














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































MECHANICAL COMPUTER ELEMENTS 27-15

long time is consumed in obtaining a solution over a specified region of
interest.

The time scale factor should be selected so that a plot of the entire
region of interest is displayed on the output table to a convenient scale.

Other Considerations.

1. The scale factors at the two inputs of an adder must be equal.

2. The output scale factor of an adder is determined by the input
scale factors.

3. The scale factor at the output of an integrator is equal to the product
of the two input scale factors divided by a constant (usually 16 or 32).
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I. INTRODUCTION

Digital techniques may be incorporated in analog computers in certain
instances with resultant extensions in their capabilities. There are several
aspects to this approach.

a. In the basic analog computer operational units, discrete variable
or digital number representation may be employed rather than the usual
continuous variable representation.

b. Data entering an analog computer may be in digital number form.
Such instances occur, for example, in analog computers employed in traffic
control systems. Modified analog operational units such as multipliers,
may accept a discrete variable for one input and a eontinuous variable
for the other to produce the product of the two variables in analog form.
This provides equipment economies and better overall accuracy when
compared with a procedure which employs a digital to analog converter
and then supplies the two variables to a conventional analog multiplier.

c. The generation of arbitrary functions of machine variables is often

28-01
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a troublesome process in analog computers, particularly when functions
of several variables are to be generated. In this instance digital tech-
niques can often be introduced into the analog computer to advantage.

d. In addition, digital techniques can often be advantageously intro-
duced into analog computers for the purpose of automatically controlling
large analog computing installations. Complete problem setups can be
stored on punched tapes or cards and patch panels so that by feeding
the punched tapes or cards into the digital tape or card reader complete
problems can be automatically set up on the analog computer. Time
can be saved, errors can be more readily detected, more reliable opera-
tion can be achieved, and more efficient use can be made of the analog
computer.

Definitions. The mechanization of analog computer operational units
can be based upon the employment of discrete variable representation
rather than the usual continuous variable representation. The discrete
representation employed can be in the form of digital numbers or variable
pulse repetition rates. When digital number representation is employed
the associated computer mechanization will be referred to as a digital
differential analyzer or DDA. When variable pulse repetition rate rep-
resentation is employed the associated computer mechanization will be
referred to as a digital operational computer.

2. DIGITAL DIFFERENTIAL ANALYZER

Method of Integration. A mechanical integrator establishes the
relationship of eq. (1) between the x, y, and z shafts (see Chap. 27).

1) dz = ky dz.

These shaft positions represent directly and on a continuous basis the
variables z, y, and #z and it follows that

2) 'z=kfydx.

If one considers finite increments and a discrete variable representation
for the variables involved then, corresponding to eq. (1) is the equation
3) Az = Ly Az,

and if the increments are taken to be very small, the integral of eq. (2)
may be approximated to a very high degree by a device which mechanizes
the equation

(4) n = ZO Yi Axi.

This is the approximation to the integral when rectangular integration
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as implied by eq. (3) is employed. A better approximation can be
provided by more sophisticated integration techniques such as the trape-
zoidal integration equation

(5) Az = (y + Ay/2) Ax.

Basically, a DDA actuates eq. (4) for variables represented in a dis-
crete manner, and solves differential equations in a manner analogous
to that outlined for the mechanical differential analyzer.

Operational Integrators in a DDA, Each operational integrator unit
in a DDA accepts as inputs Az and Ay, and provides a Az output. The
integrator must contain at the start of the problem the initial value of
v, and this value of y is continually kept up to date by the accumula-
tion of all subsequent Ay’s supplied to the integrator. The Az outputs
may serve as inputs to other integrators in the computer and are also
accumulated to provide a continual and up-to-date indication of the
value for the variable z. All the numbers z, Az, y, Ay, 2z, and Az are
represented digitally in the computer on a binary, decimal, or other basis
depending on such considerations as ease of circuit mechanization, pro-
gramming convenience, etc.

Az=yAx
Ax
Az
Ay
y (integrand)

Fre. 1. Symbol for integrating unit of DDA.

Integrator Schematie. Schematically an integrating unit of a DDA
may be represented externally as shown in Fig. 1. Internally an inte-
grating unit of a DDA may be represented as shown in Fig. 2. The y
integrand register contains the value for y at the start of the problem
and accumulates the incoming values of Ay in order to keep the value of
y up to date. The contents of the y register are multiplied by Az and
added periodically to the R accumulator register. The overflow from
the R register is Az. The R register contains the digits of lowest sig-
nificance of the variable z with the digits of highest significance held in
the register which is supplied by Az. There may be multiple A inputs to
the integrand register.

Solution of Differential Equation. The integrators of a DDA may
be interconnected to solve differential equations in much the same manner
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as integrators of d-c analog computers or mechanical integrators of
electromechanical analog computers. Thus in this procedure, the highest
order derivative is isolated in terms of all other variables. Its existence
as an integrand is assumed, and it is integrated repeatedly to provide all
lower order dertvatives. The feedback path is’closed to the highest order
derivative by combining all lower order terms according to the conditions
of the differential equations.

R register (accumulation)

T
Az — ll ||
1

® \Gate

Ax

T
Il : I | ~—Ay
|

y register (integrand)

F1a. 2. TInternal configuration of an integrating unit of a DDA.

Exampre. Consider the differential equation

?y dy
6 — - =2y =
®) @ dw YT
according to the above procedure and rewrite eq. (6) as
&y _dy |
7 — = .
™ dz? dx T2t

The solution to this equation is shown in Fig. 3 and integrator 1 has the
output d(dy/dz). This output serves as the input to the integrand regis-
ter of integrator 2. The output of integrator 2 then is summed with the
other inputs to the integrand register of integrator 1 to generate the inte-
grand d2y/dz2. The output of integrator 2 also goes to the integrand reg-
ister of integrator 3 where the variable y is accumulated and is thus always
available. The independent variable & may be generated as part of some
other set of equations being solved in the computer, or it may be gen-
erated at a regular computer-timed rate.

Scaling Problem. In placing a problem on the DDA, variables must
be scaled to fit the numerical range of the machine. Once the scaling
relations are established it is possible to determine the initial value of
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every integrand and to express these integrands in terms of machine
values. Some of the points to be considered in scaling a problem for
a DDA are analogous to those to be considered in an analog computer

Integrator 1
dx

dx
dy
& _a, 4(z)

E‘ o +2y+x

&

Integrator 2

——o 2dy = d(2y)

Integrator 3

4y

Fic. 3. Computer solution for the equation:
d¥y dy

L
dz? dx v=e

which employs continuous variable representation. The important
factors in scaling a problem for the DDA are:

1. All quantities are represented as integers.

2. The output relationship for an integrator is dz = y dz.

3. Scaling is done in terms of powers of the radix r of the DDA
number representation. Thus for binary number representation r =z,
and the scaling is done in terms of powers of two. :

4. Associated with each variable u there exists an integer scale factor
S, having the significance that the number rsu represents one unit of the
quantity to the machine.

5. Associated with each integrand there exists a quantlty m havmg
the property that ™ > maximum absolute value of the integrand, Where
m is the smallest integer satisfying this property.

6. In general, one of two incompatible criteria, precision or time, is
used to fix the scaling. Some particular variable may be required to be
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of a certain precision, and thus fix its scale and establish all others.
Alternatively, the length of computing time for a solution may be speci-
fied, and thus fix the scale on the independent, or driving variable of the
problem. An increase of one in the scale of the independent variable
causes the computer to execute r times as many operations (r is the
radix of number representation), each of which is of fixed time duration.
Hence, increased accuracy is obtained at the expense of increased com-
puting time, and decreased computing time is obtained at the expense
of decreased accuracy.

7. Once a choice has been made eq. (12) below may be applied to
define the length of each integrator.

8. In the final analysis, the scaling of a problem is completely deter-
mined by the integrator lengths. A correctly scaled problem may be
stepped up in accuracy or in speed of computation by readjusting all
integrator lengths by the same amount.

Scaling Relation for an Integrator. The Az output of an integrator
represents the spillover: from the least significant digits which are con-
tained in the R register, Thus if the R and ¥ (integrand) registers are
both N digits long, where the digits are expressed in the radix r, then
it follows that :

‘ 1
(8) Az = Y Az
for an integrator. Now letting S, equal the scale factor of the Az output,

Sy equal scale factor of Ay input, and S, equal the scale factor of Az
input, the relationship realized will be

1
@ (7 bz = S ryr A,
r
or _ 4
(10) Az = rSutS—N—Sy Ag,

To meet the condition that Az = y Az requires that

(11) PStSN=8; =
or o
(12) : Sy+8:—N—-8.=0.

Equation (12) is a basic scaling relation and establishes a relationship
among the number of digits in the B and Y registers, the scale factors
on the variables of integration, and the scale factor on the output variable.

The Y register must be capable of holding the integrand y of the
integrator at all times during the computation, Thus for each unit of
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the integrand y, the Y register will have to hold the number r¥. More-
over, the integrand may be almost as large as r™ units at some time
during the computation. Therefore, the total capacity of the Y register
of any integrator must be capable of holding a number as large as
r™rSy or r™+Sy, Hence, since the Y register is N digits long, it follows
that

(13) Nzm+ 8§,

which says that the number of digits required for an integrator is equal
to the scale factor of the integrand plus the quantity m. If m is not
correctly known, or estimated, the capacity of the Y register may be
exceeded. In this case the problem will be automatically halted (by an
overflow signal) and must then be rescaled.

Equations (12) and (13) may be combined to yield a very useful,
though not independent equation as follows:

From eq. (12)

(14) S,=8.4+N-328.
From eq. (13)

(15) Sy =N —m.

Therefore,

(16) S:+N—-S8:=N—m,

or

an S.— 8.2 —m,

or

(18) S: — 8. = m.

Scaling Relations between Integrators. Equations (12), (13), and
(18) define the relations necessary for the scaling of any single integrator,
but they say nothing about scaling relations between integrators. These
are simple and straightforward. To achieve compatible operation all
integrators must accept a variable at a common scale factor. Violating
this rule results in multiplication by powers of the radix, which may be
useful at times.

Any set of scale factors satisfying egs. (11) and (12) and meeting
the compatibility requirement may be successfully used. The following
procedure leads to a simple solution of the scaling problem.

Draw a schematic of the integrator interconnection as was done, for
example, in Fig. 3. For each integrator enter scale factors and integrator
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length as indicated in Fig.-4, with N; the length of accumulator and
integrand registers of the ¢** integrator.

Now, let S; be the output (dz) scale factor for integrator 1. Enter S;
as the scale factor for the accumulator or integrand inputs for each
integrator where the output of integrator 1 is used as an input. Let
Ss be the output scale of integrator 2 and repeat the operation. Procced
in this manner until all scales are established. Note that if more than
one integrator output is used as the integrand input to an integrator,

Integrator ¢

Sy
S, To and from
other points
in DDA
Sy N/ T

Fig. 4. Integrator marked for scaling purposes.

all such outputs must have a common scale. This process assures
compatibility of all scale factors.

For each integrator write eq. (18). This yields a set of simultaneous
inequalities of the form S; — S; > m; which must be satisfied.

Magnetic Drum Registers. Thus far in the description, the registers
have been depicted as being physically laid out as such. Actually, in the
case of binary addition or subtraction, for example, the steps can be
performed one column at a time, and it is therefore not necessary to
have entire registers present in the electronic circuits of the DDA at
one time. Thus in the DDA the integrator registers need be nothing
more than segments on a magnetic drum (see Chap. 19) or bits in an
acoustic or lumped parameter electrical delay line. The integrators can
be processed either serially or in parallel.

For serial processing, numbers or areas from- these registers are read
one column at a time into the adding circuits and the altered numbers
are replaced on the drum.or in the delay lines. The integrators are
processed serially or in parallel once per revolution of the drum or in
each circulation through the delay line.

Mechanization of a Serial DDA. Consideration will now be given
to some of the mechanization details for a DDA which processes the
integrators serially. Mechanization details for an all parallel DDA
follow in like manner except that the integrators are processed in parallel.
For the serial DDA one track of the magnetic drum storage must be
reserved to contain serially the integrand or Y registers for each of the
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integrators. Similarly, one track must be reserved to contain serially
the R registers of each integrator. There is also one “hookup track,”
labeled the L track, which contains serial registers, one for each inte-
grator, and provides the necessary information to interconnect the
outputs and inputs of each integrator. The L track operates in con-
junction with an additional track referred to as the AZ track to supply
the Ay and Az inputs to each of the integrators. Thus as each Az is
generated in the DDA it is deposited on the AZ track in a space reserved

Gate 2
L[]
Az channel Ay y+ ZAy
recirculator coincidence r adder i
Write Read
heads heads
l .) AZ AZ1—
oota 3 L Magnetic R
ate drum R+ yAx
and R storage vy [.)ra= adder [ ]
Y c Az
? Gate 1 1

Fi1c. 5. DDA schematic.

for the Az output of the particular integrator. Hence as indicated in
Fig. 3, this Az output can serve as a Ay input for appropriate integrators
in the problem under consideration. Thus typically as in Fig. 3, when
integrator 1 is processed, it can generate a Az output. This Az output
is placed in a space reserved in the AZ track for integrator 1. As a
result of the equation involved, during the processing of integrator 2 its
Ay input is obtained from the Az output of integrator 1. The L, or
problem hookup, track is coded so that it inspects the AZ track only in
the space at which this Az is placed, and upon detecting a Az in this
space sends it to the y register of integrator 2 as a Ay input. This
process is then readily generalized for more complicated problem hookups.

DDA Processing Schematic. Schematically the DDA may be
depicted as shown in Fig. 5. In the box labeled storage, on the right-
hand side, are depicted the read head outputs (see Chap. 19) of the
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various DDA tracks. The lowest track labeled C is the clock pulse
track. The function of this track is to supply pulses for timing and
pulse reshaping purposes. The output of the Y track, which contains
the integrand register contents in serial for the various integrators of the
DDA, goes two places. (a) First it goes to block 1, which combines it
with Az in order to produce y Az, which in turn is added to the R
register, as pointed out earlier. (b) It also goes to the y + 3 Ay adder,
where it is combined with the sum of the incremental inputs from the
other integrator outputs which are to supply the integrand currently
being processed. Thus in Fig. 3, for example, the integrand of inte-
grator 1 picks up incremental inputs from three sources. The sum of
incremental inputs from such sources is represented as 3 Ay. The output
of :the y + 3 Ay adder then goes back to the Y track of the drum to
bring ‘the contents of the YV integrand register up to date.

"The output of the R track goes directly to the R + y Az adder. This
adder produces two results, an overflow pulse which is placed in an
appropriate place on the AZ track and an updated value for B which
is placed in the R track and which thus replaces the previous value of
R for the integrator being processed.

The output of the L track goes to three places. (a) It goes first to
a 3 Ay coincidence block. The function of this block is to examine the
L track which has been coded at the outset of the problem according to
the problem being solved. Pulses placed in the L track for each inte-
grator register cause the AZ track to be examined at the spaces reserved
for the appropriate Az outputs through the action of the coincidence
block. Thus the increment in y is determined by computing 3 Ay in the
coincidence circuit. The output of the coincidence circuit then goes to
the y + S Ay adder to form the updated value for y. (b) The L
track also goes to block 2, which is a coincidence circuit for producing
Az. That is, the L track is also coded at the outset of the problem to
pick up the required Az for each integrator of the problem. (¢) The
L track also goes back to the input of the L track to be replaced
without change since the coding stays fixed throughout the problem.

The AZ track also goes three places. (a) It goes to the 3Ay coinci-
dence block and (b) to block 2 to combine with the L track at both
of these blocks with the results described above. (¢) It also goes back
to the input of the AZ track after combining at block 3 with the Az
output of the integrator just processed.

Handling Positive and Negative Increments. There are several al-
ternatives for transferring positive and negative information in the DDA.
The first of these involves a two-level or binary transfer scheme. In this
scheme positive incremental rates are represented by a predominance of
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1’s transmitted, negative incremental rates are represented by a pre-
dominance of zeros transmitted, and zero incremental rates are repre-
sented by alternate 1's and 0’s. It is readily possible to mechanize a
DDA using this information transferral scheme (Ref. 1).

A second alternative involves the use of a three-level or ternary
transfer scheme. Here information is transmitted directly as +1, 0,
or —1. This scheme is more accurate than the binary transfer scheme
in that it has less inherent roundoff error, but requires more equipment
to realize (Ref. 2).

Selection of Method of Mechanization. It is possible to mechanize
DDA’s by using rectangular, trapezoidal, or other integration tech-
niques. The more sophisticated technique will, in general, produce a
more accurate computation, but it will, in general, also require more
equipment to mechanize.

The choice of integration technique and information transfer scheme
for a DDA intended to solve specific classes of problems is based on
such considerations as accuracy requirements consistent with reasonable
equipment demands. For a DDA intended for general problem usage
where accuracy and frequency requirements may be specified to cover
a broad spectrum, it is often felt essential to consider the construction
of the DDA to employ ternary transfer and trapezoidal integration.
However, special purpose DDA’s intended for problems with modest
requirements may make it possible to employ a simpler DDA con-
figuration.

The integration technique and information transfer schemes required
of a DDA to handle any particular class of problems may be determined
to a good degree of approximation by analytical means (Refs. 3, 4, and 5)
whose results can be verified by suitable simulation studies (Ref. 6).

3. DIGITAL OPERATIONAL COMPUTERS

Approach. An analog computer can employ discrete variable repre-
sentation for information transfer through the use of a variable pulse
repetition frequency. Thus to establish the feasibility of such a mech-
anization it is merely necessary to establish the configuration of suitable
operational units such as multipliers, dividers, and integrators. Once
these units have been described, it is then a straightforward step to
realize that such an approach can be suitably employed to solve differ-
ential equations by properly interconnecting the units as was done, for
example, to solve the problem shown in Fig. 3. For more details of
operational digital techniques see Chap. 29.

Multiplier. For configuration of a multiplier for a system employing
this data representation technique may be established by considering the
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simplified situation depicted in Fig. 6. The blocks labeled 1 through 4
are the stages of a binary counter. Thus if a chain of pulses whose rate
of occurrence is proportional to the number x is supplied at the left hand
of the counter, the and gate (see Chap. 14) on the first line of the multi-
plier receives from the first stage of the binary counter a pulse rate of
x/2, and so on for the succeeding stages of the binary counter. The
contents of the y register then determine which of these sequences of

x 1 2 3 4
x x z x
2 4 8 16
28 *
: ) _
2 |/ L . Out
y A g xy
21
zo D—

and gate

$~ or gate

Fic. 6. . A digital operational multiplier.

pulses are passed on to be added through the or gate (see Chap. 14)
shown at the right of the multiplier. The output of the or gate then is
the desired product. Thus if y is zero and the contents of the y register
consists of all zeros, all the and gates will prohibit the scaled down z
pulse rates from passing through to the or gate. Thus the output
product will be zero as it should. Similarly, if y is at its maximum
value, the maximum number of pulses will be passed on to the output
of the multiplier, and the output pulse rate will again be proportional
to the product zy.

The pulses from the various and gates must be separate from one
another, otherwise when these pulses are combined at the output of the
or gate any overlap would result in a loss of information. This overlap
is avoided in a straightforward manner by taking the pulses out of the
binary counter into the and gate at the noncarry time of the respective
stages of the counter. Thus when the pulses are combined at the output
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of the or gates, they are separate and distinet, and the resultant pulse
train output is indeed proportional to the product zy.
Divider. Now that a multiplier configuration has been established
a mechanization for a divider follows readily. Thus in Fig. 7 the three
multipliers combined with a forward backward counter, i.e., a counter
which counts up or down depending upon the inputs to F (forward) or
B (backward), result in a circuit which produces the quotient in the
forward backward counter. The schematic shown in Fig. 7 has one
feedback loop involving z. The P input is a pulse rate, and the numbers
2z and y are held in the indicated registers. The forward backward

I x register |

. Px
P—)l I._____>
Multiplier F Forward-backward

Pyz B counter z register

Multiplier }— Multiplier j(—— P

y register

Fi1e. 7. A digital operational divider.

counter will count forward or backward, adjusting z until the counter
input Px — Pyz is equal to zero. At that time the quantity z held in
the forward backward counter is related to x and y by

19) Px — Pyz = (,
or
(20) 2="2,

y

and z is the desired quotient.

