resolution 3.4 4
P12 Resolution 5.8 %
P15 Resolution 2.5 %
Resistors
R22 Precision 14 %
Resolvers
RS1 Accuraey 0.17 %
RS1 Variation of Phase 1.0°

RS2 Accuraey 1.5 %




TABLE XIV (continued)

TOLERANCE OF COMPONENTS NOT AFFECTING REPEATABILITY

Component Characteristie Tolerance
Reéolvers
RS2 Variation of Phase 9.5°
Summing Reslstors
R5 | Minimum Value 2.2 x 10° P3
R15 Minimum Value 92 P14
- R28 Minimum Value 6.8 P13
R29 Minimum Value 1.4 x 102 R22
R35 Minimum Value 2.0 x 102 P8
R36 Minimum Value 2.2 x 10° P1




TABLE XV

TOLERANCE OF COMPONENTS AFFECTING REPEATABILITY

Component Charaeteristie Tolerance
Servos
#1 (10 turns) Dead Zone 0.37°
#1 (300° funetion) Dead Zone 0,032°
#2 Dead Zone 0.095°
#3 (1 turn) Dead Zone - 1.0°
- #4% (10 turns) Dead Zone 0.90°
#5 Dead Zone 4,7°
Summing Amplifiers
SmAl Minimum Gain 1.1 x 104
SmA3 Minimum Gain 2.8 x 10°
Isolation Amplifiers
IAl Maximum Change of Gain 0.009%
Ia2 Maximum Change of Gain 0.034%
Booster Amplifiers
BAl Maximum Change of Gain 0,018%
BA2 Maximum Change of Gain 0.29 %
BA3 0.58 %

Maximum Change of Gain
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TABLE XVI
MAXIMUM CHANGE OF TEMPERATURE OF RESISTORS

max
dr= £20x 10

Resistors : (aTa A)max a7 __ for
, 6

" R4, R36 9.0 x 1072 b5  °C
RY, R35 2.2 x 1073 1.1 x 10°
RS, R6 1.0 x 107" | 5.0
R15, R1l 3.4 x 107" 17
R15, R12 7.0 x 207 35
R15, R10 2.5 x 1075 1.2 x 10°
R18, R19 2.9 x 1073 1.4 x 102
R31, R30" 3.4 x 107 | 1.7 x 10°
R31, R29" 1.6 x 1073 80
R28, R27% 1.6 x 1073 80
R28, R26™ 1.6 x 1072 8.0 x 102
P3, R1 1.2 x 107 6.0
P8, R2, R3 1.8 x 107" 9.0
P15, R9 | 2.8 x 1072 1.4 x 103
P11, R257 1.8 x 1072 9.0 x 10°
Rre2™ 1.7 x 1073 85

4+ These values are computed for a 5 foot error in x.



CHAPTER VIII
SUMMARY AND DISCUSSION OF RESULTS

In this paper, a combination seismograph computer
and plotting device has been desceribed with the theory on
" whieh it 1s based. Caleulations are included to find the
errors in the position of the plotting head due to errors
in the machine variables, and the maximum of such errors,
These calculations were then used to furnish information
to help in the selection of eomputer components, and to
obtain some idea of the probablé error of output of the
computer,

Component Tolerances, In order to help in the

selection of eomponents, caleulations were made concerning
requirements in the angle of dead zone of servo-controlled
‘components, linearity, loading, resolution, functional
conformity, and temperature requirements of potentiometers
and resolvers, and requirements regarding change of gain
of amplifiers., Many of these ealculations have been made
in such a manner as to give the maximum proportionality
between an error in the component and the resulting error
in the eomputer output; thus, to limit the output error
due to a component to a value dz,, then the maximum
allowable error in the component is the product of the

proportionality eonstant and dzo. The results of these
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calculations may be found in Tables III through XI.

Probable Error. The caleulations made concerning

the expected probable error of the ecomputer were made at the
maximum depth, assuming that each ecomponent was selected
for a single value of limiting error for that component.
Indications are that the probable efror of the eomputer will
be of an order a little greater than the maximum probable
error of output for each eomponent,

Recommendations. From consideration of the results

of these calculations, some recommendations can be made,
in tﬁe event any great accuracy is desired, to obtain the
requirements set forth:

(1) Replace the 300° rotation function potentiometers
with multiple turn function potentiometers, The

‘requirement on the smallness of the angle of
dead zone may otherwise make the requirements
on gearing impossible.