Divider Time Constant. A transient analysis may be made of this
divider. Thus if there are n stages in the X, Y, and Z registers, from an
examination of Fig. 7 there follows

©@1) Zw = J ——dt fYPZ(t)
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By differentiating this there follows

dZ(t) YP XP

(22) it +?Z(t)———27=0.

Solving this equation for the initial conditions at ¢ = 0, Z(¢) = Z(0) gives
X
(23) Z() = 51 = [1 = Z(O)] e 0Py,

Thus the equivalent time constant of an operational divider is given
as 2"/YP. The equivalent time constant can be reduced by increasing
the pulse repetition rate P or by decreasing n, the number of stages.

Integration. The process of integration by this representation tech-
nique may be mechanized by simply accumulating all incoming pulses
in a forward backward counter such as that used in Fig. 7. As a positive
pulse rate is supplied to the F input of a forward backward counter, its
contents increase. Negative pulse rates are supplied to the B input and
the counter’s contents decrease.

Reasons for Using Discrete Variable Representation

There are several reasons for considering the use of this approach in
computing.

1. A serial DDA where only one set of adders and other computing
functions are required may lead to a simpler computing equipment when
the dynamic and accuracy demands of the equations being solved are
modest.

2. In real time simulation or control where high accuracy require-
ments must be met and/or where high dynamic requirements exist, the
best solution to the computing problem may well be provided by the
use of all parallel DDA elements either throughout the computing system
or else at critical positions in the system. For example, an all parallel
DDA employing registers 30 binary digits in length, a basic pulse repeti-
tion frequency of one megacycle, trapezoidal integration, and ternary
transfer provides an accurate computing facility with good dynamic
properties as evidenced by the fact that its precision is one part in
better than 1,000,000,000, and its integration interval is 30 microseconds,
i.e., it provides better than 30,000 quadratures a second.

Choice of Computing Method. Thus, for example, as one approach
to choosing between the computing methods, a comparison between the
true characteristic frequencies of a linearized set of system equations may
serve to provide sufficient data to select between the methods, particu-
larly so if one of them shows up very badly in the comparison. Non-
linear systems can often be linearized in the Liapounoff sense (Ref. 10)
for such analyses to a very good degree of approximation over a consid-
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erable region. Consider for example, the very good degrees of approxi-
mation afforded by linearizing the generally nonlinear equations of
motion of aireraft over certain ranges of the dependent variables. Tech-
niques for determining the difference between the true characteristic
frequencies of a system and those computed by an analog computer
employing continuous variable representation have been presented in the
literature (Refs. 8 and 9). Similar techniques for analog computers
employing discrete variable representation have also been presented
(Ref. 3). If the system equations are nonlinear to the extent that this
approach is not held to be valid or if complete verification is desired
before embarking on an extensive computer design and construction
program, full scale system simulation must ultimately be employed
(Ref. 6).

Summary. The reasons for using discrete variable representation
in an analog computer include possible equipment reductions or/and
better accuracy and dynamic performance.

4. AUXILIARY DIGITAL COMPUTING TECHNIQUES

It is often possible and desirable to incorporate auxiliary digital
computing elements in an analog computer. Thus function generation
may be conveniently carried out in this manner particularly when func-
tions of several variables are involved. Also in certain control systems
it is often necessary or desirable to be able to multiply an analog variable
directly by a digitally represented variable to produce a product in
analog form. By avoiding the conversion of the digital variable to an
analog variable through the use of a digital to analog converter and then
applying the result to a conventional analog multiplier an overall
system which is simpler and generally more accurate results.

Digital Function Generation in Analog Computers (Ref. 11). It is
possible to generate functions of analog variables by converting the
analog variable to a digital number through an analog to digital
converter. The digital number then may go to a small auxiliary mag-
netic drum and associated circuitry which is programmed to generate the
desired funetion. Arbitrary functions of several variables can also be
generated in this same manner. If it is then desired to multiply the
desired function directly by another variable in the computer as is so
often the case, it is not necessary to convert the digitally evaluated
function back to analog form. Instead, the quantity can be fed directly
to the digital analog multiplier described below.

Function generation can also be accomplished by means of a digital
function table as shown in Fig. 8. Thus values of z over the expected
range of z, in suitable increments are stored in parallel in the z space
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of the drum. This space is examined by the read heads and converted
to an analog quantity by the digital to analog converter shown in the
figure. This converted quantity is compared with the variable z for
which an arbitrary function is desired. When coincidence occurs the
read heads associated with the function table, stored on the drum and
shown as f(z), are gated, and the digits passing under them are read

Magnetic

Timin
drum@ . f(x) s trackg
Read
Digital analog
converter .
I_> Coincidence Gate
% > detector Register
f(x)
. Digital analog | Output
y multipier | > yf(gc)

Frc. 8. Digital function table.

through the gate shown into the register. The register contents then
may go to a digital analog multiplier, as shown, to generate the quantity
yf(x). Although only one arbitrary function was shown generated in
Fig. 8, it is evident that this same technique can be extended to the
instance where several different arbitrary functions of any arbitrary
variable can likewise be generated.

Digital Analog Multiplier (Ref. 11). It was shown in Chap. 22 that
for an operational amplifier the output voltage is equal to the input
voltage multiplied by the ratio of the output impedance to the input
impedance. Thus if this impedance ratio can be directly related to one
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variable and the input voltage is another variable, the output voltage
is proportional to the product of the two variables. This concept then
leads to the simple digital analog multiplier shown in Fig. 9, wherein

1
—AWY
Analog
: 21 e=uxy| Sign te=tuay
input x 21 D—/\/\/W |l> switching —>
. circuit

22

f

i !_22_

2n—1

2n—1

on :D— or gate

;

Digital
inputs

Frc. 9. Digital analog multiplier.

the parallel conductances of the input conductance are switched into or
out of the circuit according to the variable. The sign digit of the digital
variable can be used for switching purposes at the output in order to
produce a four-quadrant multiplier.

5. AUXILIARY DIGITAL CONTROL TECHNIQUES (Refs. 12 and 13)

Digital techniques can also be advantageously employed for control
purposes in an analog computer. These techniques are of particular
advantage in large scale installations. Thus entire problems can be
placed on punched tapes or cards operating in conjunction with patch
panels. Thus the tapes or cards can control the settings of coefficient
potentiometers, condensers, initial conditions, etc., through the use of
associated suitable switching circuitry operating in conjunction with
servomechanisms coupled to the proper points at the proper time in the
computer through suitable clutching arrangements. The patch panel
would contain the information to interconnect the proper amplifiers,
potentiometers, ete.
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Advantages. Problems can be readily checked since at any desired
time the interconnections and all settings can also be arranged to be
printed out in some suitable form.

Problems can be rapidly placed on the machine and removed if need
be temporarily with the full realization that the problems can again
be rapidly placed on the computer.

More efficient use can be made of extensive facilities.
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I. INTRODUCTION

Operational digital techniques describe an approach to computation
that attempts to combine the advantages of both the analog and the pro-
grammed digital methods of computation. These combined techniques
effect what is called a hybrid system. They do not always provide
the best solution to a computation problem, and their useful application
is generally economically possible only when especially developed novel
components are used.

Characteristics of Hybrid Systems. Essentially, in the hybrid sys-
tem, digital techniques are used in functional units that are laid out in
operational form. Objectives of the hybrid system are:

1. Greater precision that can be attained with analog techniques and
at lower cost.

2. Greater control and speed than is possible with programmed digital
units. :

3. Less complexity than is involved when programmed digital units
alone are used.

29-01
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4. The ability to accept input data in the analog form, in which they
usually occur. These data are translated into the digital language of
human beings and with as little recourse as possible to accuracy limiting
analog components.

A consideration of operational analog systems and of programmed
digital systems indicates the advantages and disadvantages of each type.

Analog Systems. In analog systems, the variables to be represented
or controlled are physically characterized by parameters which may vary
over a limited range. A varying voltage, for example, may be propor-
tional to, and thus represent, a varying parameter. Other examples are:
signal frequencies, mechanical shaft positions, and light intensities.

Advantages

1. The analog system is essentially a visual working model of the
parameters being controlled or measured. The design of a given system
is reduced to the interconnection of components in a straightforward
“operational” manner. Functional units (gears, potentiometers, and
synchros), each performing a specific function, are arranged so that the
overall transfer function has the desired properties. Ezample. An analog
system for multiplying an input quantity by three would consist of gears
arranged so that three turns of an output shaft occurred for every single
turn of the input shaft.

2. The real time characteristic of analog operational techniques is also
an advantage. By real time is meant simply that the analog process
occurs during the same time as does the variation of the parameters it
represents. This continuous, as it may be called, nature of analog oper-
ational techniques makes them especially applicable for closed loop sys-
tems. Particularly when the control function is complex, the operational
system may respond faster than is sometimes possible with the periodic
sampling operation of programmed digital systems.

Drsadvantages

1. In terms of accuracy and ultimate reliability, the analog system is
limited by the precision of the components composing it.

2. Economics often impose restrictions on the precision of an analog
system. There is a practical consideration here, namely how much time
and money should be put into developing ultra-precision components
for a particular analog system?

3. In practice, the accuracies of practical complex analog systems are
limited to one part in a thousand.

4. Some operations such as multiplication may be slow.
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Summary. The analog approach has the advantages of high speed
and real time operation. It is limited in precision, however; and it is
also limited in its ability to perform those operations that are not readily
representable in analog form, namely certain nonlinear mathematical
functions.

Digital Systems. The programmed digital technique is quite different
from the operational analog technique. Data are not processed in a
form analogous to the input information, but rather in the discrete form
of a series or set of characters, i.e., information in language form.

Advantages

1. The components in a digital system can vary and drift and be off
tolerance considerably before they cease being dependable functional
units. (See Chap. 12.) Such extreme component tolerances are never
possible in the analog system.

2. Any degree of accuracy can be obtained and maintained if a suffi-
cient number of characters are used in the language code of the system.
In straight binary code, for example, accuracies on the order of one part
in 1000 can be obtained if 10 decision elements are used, or one part in
2000 if 11 decision elements are used.

3. The digital computer is flexible enough to perform any type of
mathematical operation.

Disadvantages

1. Since the processing is carried out by means of an ordered program,
the digital machine must be complex and must contain an internal stor-
age to provide storage of data and commands. The computer and storage
are both large and costly.

2. In the digital computer the input quantity must be periodically
sampled in order for the machine to determine if a change has taken
place. Example. Consider the same example given above, that is, mul-
tiplying an input quantity by three. For the digital machine to execute
this simple function it is necessary for the input data to be transferred
to the internal storage. The data are then transferred to the arithmetic
element where each digit is multiplied by three in accordance with the
program previously inserted in the machine, and then the result of this
multiplication is returned to the storage and finally transferred to the
output.

3. These operations—sampling, transferring to storage, operating as
programmed, transferring to storage, generating control data, etc.—take
time. Consequently, in a digital computer the rate of sampling must
be limited, and thus information sacrificed, or the computer must operate
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at extremely high speeds; or a combination of these adjustments must
exist.

Summary. The digital computer techniques have the advantages of
reliability and versatility; these advantages are offset by complexity
and expensiveness. But if the problem to be solved or the measurement
required demands that minimum time elapse between receipt of the input
information and the computed response, much of the utility of the digital
type of instrumentation is negated. ,

Hybrid or Operational Digital Systems. The purpose of the hybrid
system, therefore, is to combine the advantages noted above for each of
the two types of conventional computer, while at the same time obviating
the disadvantages.

It is often assumed that because the physical world is a continuously
moving analog system, only analog techniques are applicable to it. A
closer look at nature, however, reveals that there are many physical
phenomena that are basically discrete. To name a few, the breakdown
of nuclear energy, the passing of time intervals, and the occurrence of
resonant cyclic vibrations occur incrementally.

Exampre. The application of operational digital techniques to the
doppler phenomenon as the basis for the analysis of motion is a good
example. It is known that when energy of a specific frequency is re-
flected from a moving object, the returned energy undergoes an apparent
frequency shift, the doppler shift. This change, or doppler frequency,
is proportional to the velocity of the object under observation, and there-
fore it can be used as a source of data in velocity measuring, tracking,
and navigational systems. In analog systems this doppler information
is converted to shaft rotation rate or proportional voltage. A closer
investigation of the doppler relation indicates that each cycle of the
received data can indicate a definite distance traveled by the object
causing the frequency shift. The doppler relation is of the form

fa= k%f = I\,

where f; = doppler frequency,
v = velocity to be measured,
f = transmitted frequency,
¢ = propagation velocity,
k = a constant,
A\ = transmitted wavelength.

Sinee f; (eyeles per second) is proportional to v (distance per second),
by removing time from the relationship, each cycle of the received data
represents a definite distance traveled. To integrate, it is necessary only
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to count the number of cycles received. No conversions are required.
Limitations on accuracy are (1) the wavelength of transmission and (2)
the number of digits that can be held in the counting device.

Note the following:

1. The doppler information is an analog of the moving object, hence,
the system receiving and using this information is in a sense an analog
system.

2. The measurement is made in real time.

3. A discrete meaning is applied to each cycle of the received energy,
hence, the information is digitally characterized.

4. The combination is a hybrid system.

In this hybrid system:

a. The measurement is operational, that is, it is accomplished in real
time; the received data are proportional to the parameter being measured.

b. As a digital system, the received data are in language form, and the
degrees of accuracy realizable with the digital technique are therefore
possible. A characteristic name for such a technique, therefore, is
operational digital.

2. BASIC DEVICES

Data representation within operational digital systems takes the form
of both unitary-weighted pulse trains and binary codes. Pulses which
form a unitary-weighted pulse train each have the same numeric weight.
Thus, 432 units are represented by a train of 432 pulses; 654 units are
represented by a train of 654 pulses, ete.

Binary Rate Multiplier

Characteristics.

1. This unit accepts a unitary pulse train as one input and a numeric,
that is, binary, code as the other input.

2. The output is a pulse train containing a number of pulses equal to
the product of the number of input pulses (the multiplicand) and the
numeric code (the multiplier).

3. Each pulse of the output train has exactly the same unltary weight
as those of the input train.

Operation. A binary rate multiplier consists of binary scalers and
diode gates. The scaler is a device that yields an output for every two
inputs and is indicated by Co in figures. Thus, if several scalers are
arranged in a series fashioned as in Fig. 1 and a pulse train applied to
the input of the series:

1. The first scaler will yield an output after two inputs.
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2. The second scaler will yield an output after two inputs from the
first scaler, and therefore after four inputs to the series of scalers.

3. The third scaler will, similarly, yield an output after two inputs
from the second scaler, which means it will yield an output after eight
inputs to the series of scalers.
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Fia. 1. Binary rate multiplier block diagram.

4. The scaler outputs, therefore, during the interval in which input
pulses arrive are: /2, x/4, =/8, - -+, /2", when n = number of scalers.

5. This means that one-half of the total number of input pulses, during
a certain interval, will occur at the output of the first scaler, one-quarter
at the output of the second scaler, one-eighth at the output of the third,
etc. Since the sum of all these fractions approaches one, as n becomes
large, it is evident that the total number of scaler outputs will tend to
equal the number of input pulses.
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The binary-weighted scaler outputs are applied to gates that are
opened or closed according to the dictates of the binary-coded multiplier.
When a gate is opened, the output pulses of the associated scaler will be
passed. The outputs of all gates are combined through a buffer to yield
a train of pulses that are the product desired. The multiplier must be
scaled to be a fraction less than unity.
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Fic. 2. Binary rate multiplier timing diagram.

ExampieE 1. Consider an input pulse train of 1000 pulses. If it is
desired to multiply this input by zero, the binary numeric code for zero,
0.0000 - - - 0, sets all the gates closed, and thus none of the input pulses
appears at the output, and the product is zero. If it were desired to
multiply the input train by one, the binary code for one, 0.1111-- -1,
would open all the gates, and thus all the scaler outputs would be passed.
For a more sophisticated example, assume that it were desired to multiply
the 1000 pulses by 0.6250, the binary code for. which would be 0.1010 - - - 0
(i.e., % + %). In this case, the gate associated with the first scaler
would be opened, and the one associated with the third scaler-would be
opened. Since half of the pulses, or 500, would be passed by the first
scaler, an one-eighth of the pulses, or 125, passed by the third scaler,
the output train would consist of 625 pulses, which is the correct product
for such multiplication.
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Exampir 2. TFigure 2 illustrates the input, gating, and output involved
in multiplying = 16 by y X 0.625.

Accuraey. According to the number of scalers and gates used, namely
the number of digits used in the binary code multiplier, any degree of
accuracy can be achieved. For example, for an accuracy of one part
in 2000, 11 gates would be required.

Timing. In order that the output device receives pulses one at a
time, which it must do if a unitary pulse train composed of the correct
number of pulses is to be obtained, no two scaler outputs can occur at
the same time. This prevention is accomplished by interconnecting the
scalers so that the carry from one stage to another is out of phase with
the output pulses.

Input o—{ f AA—]

(multiplicand)
% 3
Ve

i

Product
V. = operating voltage
@y, ag, ag = binary digits of multiptier (0. a1 azag)

Fia. 3. Magnetic core transistor multiplier block diagram.

Magnetic Core Transistor Multiplier. Another operational digital
device is the magnetic transistor multiplier. This unit consists of one
magnetic square loop core and one current source per binary stage. Each
stage operates as a combination gate, flip-flop, and blocking oscillator.

Operation. The operation of the unit is as follows. (See Fig. 3.)

1. Each collector drives current around both its related core and the
succeeding core; each core then has two collector windings from successive
stages. These windings are in opposing directions.

2. As the successive stages are excited, the flux is caused to vary from
the upper remanence point (arbitrarily called 1 state) to the lower
remanence point (zero state).
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3. During a flux change, the polarity of a pulse developed in the lower
winding of a given core will depend on the initial condition of that core.

Consider any particular stage. When a positive pulse is developed in
the second winding, it is applied to the emitter of the next transistor.
Whether or not that transistor is excited depends on the polarity of the
pulse simultaneously developed in its base winding. If that polarity is
positive, the emitter-to-base voltage does not become positive, and no
transistor action ensues. If the base pulse is negative, the combination
transistor-magnetic circuit is caused to regenerate much in the manner
of a blocking oscillator. Thus, each stage is caused to read out once for
every two pulses received and a binary count is achieved. Note. This
alternate reinforcement and cancellation action ensures that pulses never
exist simultaneously on two or more output lines,
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Fre. 4. Dynamic rate multiplier block diagram.

Dynamic Rate Multiplier

Description. In the basic rate multiplier, as discussed above, the
input pulses occur asynchronously, and consequently the gate signal
inputs of the binary coded multiplier had to be present at all times. Thus,
storage in static storage elements was necessary. An arrangement known
as a dynamic rate multiplier (see Fig. 4) permits the binary multiplier
coefficient to be stored in a circulating shift register, and once every major
shifting cyele, the multiplier code is in the proper position relative to the
gates. If the incoming pulses are synchronized to the shift pulses, proper
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gating action takes place. The advantage of this arrangement is that
static storage is obviated and full use is made of magnetic switching
elements basically suited for dynamic operation.

Pulse Rates. In the dynamic rate multiplier, the rate of pulse occur-
rence determines the multiplication required for a given accuracy. For
example, if 0.1 per cent accuracy is desired, time intervals for occurrence
of at least 1000 pulses must be allowed. Such pulse rates are easily
attained with present magnetic circuit techniques.

Applications. The basic rate multiplier and its variations may be
used to perform a series of rate multiplications in which the output of
one multiplier is fed directly into another without need for intermediate
storage. The units may also be incorporated into feedback systems to
provide operational units whose transfer characteristics can be analyzed
in terms of equivalent time constants in a manner analogous to propor-
tional servomechanisms.

Xo : S
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: }—>x+y
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Y o S

S = synchronizer
t1, t2 = timing pulses

F1c. 5. Adder block diagram.

Adder

The addition of unitary-weighted pulse trains is simply performed, as
indicated in Fig. 5. The pulse trains £ and y are synchronized at pulse
times ¢; and ¢,, respectively, so that the pulses of each train occur out
of phase with the pulses of the other train. The two out-of-phase scaler
output trains are then combined, and the output pulse train is the sum
of the two input trains. A simple adder could be designed using only
two saturable core elements and two diodes.

Subtractor

The next diagram shows a device used to subtract one pulse train input
z from another. Pulse train y is to be subtracted from pulse train z.
A reversible binary counter, a forward-backward counter, is used, along
with two binary scalers. The x pulse train is applied to the forward
input of the counter and the y to the backward input. Thus, the count
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in the counter is, at all times, the difference between the two pulse trains.
The difference £ — 4 in the counter register may be used as the multi-
pliers input for a binary rate multiplier (BM) to produce the product
folx — y) as shown in Fig. 6.

4y
x S
Forward-backward
y Js B counter
] IRERE
t2
x=Yy

S = synchronizer
t1, to = timing pulses
BM = binary multiplier

fo—>BM —>fy(x—y)

F1a. 6. Subtractor block diagram.

Divider

With the basic devices of the binary rate multiplier and the reversible
counter, an operational digital divider can be devised. The divider
shown in Fig. 7 consists of three binary rate multipliers and one reversible

X
fo x
Forward-backward
fo BM F counter
B
fozy }z
BM BM[<—fp
fo 2

!

¥y

At equilibrium: fox = fyyz, x=yz, 2=%
BM = binary multiplier

Fic. 7. Divider block diagram.

counter, connected as shown. Assume that it were desired to divide
binary code x by binary code y. The z code is applied to a binary rate
multiplier to generate a pulse train proportional to z. The y code is ap-
plied to a binary rate multiplier. The z pulse train is applied to the
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forward input of the counter and the y pulse train to the backward
input. In the counter z is the desired quotient, i.e., 2 = xz/y. The count
z is applied to another binary rate multiplier to produce a pulse train
proportional to z. This pulse train is multiplied by the y code input
mentioned above, and the output of the binary rate multiplier is a pulse
train proportional to the product of yz. This output is applied to the
backward input of the counter.

Since z = x/y can be written x = yz, due to the feedback loop, the
counter will tend to reach equilibrium with as many pulses applied to
the forward input as applied to the backward input. At equilibrium the
contents in the counter z will therefore be the desired quotient.

x
£ Forward-backward
fo——BM F counter
—
¥%f,
BM |e— f
%J’fo
BM

At equilibrium: y2fo = xfy, y2=x y=+%
BM = binary multiplier

F1e. 8. Square root unit block diagram.

Square Root

The ease with which algebraic and exponential relationships may be
accommodated might best be illustrated by implementing a device to
extract square roots with exactly the same circuit elements as just de-
scribed for an operational digital divider. Refer to Fig. 8. Whereas in
the divider, the output of the counter is multiplied by a rate fo, and that
product is multiplied again by an external function y, in the case of the
square rooter, the output of the counter will be designated y, and applied
simultaneously to the two subsequent binary rate multipliers. The output
of the first multiplier is yf,. The second rate multiplier is that product
multiplied by y, or y2f,. When this feedback is applied to the backward
count, while xf, is applied to the forward count, equilibrium will be
achieved in the counter when

zfo = y%fo or y=+r.
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A comparison of Fig. 8 with Fig. 7 illustrating the divider will show
that the circuit configuration is identical with the exception of one lead,
used to set z = y.

Variations. There are obvious variations to this setup. If, for ex-
ample, a unitary-weighted pulse train were to be divided by a binary
code, only two binary rate multipliers would be required, for the pulse
train could be applied directly to one of the inputs to the counter. If the
problem involved two unitary-weighted pulse trains, only one binary
rate multiplier would be required. In such a case, one pulse train would
be applied directly to the forward input to the counter and the y pulse
train would be multiplied by the count in the counter z, and the product
applied to the backward input to the counter.
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F1c. 9. Digital differential analyzer block diagram.

Differential Analyzer

A description of the basic tools of operational digital techniques in
hybrid operations would not be complete without reference to a familiar
device, the digital differential analyzer (DDA). The DDA can be likened
in many ways to an operational amplifier of the type commonly em-
ployed in analog computers, in that it can sum, integrate, and multiply.
However, an analog operational amplifier can integrate only with respect
to time. In the case of the DDA, the operational digital technique can
be used to integrate some variable with respect to any other variable,
clearly an important advantage in control or simulation applications.

A typical DDA is all digital in operation, i.e., all information flow
between integrators is in the form of pulse trains. In integrating y with
respect to x as shown in Fig. 9, the procedure is as follows. A counter
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has the initial value of y preset into it. It is stepped by a unitary pulse
train of Ay values. Associated with the counter is a serial adder which
has a pulse input of Az values. At the occurrence of a Az pulse, the
contents of the y counter is added to a second z counter, which puts o...
overflow pulses, when filled, having the value Az. The rate of the Az
pulses is proportional to y and the rate of Az pulses, such that Az = yaxz.

If the Az pulse train is counted in another similar integrator, the result
is a step-by-step rectangular area integration of y with respect to z.
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F1e. 10. Machine tool control diagram.

3. APPLICATIONS OF OPERATIONAL DIGITAL TECHNIQUES
Machine Tool Control

A practical application for use of the operational digital devices ean
be derived from one of the variations described above. In this applica-
tion a machine tool, such as a milling machine or lathe, is to be auto-
matically controlled by means of programmed commands from a tape
mechanism. The device involves two unitary-weighted pulse trains,
requiring but one rate multiplier and one forward-backward counter as
shown in Fig. 10. The programmed commands Az from the tape mech-
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anism are fed to a binary rate multiplier via a command register. A fixed
rate input, fo, is applied to the other input of the rate multiplier. The
commands from the tape mechanism modify the fixed pulse rate so that
the output of the multiplier is a train of pulses, Azf,, proportional in
number to the command increment. This pulse train is applied to the
forward input F of the forward-backward counter in such a manner that
the output of the counter is the machine control information, namely,
the output provides the forward motion power for the machine.

As the machine moves in the direction indicated by this information,
a pickoff transducer generates ineremental motion pulses, which are fed
to the backward input B of the forward-backward counter as the second
unitary-weighted pulse train. Thus, the count in the reversible counter
is always the difference between the machine commands and the actual
position of the controlled element. The entire device is a closed loop
positioning servo. It functions as a smoothing and rate control mecha-
nism. The last pulse of a pulse group from the binary rate multiplier
is used to advance the tape mechanisms so that the next command is
then read into the command register.

Information Averaging

In some industrial process control situations, (1) it is necessary to
sample periodically and find the derivative for the rate of progress of the
operation, and (2) it may be desirable also to integrate the rate informa-
tion over a period of time, so as to yield an optimum approximation or
prediction.

Problem. TFigure 1la is a block diagram of a two-loop system
where averaged output data x(t) are compared periodically with the
sampled input data x(¢,). The difference between the sampled input and
the averaged output is applied to one integrator, is then combined with
the difference information and, finally, is applied to a second integrator
whose output is the averaged process state information. The difference
values applied to both integrators are weighted by factors that indicate
the importance that is to be given to the information involved and are
appropriately chosen for the specific system. If it is recognized that a
temperature-measuring device, for example, is not absolutely accurate,
its full output will not be used to modify the system. Instead, its output
will be weighted and only a fraction of it applied to the computing sec-
tion. Thus, the averaged data integrator (the output integrator) not
only gets process state corrections at the time of the sampling measure-
ment but, of interest to the present discussion, continuously accumulates
rate data and keeps up to date by extrapolating that rate information.

Rate Aiding. The problem exists of how to store accurately and
utilize the rate information. As compared to analog or programmed
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digital approaches, the operational digital technique for “rate-aiding”
(as this averaging system is called) is extremely simple and requires
only a single rate multiplier as shown in Fig. 116. Assume that an inte-
grated rate z is stored in a digital storage register. Physically, this
might be a magnetic shift register or counter. Let the maximum possible
process rate be represented by a continuous pulse train of rate fmax.
Then, as shown in the lower portion of the figure, the entire rate inte-
grator consists of a single binary multiplier. As the code of the instan-
taneous rate is applied to the binary multiplier to modify the maximum

Inte Averaged
grator output

> 0 | x register I

Integrator
+
x(ty) K, >

B \Weighting *
/ devices

t

K, BM 'Fﬁate
max
- To x(t)
(@ integrator
x(ty) = data sampled at time ¢, )

Kj, K5 = weighting factors
Fig. 11. Information-averaging system diagram.

rate fmax, @ new pulse train whose rate is proportional to the process rate
is generated. The pulse outputs of this binary rate multiplier may
now be applied to the extrapolating integrator so as to predict z(?)
continuously.

Exampre. This action may be better understood by considering a
numerical example. Suppose that in a certain chemical process a temper-
ature builds up toward a final critical value. The nature of the process
is such that only periodic measurements of the temperature may be
obtained and, indeed, these measurements are less accurate than are
required. A rate-aided system is to be employed to average these sam-
pled data and to provide continuous temperature information. For
purposes of numerical example only, let the maximum rate of tempera-
ture change be 1000°C per minute. As the periodic measurements are
carried out, the rate integrator will average itself to the proper instan-
taneous rate. It is required that this rate information be fed into the
temperature integrator to provide, on a continuous basis, the instanta-
neous temperature of the reaction.

Let fmax be equal to 1000 pulses per minute. Then, if the temperature
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reaction is changing at its maximum possible rate, the stored binary code
for 1000 will be .11111, and all the 1000 pulses per minute will be gated
out of the binary rate multlpher to increase the averaged and predlcted
temperature at the proper rate.

Should the rate of reaction change so that the temperature is changing
at half the rate of 500°C per minute, the binary rate code would then be
01111, and 500 ppm will be fed into the temperature-averaging inte-
grator. For any other rate of change of temperature a proportional
pulse rate will be gated through the binary multiplier, and the numerical
value of the temperature will be continuously predicted and extrapolated,
as desired.

Other Applications. This same technique has proved useful for a
variety of position and velocity measurements, level and flow measure-
ments, and other processes where periodically obtained data samples
must be averaged to obtain more accurate information and to predict
the state of the variables at the time when, for one reason or another, no
actual measurements can be made.

4, INCREMENTAL COMPUTATION

Definition and Application. The computer to be described is a
hybrid computer. It is composed essentially of digital computer cir-
cuitry, and therefore achieves the high accuracy of a digital computer,
and it operates in nearly real time, by means of incremental computation
techniques, and therefore possesses one of the salient characteristics of
the analog computer.

The industries which potentially could derive the most benefit from
application of hybrid system techniques are the process industries.
These industries are characterized by having large numbers of parameters
which must be monitored for proper control of the process and, further,

by the existence of relatively large inertias on all the parameters being
monitored.

Automatic Data Acquisition and Process Control

Requirements for Data Acquisition. The typical organization of
an electronic data acquisition system makes use of a rather sophisticated
device, namely, an analog-to-digital converter, and multiplexes this
converter to the various inputs. Since it is generally required that the
digital information prepared by the analog-to-digital converter be in
engineering units compatible with the parameter being measured, various
normalization circuits are customarily interposed between the multiplexer
and the converter and are programmed in accordance with the type of
transducer being monitored for a variety of scale factors, linearization
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constants, zero offset (or zero suppression) quantities, and square root.
By whatever means the variations in normalization are achieved, the
means to variability necessarily imply a device which is tantamount
to storage.

Storage Requirements. The normal operation of an analog-to-
digital converter involves a series of successive approximations toward
a final measurement value and is performed much in the manner of the
optimum program for weighing an object of completely unknown weight
on a chemical balance. A distinguishing feature of the process industry
systems is the fact that the parameters being monitored have large
inertias. Therefore, a measurement of such a parameter is not in the
category of the “unknown” weight, inasmuch as the measurement pro-
duced on an nth cycle of operation will be either equal to or have trivial
deviation from the measurement on the n—1 cycle. Such systems
must contain some forms of storage, such as mechanical inertias and
relays. It is reasonable to consider a system organization in which a
single storage unit is used for all the required normalization constants,
alarm limit values, and the value of measurement on the n — 1 cycle.
Such a storage can be extremely simple in its organization inasmuch as
the program sequence follows a well-ordered selection arrangement. Any
storage device which presents information in a sequential fashion may
be utilized without any requirement for complex storage selection cir-
cuitry or dead times imposed while waiting for a desired selection.

Analog-to-Digital Converters for Incremental Systems. The analog-
to-digital converter is now called upon to make only one decision per
measurement, namely, the determination of whether the parameter being
measured is more or less than its last value. The output of the com-
parator of the converter, which was previously sensed on each of a suc-
cession of decision cycles, is now used to activate a simple incremental
adder for the purpose of updating the stored measurement value. A
system organized on this basis is inherently faster than its conventional
counterpart and in many applications may result in significant economies.

Control Applications. However, the present intent is not to show
a better way of doing a conventional operation but, rather, to explore
the possibilities of this approach to the construction of systems of much
higher ability. The fundamental intent of any data monitoring system
is the evolution of control information. Inasmuch as many process con-
trol variables are of small relative magnitude, repeated output of data
on such channels is often extraneous. The important characteristics of
a true information-gathering system are: )

1. The ability to distinguish information from redundancy.

2. The inclusion of sufficient computing ability to interrelate monitored
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quantities in whatever manners are necessary to provide controlled in-
formation in a form suitable for immediate control action by the system
operator or by the system itsclf.

Many of the mathematical operations required in process control
computations are surprisingly complex. But the same remarks which
applied to the use of old measurement data in the simplification of a
new measurement have equal significance to the solution of these equa-
tions. The precise solution of the control equations by conventional
computing means is exactly analogous to conventional analog-to-digital
converter operation. Where nothing is known about the values of the
various operands until they appear on the scene from storage, complex
computing circuitry must be employed and the evolution of the answer
must await the many cycles required in their operation. In contrast,
the process control situations frequently involve the repeated call for
solution of equations where both the operands and the answer are
predictable within close limits. The job of the incremental computer,
therefore, is to update a last solution rather than to start fresh on the
effectively blind solution of a “new” problem.

Machine Organization

Block Diagram. The computational unit shown in Fig. 12 com-
prises three adders, three incremental adders (=+1), and three comple-
menters. This apparatus, when connected together, performs the arith-
metic given in eqs. (1), (2), and (3) of Table 1. On each storage cycle
it receives operands S, R, V, and U from storage, operates on them in
the manner indicated, and returns new values of R, V, and U to the
corresponding storage positions. The quantities S are used as scaling
factors and are never modified except by change of the computational
program. The complete equations for the incremental computer are
given in Table 1 and are grouped as follows:

1-3 Basie

4-12 Addition and subtraction
13-25  Multiplication
26-32 Division
33-45 Square root
46-59 Integration and differentiation
60-64 Logarithm and exponential

Conirol. Control of the basic equations to effect the desired opera-
tions of addition, multiplication, square root, ete., is done by properly
combining (or disconnecting) the sensing lines from incremental storage,
and by the choice of which one relates to the dependent variable. In
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most cases the dependent variable is not actually generated by the main
storage cycle but, rather, information is placed in incremental storage
which may be used to update the “result” in a separate storage cycle.
In most cases the output increment of one program step will be applied
directly as an input to a subsequent operation, and only the final solu-
tion will be generated for readout.

r Program
— e — e ]
S
AZ R-1)
= Vs,
\ Ugk-1)
Adder ]
AW
AU
k%) Increment [~——————"]
3.4 —> storage Main
= flip-flops storage
AT ]
av
Sign of R
\>
Storage
sequencer

Fie. 12. Incremental computer block diagram.,

Thus, the increment storage is the means for communicating informa-
tion between parts of a problem solution, the mechanism for causing
the basic machine algorism to do different sorts of arithmetic, and the
channel for input information.

Program. The program which accomplishes all this is stored in the
main storage and is presented to the increment storage at each step of
the storage cycle. Since the program command must be known in ad-
vance of the operands, the first bits read out from the four storages at
the beginning of a cycle may be used for the program to control that
cycle. The main storage may be a drum or an array of magnetic cores.

Assume eight binary bits as sufficient for command; then the first two
pulse positions on the R, S, V, and U output lines will contain this infor-
mation. A word length of thirty bits, plus one for sign, is probably -
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TasLe 1. ILquaTions FOR THE INCREMENTAL COMPUTER OF F1G. 12

I Basic Machine Equations

(1) U= Uiy + AU
(2) V= Vi 4 AV,
3) Ri = Ry, + UAT + Vio1AW, + AX — SAZ;

II Addition and Subtraction

A. Desired Output
X+ UoT + VoW

) Z= S
B. Initial Conditions
(5) AU, = AV, =Ro =0
(6) SZo = Xo+ UoTo 4+ VoWyo
_ [+1dor Ry, positive} .
) AZiyy = {—l for Ry negative reversed for S negative

C. Proof
(8) Rir = Ri_y + UoAT). + VoAW, + AX), — SAZ;

E=N k=N k=N k=N
9 kgo (RBe — Ryy) = LZO UoAT,. + kz:o VoAW) + 2 AX) — LZ,O SAZy

(10) Ry — Bo™= UoTy — LePr+ VolWy — VoW + Xy — X¢—
— SZy + SZo
1) SZy+ Ry = UoTn + VoWx + Xn

By X+ UoTy + VoWy

(12) Zx + <= S
IIT  Multiplication
A. Desired Output
(13) z= 0L
B. Initial Conditions
(14) ATy = AV,
(15) AW, = AU}
(16) Ro=0
(17) SZo = UgVo + Xo
(18) Ay = {_i__i igi Zi Ez::;r:e} reversed for S negative

C. Proof
(19) RL = Rk—l + U;;Avk + Vk_IAUk + AXk - SAZk
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TaBLe 1. EQuATIONS FOR THE INCREMENTAL COoMPUTER OF F16. 12
(Continued)
(20) A(UpVi) = UpVi — Ur—q Vi
= (Upy + AUL) (Vi1 + AVy) — Up1 Vi
= _Ups¥r=1+ UpaAVi + Vi AUk + AUAV . = Upes Vo1
= Vi1AU + AV (Up—y 4+ AUy)
= Vi—1AU + U:AV;
(21) Ri — Rx— = A(ULVy) + AX — SAZ,
k=N

k=N k=N k=N
(22) X (Br = Ri1) = 2 AUVi) + 2 AXi — 3 SAZ;
k=1 ¥=o k=0 K=o

(23) Ry — Bo™= UxVy — Ue¥o+ Xv — Xo*— SZy + SZ0
(24) SZy+ Ry = UyxVy+ Xn
By _UnVyv+ Xy
S S
IV Division
A. Desired Output

25) Zy+

(26) U= SZ - X
B. Initial Conditions
27) AT, = AVy
(28) AWy = AU
(29) Ro=0
(30) UoVo = SZy — Xo
r+1 for Ry positive and V; negative
1 for ive and V' iti
@ i o B piivg ooV, v
—1 for Ry, negative and V), negative
C. Proof

(32) Solving eq. (24) for Uy,
_SZny+ Ry —Xn

Un Vo
V  Square Root
A. Desired Output
(33) V=+V8Z-X
B. Initial Conditions
(34) Vo = Uo

(35) ATy = AW, = AV, = AU



(36)
@7

(38)

39
(40)

(41)
(42)

(43)
(44)
(45)

VI

(46)

(47)

(48)
(49)
(50)
(51)
(52)

(53)

(54)

OPERATIONAL DIGITAL TECHNIQUES
TaBLE 1. EqQuaTioNs FOR THE INCREMENTAL CoMPUTER OF FiG. 12
(Continued)
Ro=0
Uo® = 8Zo — Xo

+1 for Ry negative

AUkyr = {_1 for Ry positive

C. Proof
Ri = Ri—y + UiAU + U AU + AXy — SAZ
AU = U2 — Uyy?
= (Up—1 + AUR)? — Uiy?
= L=+ AUUgey + AUUk—y + AUAU; — g™
= Uy 1AU + AU, (U + AUY)
= Up1AU, + U AU

Ri — Ri—y = A(U2) + AXy, — SAZ:

k=N E=N k=N k=N

2 (Be—Ri)) = 2 AU+ X AX = 8 3 AZ:
k=0 k=0 k=0 k=0
Ry — Ro’= Un? — Ue?+ Xy — Xo™— SZn + SZ5
Ry =Ux?+ Xy — SZx

Uv =VSZy — Xy + Ry

Integration
A. Desired Output

2 7]
z_gfvdf

270=N1 2
Zy =5 2 53U+ U )AT 5 | UdT
S i=o S

B. Initial Conditions

Vo = Uy
AV = AU,
AW, = AT,

Ro=Xo=AX;; =0
Zo = desired valueat T = To

+1 for Ry, positive

A = {—1 for Ry negative

C. Proof
R =Ry + UAT, + Up_1AT. — SAZy

29-23
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TasLE 1. EqQUuATioNs FOR THE INCREMENTAL CoMPUTER OF F1c. 12

(Continucd)
N N N
(55) 2. Ry — Ry—1) = 2 (Up — Up1)AT: — S 35 AZ;
k=1 E=1 k=1
N
(56) By — Bo= ZkZ:l%(Uk + Ur—1)ATy — S8Zx + SZo
R 2 XN
(67) Zy + FN = §k§1 F(Ur + Ur)AT, + Zo
) ‘
&g f UdT + Zy
VII Differentiation
S dZ erae SR ;
(58) U — " (substituting AUy for AZji4y in eq. 53)
VII Reciprocal Integration
S (dZ _— -
(59) T~— f T (substituting ATy for AZyy; in eq. 53)
VIII Natural Logarithms
A. Desired Output
2 .
(60) 3 T=InZ
B. Initial Conditions
(61) Z=U
(62) AZ = AU
(63) Ro=Xo=AX.=0
__[41 for Ry, positive
(64) Al = {—1 for By negative
C. Proof ‘
Same as VII, since:
S (fdzZz S
(65) T = 5) 7 =3 In Z, whence
2
(66) S T=IlnZ

IX Ezxponeniial
(67) Z = ¢2T18 (substituting AZry1 for AT:yq in eq. 64)
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sufficient for any application. The prototype will, therefore, be assumed
to haveé a minor eycle length of thirty-three pulse times, and have a major
cycle (complete storage cycle) which contains thirty-three (1092 + 33)
possible program steps. This seems sufficient, inasmuch as considerable
arithmetic may be accomplished in each step. For example, a complete
summation of the displacements in the thirty monitored lines requires
only fifteen cycles.