(2) Replace the series arrangement of P3 and Rl
with a single potentiometer of the same number
of turns as the funetion potentiometer., This
may also necessitate a change of the summing
resistor.

(3) Make P1, P2, P7, P9, P10, P12, and P15 of
gseveral turns to facllitate setting.

(%) Design summing amplifier SmAl to directly feed



potentiometer P2, thus eliminating isolation
amplifier IAl. .

(5) Make P5 and R12 of values such that isolation
amplifier IA2 may be eliminated, This must
also take into econsideration potentiometer P7,
since P5 and P6 load this potentiometer; this
loading effeet, however, is not eritical.

(6) Include phase adjustments in all booster ampli-
flers in order to properly adjust the output
phase of the resolvers,

(7) Make all summing network resistors and series
resistances of low temperature coefficient
types, or relatively closely mateched coefficlents
for each network.

(8) Enclose summing network resistors R4, R36, R35,
R5 and R6 in a temperature eontrolled compart=
ment,

(9) Enclose P3 and Rl (if this arrangement is used)
in a temperature controlled compartment., Poten-

" tiometers P8 and resistors R2 and R3 should
also be enclosed.

Shielding. Another important possible source of

error that has not been considered 1s that of reactive
pickup of voltages, The amount of'shielding necessary 1is

dependent on design and arrangement of components, and
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ecan be found only through considerable experimentation.

Possible Accuraecy. A comparison of avallable com=

ponents with the calculations made indlecates that consider-
able accuracy may be reached with a ecomputer of this type.
The ehief limitations are in the function potentiometers,
the resolvers, the isolation and booster amplifiers, and
possibly the servo systems, It would appear, however,
that a probable error of as little as 0.2% would be
possible, The cost of such a unit would be high, so that
the real limiting faetor would be the amount of money
avaiiable.

In eonclusion, the designed computer gives promise
of fast, and aceurate plotting of seismic profile maps,
for the assumption that the wave veloelty increases

linearly with depth,



APPENDIX 1
DETERMINATION OF VARIABLES éOR HYPOTHETICAL POINT

In the set-up of a hypothetiecal problem of a point
to ve plotted, a freedom of choice exists only so far in
the selection of variables, The others may then be eom-
puted to conform to those chosen.

For this problem let

z = 20,000 £t

v = 20,000 ft/sec

kt = 1.20

x = 2000 £t

u = 1500 £t

w=20 |

(n - 1)s = 1500 £t
The equation for z may be rewritten
A2 [sinh® kt -~ (cosh bt ~N*] + 28z (cosh ht -1) - (22 + x*) =0
Setting in the values Just given, and solving for h gives
a slingle positive root of

h = 8.70 x 103 Pt

Also, sinece h = Vo

. h
and V = V, + kz = W, (/ *_%,) ft/sec
then Vo = _Ahy _ = 6.06 xs0° Pt/sec



k = vo z= 0.697 sec”’
h
t = kLt = .72 sec
Y |

r = h sinh kt = 13.1 x 10°Ft

y = h(cosh h¢ =1 = 7.06 xs07 Ft
A - 5,"”’_& = 8:?0
(%)

thus eompleting the list.
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APPENDIX 2
SUMMING NETWORKS

The output of a summing network may be derived as
follows: Consider a network as shown in Fig. 8 having
input voltages E,, E;, Ep, ete.,

summed through resistors Ro, Ry, E Rs
5 E
R,, Ry, ete., with a load O—VWWW—T-0&4

- E '
resistor RL, and a voltage E d_‘\/\/\/"‘

& Ez Rz

at the Junction. The sum of all O_'\NV\T

currents flowing to the ecommon

terminal must be zero, or

Fig. 8
SUMMING NETWORK

Eo "53 + E( -[2 . -éj__ =
Ro F RL
£ E E —-E(l e A
- L L2 . L+ .
Ro * RI * /?z * I ’?o ﬁl * RL
80 that
£ :(E E E, P /
I 77.z+7r7f+ﬁf+ )(J_.+_L+...J_.)
Ro ﬂl Rl.

Summing Servo Amplifier, If the common terminal

is connected to the grid of a servo amplifier, and Eo is

the feedback voltage from the servo, then E

o = 0, The

output voltage becomes



It may be noted that this equation is identiecal with that

of a summing amplifier.19
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