Error Term. In all the machine operations the quantity R repre-
sents an error term which at any instant in a problem solution is either
at its minimum possible value or is being reduced to that value at the
maximum possible rate. The entire intent of the machine algorism is
to reduce R on each cycle of computation. The sign of the error may
therefore be used as an input to the incremental storage such that, by
appropriate action of the program, the next solution for R on that pro-
gram step will either reverse its sign or reduce its magnitude. The incre-
ment storage flip-flop which, by program control, receives its information
from the sign of R, is the dependent variable of a desired operation.

Operations

1. Addition and Subtraction. The computing unit is capable of
continuously updating the sum of three quantities, according to eq. (4).
The quantities X, T, and W are presented to the arithmetic unit in the
form of increments, and may be entirely derived from flip-flops which
receive their information externally or come from a combination of such
information with increments obtained from other computing processes.
This mixed mode will become clearer in its operation as the description
proceeds.

No explicit storage for the quantity Z exists. The sequencing de-
scribed does not result in the production of an explicit quantity Z unless
that is required by the program. Instead, the operation produces as an
output information for updating a quantity Z by units of +1. These
units may be used to modify either U or V in a subsequent cycle of
operation to accumulate a quantity equal to Z, if that is desired. But if,
for example, Z is to be further added to other quantities, and is not
required as a result in its own right, then AZ will be sensed in a subse-
quent solution of eq. (4) as being a quantity AX, AT, or AW.

The quantity S is used in all the mathematical operations as a scaling
factor. In addition and subtraction the quantities U and V are also
available for scaling. However, the choice of 8, U, and V must be made
in accordance with the requirements of eq. (6), which represents an initial
solution of the problem at the start of any computational run. The com-
putation proceeds as follows:
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a. Equations (5), (6), and (7) are the microprogramming for the
initial solution. Equation (5) says, simply, that the quantities U and V
remain invariant and that the initial value of R in the storage is zero.
Equation (6) states certain necessary balances of the numbers in the
storage at the start of the program sequence.

b. Substituting the conditions of eq. (5) in eq. (3), leaves the modified
arithmetic operation of eq. (8). '

c¢. Sumrming for N cycles eq. (9) leads to eq. (10). Subtracting out
eq. (6), and the fact that R is equal to zero (eq. 5) gives us eq. (11).

d. Equation (11) rewritten in eq. (12), is identical to eq. (4), except
for the error term.

e. It can be shown that the solution is at all times within =1 of its
correct value or is approaching that value at the maximum possible rate.

2. Multiplication. Multiplication is accomplished as follows. As
before, the quantities which are independent variables (U, V, and X) are
presented to the arithmetic unit in the form of increments. Unlike the
previous example, two of the variables, U and V, are updated as a part of
the operation, and could be called from the storage. The single opera-
tion thus provides a’ means for updating information for a product
quantity Z. The sequence is as follows.

a. Equations (14) through (18) are the microprogramming equations
which adapt the machine algorism for multiplication. Equations (16)
through (18) resemble start conditions for the addition process, while
eqs. (14) and (15) merely say that two increment storage flip-flops serve
as the controlling devices for four operations.

b. Substituting the initial conditions into eq. (3), yields eq. (19).

¢. This becomes eq. (21) following the arithmetic of eq. (20).

d. Summing over N cycles and subtracting eqs. (16) and (17) leaves
eq. (24).

e. The rewritten form in eq. (25) is equivalent to eq. (13), except for
the error function, and can be shown to be either equal to =1 of the
correct value or be movmg toward that value at the maximum machine
rate.

3. Division. The operation of division as expressed by eq. (26) is
the same as that for multiplication except for the choice of dependent
variable. With the exception of the rules given in eq. (31), all the micro-
programming for the two operations is identical. »

The solution of the machine equation for division follows the same
lines as in multiplication to eq. (24). Solving eq. (24) for Uy yields the
result, eq. (32). This is identical with eq. (26) except for the error term.
It can be shown that the solution is within =1 increment of the correct
value or is approaching the correct value at the maximum machine rate.
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Division is the first of the machine operations thus far discussed which
directly accumulates its result in the main storage. This property is
true only for operations which use the quantity U or V as the dependent
variable.

4. Square Root. Square root, according to the relationship of eq.
(33), is performed by the computer by imposing the restrictions of
eqs. (34) through (38). Note that while all six inerement control lines
are active, four of them are derived from a single increment storage
flip-flop. The procedure is:

a. Substituting eqs. (34) and (35) into eq. (19) yields eq. (39).

b. Equation (39), following the arithmetic of eq. (40), becomes eq. (41).

¢. Summing over N cycles and subtracting the initial conditions of
eqgs. (36) and (37) give eq. (44).

d. Rewritten as eq. (45) it may be seen that this is identical with
eq. (33) except for the error term.

e. It may be shown that Uy is within =1 increment of the correct
solution or is approaching that value at the maximum machine rate.

Because of the choice of U as dependent variable, the quotient is
accumulated directly in the main storage.

5. Integration and Differentiation. None of the arithmetic processes
discussed in the preceding sections has involved approximations.{ The
results in all cases have been exact and, presuming reasonable rates of
change of the input variables, are at all times within +1 of true value.

The subject operations and those which follow are limited in their
accuracy by certain approximations which have been required. The
accuracy of the approximation depends on the behavior of the variables.
In most cases the errors will be quite small. The procedure is:

a. Integration according to the relationship shown in eq. (46) is per-
formed in the arithmetic unit by the trapezoidal approximation shown
in eq. (47).

b. The microprogramming for this operation is given in eqs. (48)
through (53).

¢. Substituting the initial conditions into eq. (3) yields eq. (54).

d. The usual procedure of summing over N cycles and subtracting out
initial conditions results in eq. (56). ’

e. As rewritten in eq. (57), the result is equivalent to eq. (46), except
for the error term and the approximation error of eq. (47).

Given the ability to integrate, it follows that the arithmetic organ
can also differentiate or perform reciprocal integrand integration
as shown in eqgs. (58) and (59). These, of course, have the same lim-
itations on accuracy as noted for the basic integration and oper-
ation.
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These operations are handled identically with integration except for
the choice of independent variables, as noted.

6. Logarithm and Exponential. With the aforenoted cautions on
accuracy, eq. (59) may be modified according to the conditions of
egs. (60) and (61) to effect natural logarithms according to eq. (62).
Further manipulation leads to eq. (64) for exponential.

Practical Considerations

Transient Solutions. All the foregoing operations function to update
their solutions on each cycle of the machine storage. At the beginning
of machine operations these corrections are made from a trial solution
stored in the machine storage. This solution may or may not be a good
approximation, but in any case serves to relate the scaling factors used
in the problem solution properly.

In a continuously operating system, where previous values of variables
are not erased from the storage, there will never be a starting transient
during which the “answers” differ appreciably from their true values.
Readout may be initiated at any time and the solutions read out will rep-
resent the results of computation which has been performed on the very
latest input data.

Assume that it were necessary to clear the counters once every 24
hours. If this method of operation were used with an incremental com-
puting system, there would be a short period of time at the beginning
of each day’s run (probably in the order of seconds) during which the
machine’s solutions would not be valid. However, it is probable that
the clear operation would no longer be required once the computational
ability is built into the system. '

Incremental System Benefits. The addition of incremental comput-
ing ability to a data gathering facility can provide a number of very
important operating advantages.

1. System cost should be very much less than that originally intended,
presuming that at least part of the cost of a medium-sized drum computer
must be added to the basic data gathering facility.

- 2. System reliability should be greatly improved because no electro-
mechanical devices are involved in the computation itself, and only the
desired end results need be communicated to the operator.

3. System versatility offers numerous features not heretofore possible.
One may, for example, have rate alarming at no additional cost other
than the cost of the time for programming.

4. Typeout of any or all of the final results is available at any time
during the day, either on demand readout or by automatic initiation at
specified intervals.
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5. The fact that most system inputs are analog in nature and that
analog-to-digital conversion is required is no detriment whatsoever to
the application of incremental techniques. Indeed, the analog-to-digital
conversion process can be made very much easier by combining its oper-
ation with the computing unit. Analog-to-digital conversion as per-
formed in present systems makes no use whatever of previous input
values and must, therefore, make all decisions required for the digital
quantity over again on each cycle of operation. But when previous
values are available from a storage, the last updated digital value may
be read out into a digital-to-analog converter for a present status com-
parison. The results of this comparison, in the form of an increment
(==1) may then be used for further updating the digital quantity in the
main storage.
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1. DESCRIPTION AND APPLICATIONS

A combined system consists of analog computation elements and a
digital computer interconnected by transducers and simultaneously em-
ployed in computation. A typical combined system comprises:

1. A general purpose digital computer of moderate to high computation
speed.

2. Electronic analog computing equipment of the low frequency, or
nonrecursive type, in amounts which vary from a few elements to several
racks of equipment.

3. The transducers are usually electronic analog-to-digital and digital-
to-analog converters.

A typical system is shown in block diagram form in Fig. 1.

Note. Throughout this chapter the term bit will be used as an abbre-
viation for binary digit.

System Applications. Combined systems are employed to solve
systems of differential equations which possess one or more of the follow-
ing characteristics:

30-01
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1. Exceed the capacity of the largest digital computers in that they
require an excessive period of computation to produce results.

2. Excced the capacity of the analog computation facility usually by
requiring more nonlinear elements than are available.

3. Require greater accuracy than is obtainable by analog techniques.

Exampre. A system of ordinary differential equations of moderate
order and containing many nonlinear coefficients will quite often require
more nonlinear elements than are available in a large analog computer.
If the system response contains both high- and low-frequency effects

A/D
converter
channels

Analog Converter Digital
computer control computer

D/A
converter
channels

Fre. 1. Block diagram of a combined analog-digital computing facility.

which are of interest, the problem may exceed the capacity of a high-
speed digital computer. For the digital computer must employ a com-
putation interval small enough to reproduce faithfully the high-frequency
effects and at the same time carry the computation forward over many
of these small intervals until the low-frequency effects can be observed.

If additional computing capacity is sought by attempting to employ
two digital computers simultaneously, the problems of coordinating the
actions of the two computers, so that they do not interfere with one
another while attempting to communicate results, is a difficult one. Fur-
thermore, programming the computation to keep both machines occupied
is awkward. ~Although the combined analog-digital approach requires
a radical change in the number representation for communication between
the two computers, problems of mutual interference and of programming
for effective utilization of both machines are much simpler.

Problem Types. Table 1 contrasts problem types successfully em-
ploying analog, digital, and combined techniques for their solution.

2. SYSTEM COMPONENTS

Analog Computer. The low-frequency electronic analog computer
performs all computations simultaneously so that, within the restrictions
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TaBLE 1.

Analog

Linear and nonlinear
ordinary differential
equations of moderate
order with simple non-
linear terms and with
both high- and low-
frequency effects in
response

Continuous control sys-
tem: studies requiring
about 0.19, accuracy in
solution

Computations requiring
graphical input data
and producing graphical
results

Digital
Linear and nonlinear
differential equations of
moderate order with
complex nonlinear
coefficients and with
either high- or low-
frequency response
characteristic

Continuous or discrete
control system studies
of moderate complexity
requiring better than
0.19% accuracy in solu-
tion

Computations requiring
tabular input data and
producing tabular or
graphical results
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CoMPARISON OF PrOBLEM TYPES FOR ANALOG, DIGITAL,
AND CoMBINED COMPUTERS

Combined

Linear and nonlinear
differential equations of
high order with complex
nonlinear coefficients
and with both high-
and low-frequency
effects in system
response

Highly complex control
systems containing
discrete as well as con-
tinuous elements and
requiring accuracy of
better than 0.19; in
solution

Computations requiring
graphical and tabular
input data and pro-
ducing graphical and
tabular results

imposed by the number of computing elements available in the computer,
problem complexity does not restrict solution time. These analog com-
puters can furnish solutions to about 0.1 per cent accuracy provided the
response does not exceed about 20 cycles per second. Problem changes
are easy to effect by plugboard changes or by resetting potentiometers.
Input and output of graphical data is easy and straightforward. Output
graphical data must be manually identified and scaled.

Digital Computer. The high-speed digital computers perform compu-
tations sequentially so that computation time depends on the complexity
of the problem. The computation time determines the highest sampling
frequency possible and, therefore, the highest frequency of the system
response which can be accommodated. A high-speed digital computer
may well require 25 milliseconds to compute the sine or cosine of six
angles so that a coordinate transformation exceeds the computer capac-
ity if 20-cycle variations in position occur. Digital computers handle
logical decisions very effectively. They accept tabular data for input
and produce tabular output as well as graphical output with identifica-
tion and scales. Graphical output requires special plotting symbols on
the printer as well as the usual alphanumeric characters.
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Conversion Equipment

Mechanical Analog-Digital Converters. There are many types of
analog-digital conversion equipment in use (Refs. 1,2). The mechanical
converters are usually shaft position converters in which a servo positions
a code wheel to establish the required digital code, or relay switching
networks which switch increments of voltage until the input voltage is
matched. Mechanical converters are normally too slow for use in a
combined system.

Electronic Analog-Digital Converters. The converters most used in
combined systems employ vacuum tube or transistor switching circuits
to switeh increments of current into a ladder network which sums the
voltage drops and adds to or subtracts current increments until the out-
put of the ladder network equals the input voltage (Refs. 3, 4). These
converters are of two types; the free running or servo type, and the
sampling type. Another type of electronic analog converter which has
not been employed in combined systems is the pulse width system.

1. Free Runming. In this type, the current switches are controlled
by the bits in an accumulating register. A least count is added to or
subtracted from the register, depending on whether the ladder output is
greater or less than the input, at equal intervals of time, until the register
“counts to a value corresponding to the input voltage. The accumulator
then oscillates within plus or minus one least count of the input value.
The maximum voltage change that the converter can follow is the voltage
change produced by the least significant digit divided by the clock
period between successive additions. The dynamic response can be im-
proved by sensing whether the comparator is out of balance by more
than one voltage increment and when it is causing the bit to add in the
next to least significant position. In this way, the converter follows twice
as rapid a voltage change but to one-half accuracy.

2. Sampling. Another type of electronic converter starts from zero
and switches successively from the most significant bit to the least, each
time comparing the input to the ladder output. In this way, the converter
establishes a number which was equal to the input voltage at some time
during the sampling interval. This value is held until the converter is
commanded to sample again. By making the decision interval short, the
input changes during sampling are made small.

A variation of this converter employs a sample and hold circuit to
clamp the input so that it is constant during conversion. The problems
inherent in making a fast sample and hold circuit are nearly as great as
in producing a fast converter; however, sample and hold devices can im-
prove the accuracy of this type of converter by at least a factor of 10.
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3. Pulse Width. The pulse width converter first transforms the analog
voltage into a pulse with duration proportional to the analog voltage
(Ref. 5). The pulse duration then gates a string of pulses into a counter
where they are counted to arrive at the digital value of the analog voltage.
Even with high pulse rates (2 or 3 megacycles), the time required
to count to 3-decimal digit accuracy (400 microseconds) is longer than
for other electronic analog converters. The pulse width conver-
ter is slower than the electronic converters of the sampling or free
running types.

Digital-Analog Conversion. Conversion from digital to analog is
much simpler than the corresponding conversion from analog to digital.
The digital number is set up in a register. The bits in the register control
the switching of current increments into a ladder network which sums
the voltage drops to produce an output proportional to the number placed
in the register. The digital-to-analog conversion does not require com-
parisons and decisions in order to set the current switches properly. In-
stead the switches are simply set to agree with the bits of the number
in the register. Furthermore, the switches are set simultaneously rather
than sequentially so that conversion is much faster digital to analog
than it is analog to digital.

Converter Buffering. The construction of electronic analog-digital
and digital-analog converters is such that a buffering action is obtained
at no extra cost. In the sampling type analog-digital converter, once the
current switches are set, the number can be read out at any time between
conversions. Since the current switch settings will remain constant until
the next conversion, they may be sensed at any time for readout, and
until sensed they will store the number. Buffering action of the free
running converter is obtained by stopping the decision pulses so that the
converter no longer follows the input. When the number has been trans-
ferred from the buffer, a subsequent conversion must be delayed until
the free running converter has had time to catch up to the input voltage.
In the same way, the digital-to-analog converter can accept a number
at any time for conversion. Once the current switches are set, the analog
output will hold constant while the register accepts another number for
subsequent conversion.

Exampre. A typical electronic analog-to-digital converter will occupy
from 6 to 28 inches of rack space, weigh from 50 to 200 pounds, and
require from 25 to 500 watts of power. The converter can be obtained
in sizes from 10 bits to 18 bits with options as to whether binary or
coded decimal representation is preferred. The static accuracy is about
0.1 per cent. The conversion speed will vary from 2 to 5 microseconds
per bit.
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Converter Bandwidth.

1. Free Running. The highest frequency a free-running converter can
follow is that with a maximum slope of one least count in the time
required to set a bit.

Exampie. If the bit setting time is 4 microseconds and the converter
has a 10-bit register, the maximum slope would be one least count (2—19)
divided by the time to set the bit 4(10—¢), and this in turn must equal
the maximum slope 2xfmax of the sine wave of maximum frequency. So
that,

2-10/4(109)

fmax = —————— = 39 cycles per second.
2

2. Sampling. The sampling converter must sample the voltage before
it has changed appreciably. The sampling process takes a finite length
of time. It is the speed of conversion, the time required to set the desired
number of bits, which determines the converter bandwidth and not the
number of sampling operations which can be performed in a given amount
of time. Most converters recover very rapidly so that data can be sam-
pled at a very high rate. To obtain appreciable accuracy from any of
the samples, the input must be of quite low frequency content so that
the additional samples which could be taken would be redundant and
of little value.

ExamprE. What is the highest frequency that a converter with a speed
of 4 microseconds per bit can sample to 10-bit accuracy? For 10-bit
accuracy, the input must not change more than one bit in the least sig-
nificant place. The maximum change is then 2—10, This change can
oceur in the length of time required to set 10 bits, or in 40 microseconds.
The maximum slope 2rfu.x of the sine wave of maximum frequency for
10-bit conversion must equal the maximum allowed change during con-
version. So that,

-10 0—6
fo  2710/400107)

= 3.9 cycles per second.
27

Improving Bandwidth by Computation.

1. Free Running. The example above showed that a 4-microsecond
free-running converter could follow about 40-cycle data to full 10-bit
accuracy. If data are transferred twice per cycle to the digital computer,
then at 40 cycles per second, 2 samples per cycle, and 10 bits per sample,
800 bits per second are transferred to the computer. The converter makes
250,000 one-bit decisions each second in following the input, which re-
quires a single decision every 4 microseconds.
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The bandwidth can be increased somewhat by reading data which are
only approximate from the converter and by using the digital computer
program to recover the data from the noise introduced by conversion.
It is not possible to increase the bandwidth of the free-running converter
very much by these techniques since the converter is either following
the input voltage or it is not. Consequently, there are 10 bits of infor-
mation in each sample, or none. The converter will catch up at the peak
values and can provide accurate readings at the crests of the waveform
even if it cannot keep up on the steep rise at either side. These peak
values can be used to reconstruct the wave. The program can decide
whether readings are meaningful or not by differencing to see if the
converter was traversing at full speed or if it had settled down to follow-
ing the input. However, if the input is much above the 40-cycle limit in
harmonic content, the converter will produce a triangular waveform
intersecting the data waveform more or less randomly. Since the con-
verter is traversing at full speed at all times, it is difficult to determine
the intersections with the data and hence the meaningful values.

2. Sampling. The example above showed that a 10-bit sampling con-
verter with a conversion time of 40 microseconds has a bandwidth of
about 4 cycles per second. If the converter can recover and be ready to
sample within 100 microseconds (many sampling converters can), it would
be possible to sample an input every 100 microseconds. KEach such
sample would require ten decisions in setting the bits for the conversion.
In theory then, the converter is capable of making 100,000 decisions per
second. However, in transferring 4-cycle data to a computer to 10-bit
precision, it is in fact delivering only 80 bits per second, an even lower
efficiency than that noted for the free-running converter. The sampling
converter, however, can accept a much greater range of frequencies at
its input before it reaches the point of delivering no information with
each sample. Since the sampling converter sets the most significant digit
first, the input can change very rapidly before the converter will fail to
set the most significant bit correctly. For example, a 1000-cycle signal
would cause at least 4 bits to be set properly. If the high-frequency
input is sampled more than the ideal two samples per cycle and a least
square fit is made to the data in the computer, it is possible to
reconstitute very high-frequency data from its approximate sample
values. Since the digital computer is often hard put to complete the
required computations in the time available, there may be little time left
for reconstituting the input data from its approximate samples.

3. Pulse Width. The output of any converter can be considered as
representing precisely the value which the input voltage assumed at
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some time in the sampling interval. Usually the exact time at which
this coincidence occurred is not known. If the converter is fast enough,
this timing uncertainty is not important. If the coincidence is assumed
to occur at the start of the sampling interval, an amplitude error results
which can be held to prescribed limits by restricting the bandwidth of
the input voltage being converted.

The pulse width converter has a relatively long conversion interval
but its design is such that it is quite easy to compute the instant at
which sampling occurred. If the perturbations of the nominal sampling
interval are computed, the converter output can be accepted at full
design accuracy. The counter in a pulse width converter is gated on as
a standard ramp voltage crosses zero and off when the ramp recaches
the input voltage level.

The converter output is therefore proportional to the time from the
start of the sampling interval until the coincidence with the input voltage
occurred. This proportionality affords a simple method of computing
the sampling instant,

Converter Selection. In spite of the bandwidth advantage of the
free-running converter, most combined systems use the sampling con-
verter. This is because the sampling converter recovers more rapidly
after serving as a buffer than does the free-running converter which
must have time to catech up to the input voltage. While this recovery
time has little effect on the bandwidth of either converter, it provides
a better buffering action for the sampling converter. The improved
buffering action is important from the computer programming point
of view.

3. CONTROL AND TIMING

Definitions. In combined systems, the digital computer accepts inputs
from the analog computer and computes results which are transmitted
back to the analog computer. The time interval between two successive
transfers of the same output variable to the analog computer will be
called the cycle time. The time interval between accepting data and
delivering results will be called the delay time.

Program Control. For many digital computers, the time required to
complete a program will vary from computation to computation, since
the execution time of operations such as multiply depends on the mag-
nitudes of the numbers being used in the computation. The variation in
computation time for some digital computers could amount to +10 per
cent or more. If all conversions from analog to digital or digital to analog
were initiated under program control, these variations in program execu-
tion time would produce corresponding variations in the cycle times and



COMBINED ANALOG-DIGITAL COMPUTING SYSTEMS  30-09

delay times for each computation. For many system studies, variations
in eycle time produce effects not present in the system under simulation
and their net effect on the simulation is difficult to estimate in assessing
the value of the simulation study. These uncertainties can be eliminated
by reducing the simulation time scale by 10 per cent and inserting suffi-
cient idle time in the digital program to pad out each computation to a
fixed length. In order to do this easily, the digital computer must provide
interlocks with its input-output buffer.

Computer clock

pulses
Resume enable
> and
and
’—> and
Wait
flip-flop
Lock out enable
—————————— =
r Write ——J .
| nd d d d
: Tes;u[tock Read | ar an an an
| | A A A A
| | ! | I |
' {
{ Computer control | Wait read Wait write
— > derived from | flip-flop flip-flop
these pulses :
|
|

Initiate lock out read ————

|
|
|
i
I |
| ]

Initiate lock out write

Input pulse from Resume pulse from
converter when converter after it
data have been has accepted
placed in data from
in-out register in-out register

Fic. 2. Block diagram of input-output buffer and interlocks.

Input-Output Buffer and Interlocks. Many of the commercially
available digital computers either provide or can be modified to provide
an interlocked in-out register, such as that shown in Fig. 2. The inter-
locks halt the digital computer if it attempts to read data from the in-out
register before the external equipment has placed the data in the register.
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The interlocks are released as soon as data have been placed in the
register at which time computation resumes.

Furthermore, the conversion equipment must be provided with a clock
which can be manually set to control conversion at a fixed rate, inde-
pendent of the operation of the digital computer. With the conversion
interval set slightly longer than the maximum execution time of the
digital computer program, the interlocks will hold the digital computation
waiting for the converter clock to transfer data and release the interlocks.
In this way, each segment of computation is started in synchronism
with the converter clock. Where different computations, each with its
own cycle time, must be interleaved, the same techniques are available.

Sequencing Computations. Supposc a computation X is to be per-
formed each conversion interval 7', while a computation Y is to be
performed once in each double interval, 27. (See Fig. 3a, b.) Note that
T is in seconds of problem time. This can be accomplished if the digital
program is written to convert A/D and D/A as follows:

1. Read and convert data A/D for the first computations X; and Yj.
. Compute X;.

. Write X results to the converter buffer.

. Complete half of the Y; computation.

. Convert X, data A/D and X, results D/A.

. Read in data for computation X,.

Write X, results to converter.

. Complete Y; computation.

. Write Y, results to converter.

. Convert Yy and X5 D/A, ¥, and X3 A/D, and repeat the cycle.
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This sequence completes two X calculations (X and X5,) and one Y
calculation (Y;) in the interval 27. (See Fig. 3c.)

The analog computer time scale is adjusted so that 27 seconds of
problem time equal the nominal execution time of the entire digital com-
puter program. The digital computer program will control conversions
and provide the computations X and Y with approximate cycle time of
T and 27 seconds of problem time. These cycle times will not be exactly
periodic as pointed out earlier. The cycle times can be made exactly
periodic by setting the analog computer time scale so that the maximum
execution time of one cycle of the digital program is equal to 27 seconds
of problem time. The conversions must also be placed under the control
of the external clock which is set to convert every T seconds. In this
way, the interlocks on the input-output register insert sufficient idle
time at each conversion to accommodate the uncertainty in execution time
of the digital computer program. (See Fig. 3d.) Note that while the
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Fic. 3. Time sequencing of computations: () X computation time; (b) Y computation
time; (¢) combined X and ¥ computation; (d) combined computations with idle time;
(¢) combined computation with ¥ computation divided unequally.

actual execution time of the program is longer, the analog computer’s
time scale has been adjusted so that the longer interval still equals T
seconds of the problem time.

A difficulty sometimes occurs in dividing the Y computation into equal
parts. Frequently, a long operation such as a multiply or divide will
occur at the point where the computation is to be split. In this case, it
is necessary to rewrite the program by performing the arithmetic opera-
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tions in a different order, or to split the program unequally. An unequal
split of the program necessitates inserting more idle time into the program
during the cyecle than would otherwise be necessary. If there are several
computations to be interleaved, the basic period of the digital program
may be quite long, containing many short computation intervals so that
additional idle time inserted to offset the program segmenting difficulties
can mount up.

Program Interrupt. A feature available on several of the current
large-scale computers is useful in attacking this problem. The program
interrupt feature provides an input for an interrupt pulse from the con-
verter clock. The interrupt pulse forces a jump in the digital computer
program at the completion of the instruction currently being executed
with provision for returning to the main program at the point where
interrupted at a later time. With this feature, the interieaved X and Y
computations would be programmed as two separate computations. The
first computation is programmed to read data for the Y computation,
compute Y, and write the results to the converter, with a jump back to
the start. The second computation is programmed to read data for X,
compute X, and write the results to the converter with a final jump to
an unspecified location. The procedure is as follows.

1. The program is started in the Y loop.

2. The in-out interlocks halt the program immediately, since Y data
have not been delivered by the converter.

3. At the first clock pulse, data transfer into the in-out register and
release the interlocks.

4. At the same time, the program interrupt is initiated.

5. At the end of one of the early Y computations, the interrupt becomes
effective, forces a jump to the start of the X computation, and sets the
address in the jump instruction at the end of the X computation to return
to the Y computation at the point of interruption.

6. In this way, the program executes one or two instructions of the YV
loop, jumps out to the X computation, completes the X computation, and
returns to the Y computation. It continues until the next converter clock
pulse initiates data transfers between the two computers and interrupts
the Y computation, forcing a jump which inserts the second X computation.

7. The program then returns to the Y loop, which it completes.

8. The program then jumps to the start of the ¥ computation, where
the interlocks hold the program until new Y data are available from the
converter.
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With this approach, the analog time scale is set so that the maximum
execution time of one Y computation and two X computations is equal
to 2T seconds. The converter clock is set to interrupt at 7' seconds. The
in-out interlocks synchronize the start of the ¥ computation, while the
program interrupt inserts X computations at the appropriate time. (See
Fig. 3e.)

Data Transfers. Cycle time limits the highest frequency component
of the response which the digital computer program can faithfully repro-
duce. Delay time represents a transport lag in the loop through the
digital computer. In general, such a lag has a destabilizing effect on the
system. Both the cycle time and the delay time are determined by the
execution time of the digital computer program. It is important to elim-
inate as many housekeeping, or nonarithmetic, instructions as possible
from the computer program, so that cycle and delay times may be mini-
mized. For this reason, the conversion equipment should be designed to
transfer data into the digital computer and accept results from the
digital computer as rapidly as possible. The conversion equipment should
be designed to require a minimum of control from the digital computer
program. The control which the program must supply should be simple
and direct so that valuable computer time is not lost in setting up data
transfers (Ref. 7).

4. MODES OF OPERATION

Sampled Data. The combined system is particularly useful for the
simulation of large and complicated control systems, particularly if the
system includes sampled or digital effects such as a radar which obtains
information at discrete times or a digital guidance computer. The divi-
sion of the computational task between the two computers is somewhat
arbitrary. The guiding principle is that high-accuracy computations
must be performed digitally whereas low-accuracy computations may
be performed by either analog or digital techniques. Furthermore, it is
advisable, where possible, to place high-frequency effects on the analog
computer and low-frequency effects on the digital computer.

Computational Assists. The combined system is useful for the same
class of problems that are normally placed on an analog computer. The
digital computer can very easily provide computational assistance in
areas which are difficult for the analog computer. As an example, a
simple time delay is difficult to simulate by analog techniques; the digital
computer need only store sampled values for a specified time and then
transmit a delayed value each time a new value is read in. A function
of two variables is awkward for an analog computer to supply but easy
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for a digital computer. While these examples are almost trivial, a prop-
erly designed combined system can be efficiently used for applications
as simple as this.

Time-Sharing Modes. A properly designed combined system can,
of course, operate as an independent analog computer and an independent
digital computer. It could also act as an independent analog computer
and an independent combined analog-digital computer, by splitting the

Analog integration
b

Digital integration

I> A/D converter

Analog integrator
Correction’
term.
Step function
C )_‘ — | from converter
+
Point slope +
A/D L
fy converter _ digital ——:_C}*Output
integration

F1c. 4. Combined analog-digital integration.

analog equipment between the two computations. It is even possible by
means of the program interrupt feature to time-share the digital computer
so that an independent eombined computation and an independent digital
computation are performed simultaneously. In order to do this the digital
computation system must reserve a block of cells for the analog compu-
tation so that the analog program can be in high-speed storage at all
times. The program interrupt feature can then slip a small computation
for the analog computer, such as a function of two variables, into the
digital program, whenever the analog computer requires it, without ap-
preciably affecting the execution time of the digital computation that is
being executed independently.

Digital Monitoring. The combined system has interesting applica-
tions in addition to the more obvious ones, suggested above, in which
the computational load is split between the two computers in such a way
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as to perform one part of the computation by analog techniques while
the remainder is computed digitally. The more novel applications
employ both analog and digital techniques for the same computational
task. The analog computation is performed continuously with the peri-
odic digital computation used to check and modify the analog compu-
tation so that the values are correct at the sampling instants.

Integrations. Greenstein (Ref. 8) has suggested a method of inte-
gration which employs both analog and digital techniques. The input is
sampled and integrated digitally as shown in Fig. 4. The sampled values
are subtracted from the input waveform in an analog circuit which gives
the sampling error. The sampling error function is integrated in an
analog circuit, sampled, and added as a correction to the results of the
digital integration. The combined analog digital integration produces
results which are more precise than an analog integration and more
precise than an all digital integration with the same step size and an
integration formula of corresponding complexity.
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I. BASIC CONCEPTS

Time sharing is a basic design feature of general purpose digital
computers. For example, the typical digital computer operates by time-
sharing an arithmetic element among all the arithmetical computations
(Ref. 1). The time sharing saves equipment and results in a slower
computational rate than would otherwise be achieved with less time
sharing, for example, as in an analog computer.

A complete set of logical elements is required to design the arithmetic
unit and other parts of a digital computer. (See Chap. 17). The complete
set of Boolean elements that is usually used in the logical design of digital
computers consists of and, or, and not elements. The Sheffer stroke and
Pierce function each are complete and can be used to form all logical
Boolean functions.

The concept of time sharing can be carried one step further. Consider
a digital system which will operate by time-sharing an and gate, an or

31-01
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gate, and a not gate among all the required logical Boolean computations
(and hence also among all the arithmetic computations).

Turing first described a general class of machines (see Ref. 2) and
pointed out that, by using a few simple operations of the proper type, any
digital computation could be carried out. In this chapter, machines of
the logically programmed type will be called Turing machines in spite of
the fact that the machine has more than one “tape’” and the tapes are
finite. This name will be used, although it will be recognized that Turing
did not in his paper suggest the use of logical operations but rather used
arithmetical examples to illustrate his ideas. Such a machine can be used
(a) for computation or (b) to imitate other digital systems. Recent work
has been concerned with the design of Turing machines (see Refs. 3 and 4).
Much has been written on the logical implications of machines of this type,
for example see Ref. 5.

2. FUNCTIONAL REQUIREMENTS

In order that any Turing type machine be able to imitate any general
purpose computer or be used for computation it must have at least the
following three characteristics:

(a) A storage equal in bit capacity to or greater than the machine it is
to imitate. This can be satisfied many different ways, but one which
requires a minimum amount of hardware is the use of a delay element with
enough capacity to hold all the variables involved. This can be mechanized
by using a circulating register on a magnetic drum, and will be called the
main storage.

(b) The communication ability to take any two bits located anywhere
in the storage and pass them through a processing center and place the
result anywhere in the storage. Information communication can be realized
in one of two ways. The first technique is more direct and will be discussed
at greater length. The second technique requires less equipment, but it is
more complicated in-its operation.

(¢) A processing center which can combine two bits of information to
produce a third and or or function, be able to accept a single bit and produce
its complement, and accept inputs to the Turing machine and produce
outputs (or the equivalent of these operations).

Communication Techniques. The first technique, in its simplest
form, utilizes an auxiliary storage Sz of a single bit capacity. When any
particular bit is to be moved relative to all the other bits in the main
storage Si, it is transferred to Se. By then waiting the appropriate
number of bit times until the second bit involved emerges from Sy, it is
possible to present the two desired bits of information to the processing
center at the same time. The output from the processing center can then
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be set into Sz and by again waiting the appropriate number of bit times
this output can be placed anywhere in S;.

In this form Sz could consist of a single flip-flop, for example.

A less simple version of the Sz communication technique involves a
multibit delay Sa. Provided that the lengths of S; and Sz have no com-
mon multiples other than unity, it can be shown that any bit in Sp will
eventually come next to any bit in S;.

Thus whether Sg is of single or multibit capacity it still serves the same
basic purpose of information communication, and allows any particular
bit to be placed anywhere at all in S;.

The multibit delay can be mechanized by using a second circulating
register on the drum. This communication technique allows the con-
struction of a Turing machine which will have no storage external to the
surface of a drum.

The second information communication technique does not require an
Sz but makes use of a tap on Si. This technique will be deseribed in
Sect. 6.

3. MACHINE DESCRIPTION

Operations. The following three operations will perform all the
functions mentioned in the previous sections. Note. The main storage S1
and auxiliary storage Ss systems are said to be synchronous when they
operate on a common clock, asynchronous if they do not.

(a) Do Nothing (DN). Circulate the main and auxiliary storages
(St and S2).

() Combine (C). Combine the two bits coming from S; and Sz in
the operation A + B, i.e., the Sheffer stroke, A|B, (the Pierce function,
A | B, will also work) and place the result in Ss. Transfer the bit which
came from Se to Si.

(¢) Input-Output (I). (1) For synchronized systems, read the input
bit into Ss, read out the bit coming from S;. (2) For asynchronous systems,
read the two input bits into S; and Sz and read out the two bits emerging
from S; and Ss.

Use of Operations. DN operation is used for communication.
The machine will circulate S; and Ss until the two desired bits emerge
at the same time and then either the C or the I operations will be used.
The C operation can be used to mechanize the and, or, and not operations,
as well as provide communication between S; and S2. The I operation is
self-explanatory.

Sheffer Stroke. In this chapter a machine will be developed by using
the A + B function, although a similar treatment can be used for the
A - B operation. The A + B operation is summarized in Table 1.
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TasLe 1. SHEFFER STROKE Funcrion, 4 4+ B

A B A+ B
0 0 1
0 1 1
1 0 1
1 1 0

Notation. Assume a single bit S;. A three-row matrix is used: (a)
the first row refers to information coming from S;; (b) the second row,
for a given column, will specify the operation which eombines the bits in
the first and third rows, that is, C, I, or DN; (c¢) the third row will refer
to information from Ss.

And Function. The program which will form the and function for
desired bits A and B in S; and place the result back into S; is shown in
matrix form in Table 2.

TABLE 2. PROGRAM FOR THE and FuNcTiON

Main storage, Si 0 A 1 B 1 X
Operation CDN CDN CDN CDN_C _DN C
Auxiliary storage, Se X 1... 1 A... A A... A A+B A+B AB... AB

Initially it is assumed that S2 is in some arbitrary state X, and that at
least one 0 and two 1’s are available from known locations in S;. The ...
are used to indicate that a certain number of bit times must elapse before
the required information is available. Recall that the C operation trans-
fers the variable that came from Sz to Si. The operation is then as follows.

1. The C operation combines the 0 with X to produce 0 + X = 1in Ss.

2. The DN operation is then used to hold the 1 in the Sz until 4, the
first bit, emerges from Si. Then A coming from S; is combined with the
lin Seand I + A = A4 is set into Sa.

3. This is held in Sz by the DN operation until the 1 emerges from S;.
This is combined with the A from Sz and the result, I + A= 4, is set
into Sa.

4. This is held in Sz by the DN operation. When B, the bit to be com-
bined with A, comes from S, B is combined with 4 to produce 4 + B.
This is set into Ss.

5. The DN operation is again used to hold A + B in S;. When the
second 1 comes from Si, 4 + B is combined with 1 and the result
1+ (A + B) = AB is set into Sa.

6. The operation DN is used to hold the desired and function, AB, in
Sz until the desired location (arbitrary state, X) in S; emerges. At this
time, in column eleven, the C operation is used to transfer A B from S5 to S;.
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Complement. The matrix form of the complement program is shown
in Table 3.

TaBLE 3. ProGraMm rorR COMPLEMENT

S1 0 A X
Operation C DN C DN C
Sa X1... 1 A... A

Or Function. The matrix form of the or function program is shown
in Table 4.

TABLE 4. PROGRAM FOR or FUNCTION

S1 0 A X 0 B A X
Oper-

ationC DN C DN C DN C DN CDN C DN C
Se X1...1 4... 4 X+4 X1...1B... BA+B... A+B

Notice that once A has been developed it is sent from Sz to Si by the
combine operation at the fifth column. At the eleventh column the A
coming from the main memory is combined with the B in S: to give
A -+ B. The X indicates an arbitrary value in S; which will be replaced
by A + B.

Regeneration. The combine operation also requires that the bit
emerging from Sz be set into S;. This means that whenever a bit from
Sz is combined, that bit will no longer be in Ss. It will have been used
up in the operation. It is therefore necessary to have a process which will
generate extra quantities from a given quantity to replenish this variable
as it is “used up”’ by the combine operation.

Note. For clarity, the DN operations will be omitted from programs.
The use of this operation for communication is indicated in Tables 2 to 4.

To develop an extra A (where A is any Boolean variable) in S, given
a single A4, four 1’s, and two 0’s on the drum, first develop A using the
program of Table 5. This program generates an extra A needed in the
process without using up an 4, any 1’s or 0’s.

TaBLE 5. ProOGRAM FOR GENERATING THE COMPLEMENT OF A VARIABLE A

S1 0 1 X A 1 X
Operation C Cc C C C C
So X 1 0 1 A A

This process uses up one 0, two 1’s, and an A. It produces one 0,
two I’s, an A and an A. Since the process ended with all the input quan-
tities plus the 4, it is self-sustaining.
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Generating Extra Variables. Now given the A, the A4, four 1’s,
and two 0’s, an extra A can be generated by the program of Table 6.

TaABLE 6. PROGRAM FOR GENERATING AN FEXTRA VARIABLE

S1 0 1 X X 0o 1 X A 1 1 4 X
Operaton ¢ C € € € € € € € C C C
S2 X 1 0 1 X 1 0 1 A A A A

The inputs to this process were four 1’s, two 0’s, an 4, and an A. The
outputs were four 1’s, two 0’s, two A’s, and two A’s. Thus the program is
self-sustaining and also produced the extra desired 4.

Generation of 1’s from 0°s. Initially S; will be set to all zeros or
at least there will be two 0’s in known locations in S;. A 1 can be generated
from zeros in a self-sustaining manner.

The program which does this is shown in Table 7:

TaABLE 7. PROGRAM FOR GENERATING 1’s FrRoM 0’s

S1 0 X 0 1 X 1
Operation C C c € ¢C€ ¢
S2 X 1... X 1 0 1 0

The steps are as follows:

1. The process starts with a 0 and produces a 1in Sz by 0 + X = 1.

2. The 1in Sz isstoredin S1by X +1 =X

3. A second 1 is then produced in Sz by repeating the first step on a
second 0.

4, Combine the 1 from S; with the 1in Sz to form 0, T + I = 0. Note
that in this process the 1 in S: has been replaced by the 1 from So.

5. The 0 in Sz is used to replace the original 0 in S; by 0 + X = 1 and
at the same time starts the sequence again.

Thus the process produces 1’s from 0’s and can regenerate 0’

Self-Sustaining Quality. Even though the combine operation ‘“uses
up”’ the quantity coming from Si, given all 0’s initially in Si, 1’s can be
generated and for each A at least two A’s can be produced. By using
these processes any desired number of 1’s, 0’s, and A’s (any variable) can
be generated, so that the machine as a whole is “self-sustaining.”

Adder Logic. As an example of the use of the DN and C operations,
the sum and the carry logics will be generated. The sum and carry logics,
given the previous carry K and the bits of the two binary numbers being
added together, A and B, is:

S = ABK + ABK + ABK + ABK
K = AB + BK + AK
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where S is the sum and K is the new carry. The program to generate
these two functions is given in Table 8. The C operation has been dropped
out, since it is always implied. It is also understood that enough extra A4’s,
B’s, 1’s, 0’s, ete., will be generated using the processes described above to
make this process self-sustaining.

TaBLE 8 Sunm aNDp CARRY LoGIcs FOR AN ADDER

St A4 1 B 0 A B A+B K 0o
S 1 A A A+B 1 A A+B AB+AB K+AB+A4B
81 AB+AB K K+AB+4B 0
Sz 1 AB+AB K+AB+AB 8= ABK+ABK+ABK+ABK

S1 B A K A+B
1 B  A+B K+4+AB K = AB4+BK+KA

Input-Output. With regard to the input-output operation for two
synchronous systems, only a single bit need be transferred. The com-
munication for both inputs and outputs can be a train of 0’s until some
information, (either a 1 or a 0) is to be transmitted. At this time first
a 1 is transmitted followed immediately by the information bit. Thus to
send 1 0 1 and then 1 1 after a slight delay, send the following sequence:

0001110110000011110000.

In the case of two asynchronous systems, it is necessary to transmit
two bits each for input and output. Assume that the duration of the trans-
mitted signal will always be at least one bit time long (receiver time).
The information transmitted as (a) the information bit (either 1 or 0)
and (b) the clocking bit. The information bit will be set and then the
clocking bit will go from 0 to 1. The receiver samples the information
line when the clocking line goes from 0 to 1.

4. MECHANIZATION

The specific Turing machine described above can be mechanized by
using a drum storage. A single program register of length 2p bits with
two read stations p bits apart will be required, where p >> m and m is the
length of the S register. Assume asynchronous inputs and outputs. The
order code for the machine is given below:

P1 P2
Combine 0 0
Do nothi o1
o nothing 1 0
Input-output 1 1

The logic for the machine using set-reset flip-flops (see Chap. 17) is
as follows:
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Auxiliary Storage (S2) Flip-Flop 4
S4=P1 P2 A+PlL P2 Ul
RA=Pi P2 AR+ Pl P2 U1
Main Storage (S1) Write Flip-Flop W
SW = (P1P2 + P1P2)R + A P1P2 + P1P2U2
RW = SW
where R is the main storage (S1) read flip-flop, and U1 and U2 are the
two input bits.
Outputs

Vi=P1 P2 A
V2=P1 P2 R

The computer block diagram is shown in Fig, 1.

Inputs

Processing
center Outputs

(no storage)

|

5]
L=

— S,

- T O R —

Fic. 1. Block diagram of Turing type computer: S;, main storage; Si auxiliary
storage; PS, program storage.

Note that only one program storage (PS) with two reading heads on
it was required. Since only three different operations are used rather than
four, it is possible to use only one program register as follows. By making
the order code for the DN operation either of the two codes 01 or 10, it

Length of delays
T

g

Fig. 2. Alternate form of program storage.
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is possible to make the machine operate satisfactorily even though the same
bit of information will be used alternately for P1 and P2, As a final
point it is interesting to note that it is also possible to construct a program
storage as in Fig. 2.

In using this type storage it will always be necessary to place at least
one DN operation between each C and I operation although any number
of C or I operations can be placed adjacent to one another.

5. PROGRAMMING

While the logic for the Turing machine as well as the information in
the program channels is fixed, it is nevertheless possible to have this
machine imitate any general purpose digital computer within the capacity
of the program and main storages in all respects except speed of operation.

Terminology. The actual physical logic for the Turing machine will
be called the first level logic. The fixed program in the program memory
will be called the first level program. The logic for the digital system that
the Turing machine is imitating will be called the second level logic. Note
that the Turing machine’s first level program is used to imitate the second
level logic. The second level machine will be the computer that the
Turing machine is imitating.

Finally it is instructive to note that the second level computer will
have its own program. TFor example, the second level machine might be
Frankel’s computer (see Ref. 1), and this computer has a program. The
program for the second level machine will be called the second level program.
This program will be changeable and will be located physically in the main
storage. It isinstructive to note that while the first level program (located
in the program channels) cannot be changed without the use of externsl
filling equipment, the second level program can be altered without the
addition of any extra physical equipment to the Turing machine. This is
true since the Turing machine already contains within itself the ability
to alter the contents of its own main storage.

First Level Program Design Example. In order to illustrate tke
techniques involved in designing a first level program a simple digital
system will now be considered. This digital system is to accept asyn-
chronous input pulses and count them. At every fourth pulse it is to
reset the counter to zero and send out a counting pulse.

The first step in the process is to write out a second level logic which
will accomplish the desired task. This logic must be written in terms of
delay elements each of which has one input and one output. The particular
system under consideration will require two delay elements called @1
and G2. The input pulse will be called U and the output pulse will be
called V. The logic for the system is:



31-10 UNUSUAL COMPUTER SYSTEMS

N1 =Q2U + Q1U
N2 = Q1U + Q2U
U= UlUl,1
V = U1,U1,; QiQ2

where N1 and N2 are the next states of @1 and Q2 and U1, and Ul,—:
are the present and previous values of U1 input line.
The counter Q1Q2 counts the sequence shown in Table 9. It repeats its

TaBLE 9. COUNTER SEQUENCING

Time Q1 Q2
1 0 0
2 1 0
3 1 1
4 0 1
5 0 0
Generate all
required 1's, 0's
Q1's, Q2's, etc. —
Generate N1 L":

. Generate N2 | ]

Output V'

Generate output

 Input U1 Generate U

Fi1a. 3. Sequence of operations to be performed.
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pattern every fourth count. The signal U1,U1,_; = U occurs once each
time the asynchronous input U1 goes high. Assume that contact bounce
will not last for a complete circulation time of the main storage. There
does exist a logic which will bring in three bits to the Turing machine as
inputs. One can be the break and a second the make signal so that contact
bounce difficulties can be eliminated entirely.

First write in block diagram form a flow chart (see Fig. 3) to indicate
the order in which the operations are to be performed. The first level
programs are shown in Table 10.

TaBLE 10. FirsT LEVEL PrROGRAMS

a. Generate U
Second level logic: U = U1,Ul,;

Program:

X Ul,a 1

1 C _ ¢ -
X Ul U=Ul,+ Ul,.1 U =Ul1,Ul,

b. Generate V

Second level logic: V = U1,Ul, @Q2 = U(ﬁQ2
Auxiliary storage holds U from U generation

Program:

Q1 1
C C
U U+ Q1
Q2 1

C C I

UQL U+Q2+Q1 V=QiQ2U
c. Generate N1 » _
Second level logic: N1 = Q2U + Q1U

Program:

0 Q2 U 0 U Q U+ Q2 0
cCc c ¢ cc _¢C e 3
X 1 Q2 U+Q2 1 U Q+U Nl=@QU-+ QLU

d. Cenerate N2 B
Second level logic: N2 = Q1U + Q2U
Program:
QU 1 U 0 U Q2 Q+U
cC C ¢C C C C C _
1 Q1 Q1 QL+U 1 U Q+U N2=Q1U+ QU

The total program must also regenerate used up quantities in order to
be self-sustaining.
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TaBrLE 11. ProGrAM MATRIX

A digital system that accepts asynchronous input pulses and counts them. At
every fourth pulse the counter is reset to zero and sends out a ¢ounting pulse.

!
Qo

Detailed Program. The program itself can best be described using
a matrix. For this particular problem a machine with a program 920 in-
structions long was used. The program channel was 1840 bits long. The
main storage was 23 bits long. This means the program recirculates each
40 circulations of the main storage, ie., 23 X 40 = 920. The matrix
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mentioned above will give the instructions during the 7th (¢ = 1,---, 40)
revolution of the main storage in row 41—¢. The matrix is 23 by 40 and
if the program positions are numbered 1, - - -, 920, then element Q;; in
the matrix will give the program operation which is to occur at program
position

2340 — ) +j@e=1,---,40;7=1,---,23).

The program matrix has been shown below in Table 11. C and I stand
for combine and input-output, respectively. A blank space will stand for
do nothing.

Inputs Qutputs
Processing >
center
St
| Man
storage
Main storage '—l-é—D——‘

—-‘—I Program storage }""l
—<—| Program storage |-<J

Fic. 4. Block diagram of a Turing type computer having one
main storage with a tap.

6. COMMUNICATION WITH NO AUXILIARY STORAGE

The Turing machine described in this chapter made use of an auxiliary
storage for information communication. It was shown that this could
either be a single bit storage (a flip-flop) or a multi-bit storage (provided
the main and auxiliary storages had no common multiple other than unity.

There is a communication technique which does not require the use of
an auxiliary storage but instead requires only a tap in the main storage.
One structure a machine of this type can have is as shown in Fig. 4.

The logic for the machine in terms of set-reset flip-flops is:
Write flip-flop W:
SW = P1P2R + P1RW + P1IWP2 + P1WU2
RW = P1P2R + P2RW + PIP2U1W

Outputs, V1 and V2:
V1 = P1P2WR
V2 = P1P2WR
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The program is on fixed channels on the drum and is not altered. The
order code for the machine is:

Operation P1 P2
C, combine (4 + B) 0 0
I, input-output 0 1
@, exclusive or (A ® B) 1 0
DN, do nothing 1 1

The DN, C, and I operations are essentially tlie same as described
earlier. The exclusive or operation, A @ B (or AB + AB) operates on
the bits coming from the main storage as shown in Table 12.

TasLE 12,
A B Exclusive Or, A ® B
0 0 0
0 1 1
1 0 1
1 1 0

The result is set into the main storage. Only the communication
mechanism will be described for this particular machine.

What must be shown is that any two bits in the storage can be brought
adjacent to each other so that they can be operated on. Basically the
problem is one of having to move a single bit of information “by’’ the
other bits and next to the bit with which it is to be combined.

First assume initially every other bit in the storage is a 0 and that the
following sequence exists in the storage:

A 0 B 0 F 0 D

It is desired to move 4 past B and F so that A and D can be operated on.
After such a move the storage sequence would then be:

4 0 B 0 F A D

The process which does this is shown in Table 13. The @ is used for
the exclusive or operation.

Thus the final result was that A and D are adjacent and can be oper-
ated on.

The communication technique described above made use of a single
bit delay on the storage. It can also be shown that as long as the tap
distance and the overall length of the main storage have no common
multiples other than unity that this technique will also work. Thus again
it is possible to build a machine with no logical flip-flop, i.e., all storage
on the drum.
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TABLE 13. PROGRAM FOR SHIFTING VARIABLES TO MAKE THEM ADJACENT

Read A 0 B 0 F 0 D
Operation DN @ DN ® DN @ DN
Write A A B B F F D
Read A A B B F F D
Operation DN DN ® @ ® @ DN
Write A A A®B A A®F A D
Read A A A®B A A®F A D
Operation DN DN DN DN ® DN DN
Write A A A®B A F A D
Read A A A®B A - F A D
Operation DN DN DN @ DN DN DN
Write A A A®B B F A D
Read A A A®B B F A D
Operation DN DN ® ® DN DN DN
Write A A B 0 F A D
Read A A B 0 F A D
Operation DN @ DN DN DN DN DN
Write A 0 B 0 F A D

7. MACHINE COMPARISONS

Definition of a Measure. One measure of performance of Turing
type machines is the sum of the number of bits transferred to and from the
processing center per bit time of computer processing. Define number of
bits as the logarithm to the base two of the total number of states repre-
sented. For example, two binary lines are required to represent three
states, but the number of bits being transferred is logs 3 = 1.57. This
measure («) is not dependent on the clock frequency of the computer.
In determining « all information transfers from the storage should be
considered as well as all inputs and outputs to the computer.

In considering information processing note that in certain instances
such as circulating storage registers on drums and delay lines or composed
of flip-flops there is a continuous transfer of information from one storage
cell to the next. Even though there is movement of information, it will
not be considered that information processing occurs, provided that the
transfer always occurs.

Comparisons. For example, a circulating register on the drum closed
on itself would have « = 0. Thus, @ = 0 means no processing of data is
occurring, even though information is eirculating.

The first machine considered which made use of an auxiliary storage
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for communication has an o = 8 + logz3 = 9.6. Four of the bits come
from the input and output (assuming asynchronous inputs and outputs),
2 come from the main storage, 2 from the auxiliary storage, and logs 3 come
the program.

The second machine considered which did not make use of an auxiliary
storage for communication had « = 9. (4 for input-output, 2 for pro-
gram, and 3 for main storage.)

Thus the second machine is seen to have a slightly smaller « measure
than the first.

A theoretical minimum « for a general purpose digital computer can be
developed. For asynchronous inputs and outputs at least four lines are
required. The processing center must have at least two inputs from the
memory and one output to the memory. Thus a minimum possible value
of @ = 7 for asynchronous inputs and outputs is obtained although in this
paper the minimum value machine presented had o = 9.

The machine with o« = 9 appears to be the Turing machine with the
least & which still can be a general purpose digital computer with asyn-
chronous inputs and outputs.
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Addressing, 5-07
Add-substract, 18-16
ADES II, 2-157
Adjoint system, 26-07
AFAC, 2-156
AIEE publications, 2-261
Aircraft production, scheduling, 9-07
ALGEBRAIC, 2-159
Algebraic equations, simultaneous linear,
10-02
Algebraic language, 2-186
Soviet compiler, 2-228
Algorithms, 2-190
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Allison, G. M., 2-156, 2-157
Allstate Insurance Company, 8-08
Alphabetic information, 5-39
Alphanumeric codes, 5-05
Datatron 205, (table) 2-108
AMA publications, 2-261
Ambiguous-word logie, 2-54
American Airlines, 9-01
American Institute of Electrical Engi-
neers, 2-261
American Management Association, 2-261
AM-FM multiplier, 23-10
Amplifiers, operational, 22-08, 22-16
characteristics, 22-16
chopper, 22-31
design, 22-16
drift, 22-17
drift corrected, 22-30
drift errors, 22-36
errors, 22-33
gain, 22-09, 22-16
gain errors, 22-33
integration, 22-09
noise errors, 22-36
sign inversion, 22-09
summation, 22-09
summing integrators, 22-09
transfer impedance, (table) 22-18
pulse, 14-21
" torque, 27-04
Amplitude scale factors, 22-10
Analog computers; see also Analogs
accuracy, 22-37
A-C resolvers, 23-32
amplifiers, 22-04
analog-digital computing systems, see
Analog-digital computing systems
applications, 21-09
classification, 21-02
comparison with digital computers,
(table) 21-02
continuous, 21-04
curve followers, 23-14
diagrams, 22-03, 21-11
differential analyzers, 21-04
differential equation solution, 22-01
differentiation, 22-03
digital differential analyzers, 21-04, 28-
02; see also Digital differential
analyzers

Analog computers, digital operational

computers, 28-11

digital techniques, 28-01, 28-15, 29-01;
see also Operational digital sys-
tems

diode switching, 23-23

direct, 21-03, 21-10

discrete, 21-04

discrete variable representation, 28-14

division, 23-12

electronic and mechanical, 27-02

engineering problems, steps in the solu-
tion of, 21-06

equations, solution, 27-09

errors, 22-33

field problems, 25-01; see also Field
problems; Analogs

function generators, 23-14; see also
Function generators

function multipliers, 23-01

general purpose, 21-02

hybrid systems, 29-01

implicit computation, 23-32

indirect, 21-04, 21-09

initial conditions, 22-10

input requirements, 21-05

integration, 22-04, 22-07, 22-09, 23-13,
23-25, 27-03

limiters, 23-23

linear elements, 22-01, 22-03

long-time, 21-04

mechanical, 27-01; see also Mechanical
computers

multiplication, 22-04, 23-01, 27-02

noise, 26-01; see also Noise

noise generators, 26-12; see also Noise
generators ‘

nonlinear electronic elements, 23-01

notation, 22-03

operating frequencies, 22-12

operational amplifiers, 22-08; see also
Amplifiers, operational

operational digital techniques, 28-11,
29-01; see also Operational digital
techniques

output requirements, 21-05

parallel operation, 21-02

passive computing elements, 22-04

problem setup, 21-07, 22-12

recorders, 23-34
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Analog computers, rectangular to polar
transformations, 23-32

relays, 23-23, 23-29

sawtooth wave generation, 23-29

seale factors, 21-07, 22-10, 27-14

servodriven potentiometers, 23-31

short-time, 21-04

simulation, 23-25; see also Simulation

special purpose, 21-02

square wave generation, 23-29

statistical problems, (table) 26-10

statistical techniques, 26-01

summers, 22-04, 22-09

summing integrator, 22-04, 22-09

switching devices, 23-23

symbols, (table) 21-10, 22-03

systems, 29-02

time delays, 23-35

transfer function representation, 22-13

transfer impedance, short circuit,
(table) 22-18

trigonometric devices, 23-31

variables, 22-02, 22-11

Analog-digital computing systems, 30-01

applications, 30-01, (table) 30-03

buffers, 30-09

control and timing, 30-08

converters, 20-44, 30-04

data transfer, 30-13

digital monitoring, 30-14

input-output buffer and interlock con-
trol, 30-09

integration, 30-15

interlocks, 30-09

interrupt feature, 30-12

problem types, (table) 30-03

sequencing, 30-10

time sharing modes, 30-14

Analog-digital converters, 20-44, 30-04

applications, 20-44, (table) 20-45

bandwidth, 30-06

buffering action, 30-05

codes, 20-45, (table) 20-46

code wheels, 20-52, (table) 20-56

combined systems, 20-45, 30-04

digital-analog, shaft position, 20-60

time interval, 20-57
voltage, 20-58
digital codes, (table) 20-46
electronic, 30-04

Analog-digital

3

converters,
20-44, (table) 20-45
feedback methods, 20-47, 20-60
free running, 30-04, 30-06
frequency conversion, 20-48
incremental pattern methods, 20-56
incremental systems, 29-18
indirect, 20-47, 20-57
mechanical, 30-04
plotters, 20-63, (table) 20-65
pulse width, 30-05, 30-07
ramp method, 20-49
RC networks, 20-60
resistance networks, 20-58
sampling, 30-04, 30-06
shaft position, 20-51
ambiguities, 20-52
coded patterns, 20-51
code wheel converters, 20-55, (table)
20-56
cyclic binary codes, 20-52
digital-analog, 20-61
dual brush method, 20-52
incremental, 20-56
indirect, 20-57
mechanical brush, (table) 20-56
multispeed coders, 20-55
photoelectrie, 20-56
V brush method, 20-54
specifications, 20-44
successive approximation method, 20-63
techniques, 20-44
time interval, 20-47, 20-57
voltage, 20-48, 20-58, 20-62
cascaded stages, 20-50
cathode ray tube, 20-48
ramp method, 20-49

equipment,

Analogs, 24-01; see also Analog com-

puters
across-through relations, (table) 24-04
across variables, 24-03, 24-12
conducting liquid, 25-06
conducting sheet, 25-05, (table) 25-07
continuous, 21-04

electric, 25-05

correspondences, (table) 24-09
direct, transfer function representation,

22-13
discrete element electrie, 25-11
duality, 24-08
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Analogs, electrical analogy, 24-01
electrolytic, 25-08
electro-optical, 25-23
elements, 24-04 ; see also Elements
energy, 24-07
fluid mappers, 25-22
junction technique, 24-04, 24-05, 24-09
nonelectric, 25-22
path technique, 24-04, 24-06, 24-11
quantities, (table) 24-09
relation to duals, 24-10
resistance paper, 25-05
stretched membranes, 25-22
symbols, 24-04
terminology, 24-03
through variables, 24-03, 24-12
Analogy basis, discrete electric analogs,
25-11
Analyzers, digital differential, 12-12, 21-04,
28-02, 29-13
And circuits, 14-34, 17-04, 17-12"
magnetic cores, 15-17
transistors, 16-10, 16-18
AN/FSQ-7, 13-03
Arithmetie, classification of subroutines,
2-180
incremental computation, 29-21
instructions, see Instructions
operations, 2-59
operators, 2-229
programming, 2-02
programming boxes, 2-131
Arithmetic checks, (table) 13-03, 13-06
Arithmetic and control unit, 12-06, 18-01
adder, 16-11, 18-08, 18-11; see also
Adders
adder-subtractor, 18-16
binary counters, 18-04
binary operations, 18-03
checking, 18-32
comparison, 18-31
control unit design, 18-33, 18-35
counting, 18-26
decimal operations, 18-25
design, 18-35
division, 18-21
equipment, 5-38
external control, 18-34
extract, 18-31
fixed point, 18-32

Arithmetic and control unit, flip-flop
logic, 18-02
floating point, 18-32
logical design, 17-26
logical transfer, 18-31
magnetic cores, 15-22
multiplication, 18-16, 18-27; see also
Multiplication
notation, 18-02
number systerh conversion, 18-23
programmed control, 18-34
readin, 18-07
shifting registers, 18-05
special operations, 18-30
square root, 18-22
subtractor, 18-14; see also Subtraction
symbols, 18-02
zero representation, 18-16
Arrow, 2-111; see also Strela
Assemblers, see Assembly programs
Assembly programs, 2-161; see also SAP
directory, 2-164
IBM 704, Share assembly program
(SAP), 2-164, 2-165, 2-167
location counter, 2-164
one-pass, 2-164
PACT, 2-162
pseudo instructions, 2-165
symbolic addresses, 2-163
two-pass, 2-164
utility, 2-183
X-1,2-162
Association for Computing Machinery,
see ACM
Asynchronous computers, 17-02, 17-05
AT3, MATHMATIC, 2-158
Atomic Instrument Company, 20-18
Auverbach Electronics Corporation, 16-30
AUTOCODER, 2-156, 2-157
Autocorrelation function, 26-05
Automatic checks, 3-13
Automatic coding systems, (table) 2-156;
see also Automatic programming
Automatic data acquisition, 29-17
Automatic programming, 2-02, 2-12, 2-159
algorithms, 2-190
assembly programs, 2-163;
Assembly programs
business systems, 7-03
combined systems, 2-163

see also
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Automatic programming, compiler, So-
viet, 2-228; sce also Operational
programmaing

compilers, 2-160, 2-186; see also Com-
pilers; Translators

control instructions, 2-160

easy mistake discovery, 2-162

elimination of repetitious coding, 2-161

floating addresses, 2-161

future trends, 2-189

generators, 2-163; see also Subroutines,
generators

input languages, 2-160

integrated systems, 2-184; sce
Integrated systems .

interpreters, 2-234 ; see also Interpreters

IT translator, 2-200; see also IT com-
piler-translator

languages, 2-186; see also Languages

logic machines, 11-08

mnemonic codes, 2-160

objectives, 2-159

preset parameters, 2-161

prevention of mistakes, 2-163

program parameters, 2-161

pseudo instructions, 2-162

recursive languages, 2-244

Soviet algebraic language compiler,

also

2-228
subroutine generators, 2-182
subroutines, 2-161, 2-167; see also
Subroutines

symbolic addresses, 2-160
synthetic instructions, 2-162
systems, (table) 2-156
translation, 2-160
translator construction, 2-221; see also
Translator construction
translators, 2-186; see also T'ranslators
understandable language, 2-160
unification of techniques, 2-163
universal computer language, 2-163
utility programs, 2-162, 2-183; see also
Utility programs
Auxiliary equipment, 7-08
magnetic tape, 20-42
punched card, 20-31
Avidac, 12-09

B0, FLOWMATIC, 2-158

Babcock and Wilcox, 2-158
BACAIC, 2-157
Backlash, simulation of, 23-27
BALITAC, 2-157
Bandwidth, analog-digital converters, 30-
06
BAP, 2-156
Base, 12-12
BASE 00, 2-159
Base counter, MIDAC, 2-118
B box, see Indez registers
BELL L1, L2, L3, 2-157
Bell Telephone Laboratories, 2-157, 12-09,
16-02, 16-15, 16-30
relay calculator, 2-167, 12-09, 13-03
Bendix Computer Division, 2-263, 12-09
G-15, 2-64
Intercom system, 2-241
BESM, 2-111, 2-188
Biharmonic equation, 25-04, 25-19
Biharmonic operator, 25-02
Binary arithmetic processes, 12-21
multiplication, 18-16
Binary coded decimal, 5-05, 18-26
counter, transistors, 16-28
systems, 5-05, 12-18
8421 system, 5-05, 20-46
Binary coded number systems, 12-18
Binary codes, 20-46
Binary counters, 18-04
Binary-decimal conversion, 2-20
Binary digit, 3-06
Binary number system, 5-05
Binary rate multiplier, 29-05
Binary scalers, 29-05
Binary states, 17-02
BIOR, 2-158
Biquinary code, (table) 12-21
Bistable storage elements, 17-05
Bizmac, 2-56
B line, see Index registers
Block diagrams, computer solution, 2-04
logical design, 17-28
storage, 19-02, 19-06, 19-17
Blocking oscillators, 14-35
Blotter type electrolytic models, 25-22
Boeing, 2-156, 2-157
Boolean algebra, 17-10
canonical form, 17-12
equivalences, (table) 17-11
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Boolean algebra, normal form, 17-13

Boolean functions, 31-01

Booth method, 18-18

Bound variables, 2-51

Brain behavior, 11-01

Branch instruction, 12-04, 17-26

Breakpoint, diode characteristic,
23-15

programming notations, 2-61

B registers, see Index registers

Brush Electronics Company, 19-09

Buffer storage, 17-25

analog-digital converters, 30-05
equipment, 5-23
input-output, 20-03
analog-digital computer
30-09
perforated tape punch, 20-25

Building blocks, preparation of problems,
2-187 :

Burroughs Corporation, 2-98, 2-158, 2-239,
2-263, 12-09, 16-30, 20-18; see also
Datatron

Datatron, see Datatron
Datatron 201, 2-158
Datatron 205, 2-158
UDEC I11, 2-158

Business data manipulation, 3-06

Business data processing, 8-01, 9-01; see
also Accounting ; Business systems;
Data processing; Inventory; Res-
ervations ; Scheduling

Business systems, definition, 7-02, 7-04

design for electronic data processing,
7-01, 7-03
economic evaluation, 7-06, 7-12
equipment,
auxiliary, 7-08
communication, 7-06
data conversion, 7-06
input-output, 7-06
programming, 7-08
selection, 7-02, 7-04, 7-07
storage, auxiliary, 7-05
implementation, 7-03, 7-06
information flow, 7-02
integrated, 7-11
payroll, 7-10
rate of return, 7-12, (table) 7-13
requirements, 7-01

systems,

CAGE, 2-156
Calculating punches, 20-32
Call-in,
momentary, 2-180
permanent, 2-180
Cambridge University, 2-160, 2-251
Canonical form, 17-12
Capacitor-diode storage, 19-32
Capacitors, 14-49
ceramic, 14-50
electrolytic, 14-50
mica, 14-49
paper, 14-49
Capacity, magnetic tape, 5-28
Card punches,-5-15, 20-31
Cards; see also Punched cards
magnetic, 20-42
punched, 20-30 .
Carnegie Institute of Technology, 2-157,
2-263
Carry function, Veitch diagram, 17-22
Cascode circuits, transistors, 14-39
Case Institute, 2-158
Casting out, 3-14, 13-03, 13-07
Casualty insurance accounting, 8-08
Cathode, followers, 14-29, 17-03
temperature, 14-43
Cathode ray tubes, analog-digital con-
version, 20-48
display devices, 5-36, 20-14
shaped beam tube, 20-14
storage, 19-31
Typotron, 20-14
Change of control operations, 2-60
Change-on-one recording method, 20-39
Characteristic roots and vectors, 10-04
Character recognition, 5-19
Charactron, 5-37, 20-14, 20-16
Checker game, 2-246
Checking, 5-43, 13-02, 18-32
arithmetic, (table) 13-03, 13-06
automatic, 2-258, 3-13, 13-03
casting out, 3-14, 13-03, 13-07
data processing, 3-14
data transfers, (table) 13-03, 13-05
diagnostic problems, 13-09
error detecting-correcting codes, 13-03
forbidden combinations, 13-03, 13-06
input data, 3-13
marginal, 13-09, 14-05, 14-07
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Checking, mathematical, 13-03, 13-05
mod 11, 3-14
operating, (table) 13-03
output data, 3-14
parity, 13-03, 13-06, 19-03, 19-07, 19-21
programmed, (table) 13-03, 13-04
reasonableness, 13-03, 13-04
self-checking codes, 13-03, 13-06
sums, 13-03, 13-05
weighted, 13-03, 13-06
Checks, see Checking ; Digital computers,
reliability
Chess, 2-246, 11-12
CHIP, 2-158
Chopper amplifier, 22-31
operation, 22-32
Circuit design, digital computers, 14-01,
14-13; see also Components
application notes, 14-44, 14-46, 14-53
blocking oscillators, 14-35
cascode, 14-39
cathode followers, 14-29
components, 14-03, 14-43:
Components
design criteria, 14-04
design philosophy, 14-01
diode gates, 14-29, 14-33
flip-flops, 14-10, 14-15, 14-37; see also
Flip-flops
magnetic core storage, 19-18; see also
Magnetic cores
marginal checking, 14-05, 14-10
pulse amplifiers, 14-21
pulse source, 14-21
reliability, 13-07, 14-01, 14-19
safety margins, 14-04
semiconductor diodes, 14-20
tolerance plots, 14-06
transistors, 14-36; see also T'ransistor
cireuits
vacuum tube gates, 14-26
vacuum tubes, 14-20
Circulating loops, 2-58
Clock pulse generator, 14-22
Closed subroutines, 2-162, 2-169
Code conversion, machine translation,
11-13
Coded patterns, analog-digital conver-
sion, 20-51
Coders, 6-11; see also Programmers

see also

Codes, see also Instructions; Numbers
24,21, 12-20
84.2,1,12-21, 20-45, 20-46
alphanumeric, 5-05; see also Instruc-
tions
binary, 12-17, (table) 20-46
binary coded decimal, 18-25
biquinary, 12-21
cyelic, 12-17, 20-46, 20-52
excess 3, 12-20
Gray, 12-17, 20-46
Hollerith, 12-08, 12-10
IBM, 12-10
nonweighted, 12-19
one out of ten, 18-26
parity check, 12-21
punched cards, 12-10
reflected, 12-17, 20-46
Remington-Rand, 12-08, 12-11
self-complementing, 12-20
weighted, 12-19
Code wheel converters, 20-51
typical, 20-55, (table) 20-56
Coding, see Programming
Coding systems, automatie, 2-155, (table)
2-156
Collating, 3-08
Collation ratio, 4-06, 4-12
Collators,
magnetic cards, 20-43
punched card, 20-32
Combined systems, analog-digital com-
puting, 30-01
automatic programming, 2-163
Commercial Control Corporation, 20-10,
20-21
Common language medium, 5-10
Communications equipment, 7-06
Comparators, perforated tape, 20-29
Comparison boxes, 2-132
Comparison techniques,
conversion, 20-60
Compiled logic, 17-40
COMPILER I, 2-157
Compilers, 2-186; see also Fortran; IT
translator; Translators
algorithms, 2-190
automatic programming, 2-156
building blocks, 2-187
filing systems, 2-188

analog-digital
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Compilers, -future trends, 2-189
Generalized Programming, 2-189
indirect addressing, 2-193
instruction modification,

2-190
IT translator, 2-200
list of, (table) 2-156
representation, 2-221
Soviet algebraic language, 2-228
subroutine hierarchy counters, 2-196_
theory of algorithms, 2-190
USE, 2-164
utility programs, 2-184
Compiler-translator, see
Translators
Complements, 2-22, 12-22, 17-03, 17-05;
see also Number Systems, comple-
ments

Completeness, 17-09

Components, analog, test table, (table)

24-05

application notes, 14-44, 14-46, 14-53

capacitors, 14-11, 14-49; see also Ca-
pacitors

characteristics, 14-43

and eircuit design, 14-03

connectors, 14-46

diodes, 14-45; see also Diodes

failures, 14-03

flip-flops, 14-10

inductors, 14-50

marginal checking, 14-05, 14-07; see
also Marginal checking

relays, 14-46

and reliability, 14-02

resistors, 14-11, 14-48; see also Rests-
tors

transformers, 14-50

transistors, 14-51; see also Transistors

tubes, 14-43; see also Vacuum tubes

variations, 13-07

vulnerability, 14-04

COMPREHENSIVE, 2-159; see also

CSSR

Comprehensive system of service rou-

tines, see CSSR

Computation loop, 12-05

Computer circuits, see Circuit design,

digital computers

Computer elements, analog, 22-03

automatic,

Compilers;

Computer elements, mechanical, 27-01
passive, 22-04
Computers, -see also Analog computers;
Digital computers
analog, terminology, 1-01
analog-digital combined systems, 30-01
construction, 12-07
definitions, 1-02
digital, terminology, 1-01
equipment, 12-05
interlocks, 30-09
operating cost, 20-02
reliability, control systems, 14-02
terminology, 1-01
Turing type, 31-01
Conditional transfer of control instrue-
tions, 5-41, 12-04
Conducting liquid analogs, 25-06
Conducting sheet analogs, 25-05, (table)
25-07
Conductive ink, 5-20
Conductive rubbers, 25-07
Conjugate gradient method, 10-04
Connectors, 14-46
Consoles, 5-12, 5-40, 12-07
Constancy interval, 2-51
Continuous balance method,
digital conversion, 20-62
Control console, 5-12, 5-40
Control elements, see Control unit
Control Engincering, 2-260
Control of a process, machine tool,
29-14 :
operational digital techniques, 29-16,
29-17
Control in programming, combinations,
2-161, 2-184
function, 2-44
instructions, 2-160; see also Instruc-
tions
sequential and concurrent, 2-45
Control systems, and digital computers,
12-01
Control and timing, analog-digital com-
puter systems, 30-08
Control unit, 5-02, 12-02, 12-06, 18-01;
see also Arithmetic and control
unit
external, 18-34
function, 18-33

analog-
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Control unit, logical design, 17-26,
18-35
programmed, 18-34
Convair, 2-158
Conversion, coordinates, 25-03
of data, 3-03; see also 7'ranslation,
languages
equipment, 5-23
of numbers from one system to an-

other, 2-14; see also Number con-

version

Converters, analog-digital, 20-44, 29-18,
30-04

Coordinate systems, field problems, 25-
02, 25-10

Corbie system, 2-185, 2-189
Core circuits, magnetic, 15-01, 15-05
Cores, see Magnelic cores
Corporation for Economic and Industry
Research, 2-239
Correlation analyses, multiple linear re-
gression and, 10-10
Cost, analog-digital conversion, 20-56
cathode ray tube display, 20-14
code wheel converters, (table) 20-56
computing system, 20-02
electrophotography, 20-16
hand-coded programs, 2-129
input-output, 20-02
magnetic tape transports, 20-40, (table)
20-42
mechanical
20-08
perforated tape equipment, 20-20
photoelectric tape readers, 20-20, (ta-
ble) 20-27
plotters, 20-56
printers, 20-08
punched card machines, 20-30, 20-31
tape punch, 20-20
tape readers, 20-26
typewriters, 20-10
Coulomb friction,
23-29
Counters, binary, 18-03
logical design, 17-29, 17-32, 17-37
magnetic cores, 15-23
scale of 2, 17-07
scale of 16, 18-04
subroutine hierarchy, 2-195

printers, 20-06, (table)

simulation, 23-27,

Counters, ten state, 17-32
transistors, 16-28
Crossed fields multiplier, 23-10
Cryogenic films, 19-32
CSSR, 2-21, 2-159, 2-184
Curtiss-Wright, 2-157
Curve followers, 23-14 )
conducting ink type, 23-15
manual, 23-14
photoelectric, 23-14
potentiometer type, 23-14
Customer billing, 8-11
Cyclic number systems, 12-17; see also
Gray Code
binary codes, 20-46, 20-52

Danielewsky’s method, 10-04
Data acquisition, operational digital, 29-
17
DATACODE I, 2-158
Data conversion equipment, 7-06
Data handling systems, analog-digital
conversion, 20-45
Data logging, 20-45
Datamatic 1000, 13-03
Datamatic Corp., 2-159
Data processing; see also Business sys-
tems; Data processors
accounting, 8-01, 8-08
accuracy control, 8-20
billing, 8-13
business data manipulation, 3-06
characteristics, 5-04
checking, 3-13, (table) 13-03
collating, 3-08
collation ratio, 4-06
conversion, 3-03
costs, 4-08
data collection, 3-02
editing, 3-07
error rate, 4-07,4-16 .
files, 3-10, 4-06; see also Files
information retrieval, see Information
retrieval
information units, business, 3-06
input, 4-02, 4-05
insurance, 8-01, 8-08
interrogation, 3-12
language, 3-02
medium, 3-02
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Data processing, merge-match, 3-08
merging, 3-08
off-line, 3-04
on-line, 3-04
output, 3-04, 4-02, 4-07, 4-14
programming, 2-01, 8-14, 8-19
real time, 3-05
redundancy check methods,
4-15
reliability, 4-16
reservations, 9-01
scanning, 3-09
. scientific, 3-05
sorting, 2-145, 3-07
staff, 6-10
storage, 4-05, 4-09, 4-11, 4-12
access time, (table) 4-13
suboperations, 3-05
systems analysis, 6-11
time, 8-02, 8-09, 8-11, 8-13, (table) 8-19
transcription, 3-03
transfer checks, (table) 13-03, 13-05
transmission, 4-09
Data processors, 6-01; see also Data
processing
accessibility, 6-03
central supply room, 6-04
coders, 6-11
control console placement, 6-03
equipment, 4-04, (table) 4-14, 5-01,
8-01, 8-08, 8-13, 8-16
equipment manufacturers’ services, 6-
02
equipment room, 6-03
facility requirements, 6-01
installation, 6-01, 8-02, 8-08, 8-13
floor loading, 6-09
soundproofing, 6-09
instructional staff, 6-12
maintenance, 6-04, 6-13
office space, 6-04
operators, 6-12
personnel requirements, 6-09
physical layout, 6-02
power requirements, 6-04, 6-05
programmers, 6-11
refrigeration systems, 6-07
tape reels, 6-03
training, 6-10, 6-12
visitor’s area, 6-03, 6-05

(table)

Data reduction, 20-45
Data transfer, analog-digital computer
systems, 30-13
Data transmission, 20-45
Datatron, 12-09
Datatron 205, 2-26, 2-62, 2-64, 2-186, 2-190,
2-191
accounting applications, 8-08
alphanumeric code, (table) 2-108
B register instructions, 2-105
characteristics, (table) 5-42
instruction logic, 2-98
Datatron 220, 2-62, 2-39
D-C amplifier, auxiliary, 22-31
drift, 22-17
operational, 22-08
DCTL, see Direct-coupled
logic
DDA, see Digital differential analyzer
Dead zone, simulation, 23-25
Debugging, computer systems, 7-08
Decimal arithmetic, 18-27
Decimal codes, 18-25
Decimal-hexadecimal conversion, (table)
2-42
Decimal operations, 18-25
DEC INPUT, 2-159
Decision elements, 17-01, 17-02, (tables)
17-03, 17-04
one input, (table) 17-03
two inputs, (table) 17-04
Decision machines, 11-05
applications, 11-07
Decision operations, 2-59
alternative boxes, 2-49
Decision procedures, 11-03
mechanization, 11-05
Decision process, used in translator con-
struction, 2-225
Decoder, mechanical, 20-09

transistor

Deductive procedures, 11-10

Delay elements, 17-05
Delay line storage, 19-29
mercury, 5-26

de Morgan’s theorems, 17-13

Dennison punched price tags, 5-13

Dependent variables, analog computers,
22-10

Design, see Circuit design; Logical de-
sign
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Design factors, transistors, 16-04

Design philosophy, for reliability, 13-08

Design techniques, reliability, 13-02

Detroit Edison Company, 8-11

Diagnostic problems, 13-09

Diagram notation, analog computers, 21-
11

Difference equation, time, 17-31

Differential analyzers, digital, 12-12, 21-
04, 28-02, 29-13; see also Digital
differential analyzers

transfer function representation meth-

ods, 22-16
Differential equations, 10-08, 22-02,
. 22-13
digital differential analyzer solution,
28-03

integration, 2-212
nonlinear, 27-11
ordinary, 10-08
ordinary second order, 27-09
partial, 10-10
field problems, 25-01
simultaneous, 27-11
Differentiated output, 17-05
Differentiation, incremental computation,
29-27
repeated, 22-03
Diffusion equation, 25-04, 25-17
Digital-analog conversion, 20-57, 30-05;
see also Analog-digital conversion
shaft position, 20-61
voltage, 20-58
Digital analog multiplier, 28-16
Digital computers; see also Data proc-
essing
adders, 18-08
addresses, 5-07, 12-27
alphanumeric, 12-26
analog-digital combined systems, 30-01;
see also Analog-digital computing
systems
arithmetic, 12-09
arithmetic and control unit, 18-01
arithmetic and logic unit, 5-02, 5-38
binary operations, 18-03
brain behavior, simulation, 11-02
business, 5-04, 7-05
checking, 5-43; see also Checking; Re-
liability

Digital computers, chess, 11-12

compared with analog
(table), 21-02, 29-02

consoles, 5-12

control function, 2-44

control unit, 5-02, 5-40, 12-28, 18-01;
see also Arithmetic and control
unet

deductive procedures, 11-10

design characteristics, 12-25

engineering applications, 10-01

equipment, 5-01, (table) 5-42

externally programmed, 12-29

fixed point, 2-23, 12-28

fixed word length, 2-22

floating point, 2-24, 12-28

fundamentals, 12-01

general purpose, 5-04, 12-25

hybrid systems, 29-01

incremental computation, 29-17

information representation, 5-05

input, 5-02, 5-09, 12-02; see also Input-
output equipment

input-output equipment, 20-01; see
also Input-output equipment

instruction logie, 2-53, 2-63

instruction types, 5-08, 5-41

internally programmed, 12-29

logical, 12-09; sec also Logic, machines

logical design, 17-01; see also Logical
design

magnetic core circuits, 15-01; see also
Magnetic core circuits

magnetic drum storage, see Magnetic
drums

magnetic tapes, 5-18, 20-33

mathematical representation, 2-08

non-numerical problems, 11-01

number triad, (table) 2-64

numerical analysis, 10-01;
Numerical analysts

on-line, 12-29

operating speeds, (table) 2-64, 5-07

operational digital techniques, 29-01;
see also Operational digital tech-
niques

organization, 2-04

output equipment, (table) 5-33

parallel, 12-26

point location, 2-23, 12-28

computers

see also
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Digital computers, processing unit, 5-02

programming and coding, 2-01; see
also Programming

punched card equipment, 5-13, 20-30

punched paper tape, 5-16, 20-19

real time, 12-29

reliability, 13-01; see also Checking;
Reliability

scientifie, 5-04, 10-01

serial, 12-26

serial-parallel, 12-26

special purpose, 5-04, 9-01, 12-09,
12-25

storage, 5-24, 19-01, 20-01; see also
Storage

and programming, 2-130
stored program, 12-29
techniques in analog computation, 28-
01
transistorized, (table) 16-03
Turing type, 31-01; see also Turing
type compulters
types, 12-27
typical parts, 12-02
variable instruction, 2-54
variable word length, 2-23, 12-27
words, 5-06, 12-27
Digital control systems, analog-digital
conversion, 20-45
Digital control techniques, 28-17
Digital differential analyzers, 12-12, 21-04,
28-02, 29-13
integration, 28-02
magnetic drum registers, 28-08
mechanization, 28-11
operational integrators, 28-03
positive and negative increments,
28-10
scaling, 28-04, 28-06
schematic, 28-09
serial, 28-08
solution of differential equations, 28-03
symbols, 28-03
Digital function generation, analog com-
puters, 28-15
Digital logical operations, 2-59; see also
Logical programming
Digital numbers, 2-23
Digital operational techniques, see Op-
erational digital systems

Digital sorting, 2-146
Diodes, 14-09, 14-20, 14-29, 14-45
application notes, 14-46
capacitor gates, 14-27, 14-29
characteristics, 14-45
contact potential, 23-23
function generators, 23-15, 23-21
gates, 14-27
germanium, 14-11
logic, 14-33
magnetic core transfer loops, 15-09
protection, 14-34
types W and Y, 14-11
Diode switching, characteristic, thermi-
onic, 23-15
function generators, 23-23
Dipole recording method, 20-37
Direct analog computers, 21-03
Direct-coupled transistor logie, circuits,
16-05
Discrete analogs, 21-04
electric, 25-11
Discrete plotters, 20-64
Discrete variable representation, 28-14
Disjunctive form, 17-13
Display, cathode ray tube, 5-37
Dividend accounting, 8-02, 8-04, 8-06
Divider, see Division
Division, 18-21, 18-29
analog computer, 23-12
binary methods, 18-21
decimal, 18-29
incremental computation, 29-26
inverse multiplication, 23-12
operational digital, 28-13, 29-11
Document reading equipment, 5-19
DOUGLAS, 2-156
Douglas Aircraft Company, 2-156
Dow Chemical, 2-158
Down’ time, 8-02, 8-09
Drift, analysis, 22-17
corrected amplifiers, 22-30
d-c amplifier, 22-17
errors, 22-36
Drift free amplification, 22-31
DRUCO 1, 2-157
DUAL, 2-156
Dual brush method, analog-digital con-
version, 20-52
Duality, 21-03; see also Duals
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Duals, 24-08
construction, 24-09
physical systems, 24-01
relation to analogs, 24-10
DUMBO, 2-158
Duplication of the arithmetic section,
13-03, 13-06
Duplication checks, 13-03, 13-04
DuPont, 20-33
Dynamic stop, programs, 2-140
Dynamic system, electric analogy of, 24-
01
Dynamometer multiplier, 23-09

EASEII, 2-157
EASIAC, 2-63, 2-111, 2-159, 2-244
characters, 2-123
demonstration problem, 2-125
error printout, 2-125
instruction logic, 2-122
Eastman Kodak Company, 2-156, 11-17,
20-13
EASY FOX, 2-159
Eccles-Jordan cireuit, 14-37, 16-26
Eckert Mauchly Corporation, 2-83
Economic evaluation, business systems,
7-06, 7-12
Editing, of data, 3-03, 3-07
EDSAC, 2-168, 2-180, 2-260, 19-29
instruction design, 2-62
EDSAC 11, 2-251
EDVAC, 2-57
EIA, 14-11
Eigenvalues, 10-04
Eigenvectors, 10-04
Electric analogy of dynamic system, 24-
01
Electric switching circuits and
11-05
Electrodata, 2-98, 2-158, 2-263, 5-42; see
also Burroughs Corporation; Data-
tron
Electrofax, 20-17
Electrography, 20-18
Electrolyte, properties, 25-08
Electrolytic models, blotter type, 25-22
Electrolytic tanks, 25-08 ‘
accuracy, 25-11
double layer, 25-10
field plotters, 25-09

logic,

Electronic computers, history, 12-09
Electronic data processing, see Data
processing ; Digital computers
Electronic digital equipment, organiza-

tion of, 5-01
Electronic Industries Association, 14-11
Electronic multipliers, 23-05
Electronic printers, 5-36
Electro-optical method, 25-23
Electrophotography, 20-16
Electrostatic storage, 5-26, 19-31
Elements, analogs, 24-01
electrical, 24-02
mechanical, 24-01, 27-01
test table, 24-05
ELIL, 2-156, 2-157
Elimination method, Gaussian, 10-02, 10-
03, 10-05
Emitter follower, transistors, 16-24
Encoding, problem, 2-10
self, 2-11
Energy analogy, 24-07

- Engineering problems, analog computers,

21-06
digital computers, 10-01
Engincering Research Associates, 19-06;
see also ERA
Eniac, 12-09, 19-29
Ensemble, average, 26-03
mean square, 26-06, 26-09
noise generators, 26-02
Entry, subroutine, 2-140
Environment and reliability, 13-08
Equations, solution of, 27-09
Equipment, accounting applications, 8-01,
8-08, 8-13, 8-16
acquisition, 7-07
arithmetic and logic unit, 5-38
data processing, (table) 4-04, 4-09,
(table) 4-14
electronic digital, 5-01
input-output, 20-01
manufacturers’ services, 6-02
reservations, 9-04
selection for business systems, 7-02,
7-04
typical, (table) 5-42
Equipotential lines, 25-02
Equitable Life, 2-156, 2-157
ERA 1101, drum, 19-07
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ERA 1103 and 1103A, see Sperry Rand  Field problems, finite difference expan-

Corporation; Univac
magnctic heads, 19-08
Ergodic processes, 26-03
Error function, 26-05
Errors, checking, (table) 4-15
computing elements, 22-33
detecting-correcting code, 13-03
incremental computation, 29-24
IT translator, 2-219
printout, EASIAC, 2-125
programming, 2-128
" and reliability, 4-07, 4-16
ESCAPE, 2-157
Euler process, 2-213
Excess 3 code, (table) 12-20
Ezxclusive or, 17-04, 17-12
magnetic cores, 15-18
Veitch diagram, 17-14
Exit, subroutine, 2-171
Extension of the IT language, example,
2-214
External control, 18-34
External storage requirements, input-
output, 20-05
Extract, 18-31

Facility requirements, 6-01
Factor analysis, 10-11
FAP, 2-157
Feedback, analog-digital conversion, 20-
47, 20-60
control, 20-45
d-c amplifier, 22-08
impedance, 22-08
Ferramics, 19-23
Ferranti Ltd., 2-159, 20-28
Mark I, 2-190
Mercury, 2-186
Ferrite, cores, 15-07, 19-23
plates, 19-29
Ferrocleetric storage, 19-32
Field, 3-06
Field problems, 25-01
across variable, 25-02
analogs, 25-05
coordinate systems, 25-02
discrete element electric analogs, 25-11
electronic, 25-21
equations, 25-04, 25-16, 25-18

sions, 25-11, (tables) 25-12, 25-14
infinite fields, 25-10 ‘
networks, 25-15
nonelectric analogs, 25-22
operators, 25-02
plotters, 25-09
through variable, 25-02

Files, 3-07
access requirements, 4-06
flexible, 2-188
magnetic cards, 20-43
magnetic tape, 8-02
maintenance, 3-09 .
" problem of, 2-03
processing, 3-10
size, 4-06
Finite difference
(tables) 25-12
Fixed point, 2-23, 12-28, 18-32
scale factors, 2-24
FLAC, 2-192
FLAIR, 2-157
Flexowriter, 2-109, 20-10
Flip-flops, 17-05
component specifications, 14-11
delay, 17-34, 18-02
dynamic, 17-05
high speed, 14-10, 14-15
transistor, 14-37, 14-38
indicators, 14-32
J-K, 17-08, 17-36
logic, 18-02
low speed, 14-28
relation to outputs, (table) 17-06
reliability, 14-17
R-S, 17-08, 17-35, 18-02
R-S-T, 17-08, 17-36
saturation, 16-07
set-reset, 18-02, 31-07
states, 17-05
symbols, 17-30, 18-03
transistors, 16-26
trigger, 17-07, 17-34, 18-02
truth tables, 18-03
FLIP/SPUR, 2-158
Floating addresses, 2-161
Floating points, 2-24, 12-28, 18-32
Floating variables, 2-51, 2-168
FLOP, 2-156

expansions, 25-11,
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Flow diagrams, 2-47
boxes, 2-49
compiler language, IT translator, 2-207
operations, 2-49
programming, 2-47
FLOW-MATIC compiler, 2-259
Fluid mappers, 25-22
Fluorescent ink, 5-20
Forbidden combinations, 13-03, 13-06
FORC, 2-156
Formula translator, see FORTRAN
FORTRAN, 2-129, 2-156, 2-157, 2-186,
2-187, 2-190, 2-228, 2-260
(650T), 2-157
characters, used with IT translator,
2-202
compiler, 2-259
language, 2-245
FOR TRANSIT, 2-157
Four address codes, 2-56
Fourier transforms, 26-05
Four-quadrant multiplication, 23-01, 23-04
Franklin Institute, 2-158
Free derivation, 11-10
Free variables, 2-50, 2-168
Frequency doubling recording method,
20-40
Frequency response, analog-digital ‘con-
version, 20-48
function generator, 23-16
quarter square multiplier, 23-08
servo multiplier, 23-04
Function generators, 23-14
biased diode, 23-15
digital, 28-15 .
interpolation techniques, 23-20
mechanical, 27-05, (table) 27-06
multiplication, 23-13
photoformer, 23-19
potentiometers, 23-17
resistive materials, 23-21
scaling, 23-19
table, 28-16
trigonometric, 23-21
two variables, 23-20
uses, 23-20
variable-breakpoint diode, 23-15
variable density film, 23-22
variable reference diode, 23-21
variations of diode techniques, 23-16

G-15, see Bendiz G-15
Gain, errors, 22-33
integrator, 22-07, 22-10
Game playing machines, 11-11
Games, 11-11
chess, 11-12
and logic, 11-11
machine solution, 11-11
GAMM, 2-186 R
Gamma 60, 2-56
Gas discharge tube, 26-13
Gates, combined, transistors, 16-11
diode capacitor, 14-27, 14-29
intrinsie, 17-07
pulse, high speed, 14-42
symbols, 17-02
transistors, 16-09, 16-18
vacuum tube, 14-26
Gaussian distribution, 26-04
Gaussian  elimination method,
10-05
Gaussian noise generator, 26-11
Gauss-Seidel method, 10-04
Geiger-Mueller tube, 26-12, 26-13
General Ceramics Corporation, 19-23
General Dynamics Corporation, 20-14,

10-02,

20-16

General Electric Company, 2-156, 2-157,
20-17

Generalized programming, see GP com-
piler

Generalized . programming  extended

(GPX), 2-156, 2-189 ,
General Motors Corporation, 2-157, 2-185,
2-263
General purpose
21-02
digital, 5-04, 12-25
Generators; see also Subroutine, genera-
tors
automatic programming, 2-163
subroutine, 2-182
German-Swiss Applied Mathematics
Society, 2-186
Gill method, 10-09

computers, analog,

Glossary of terminology, computers,
1-02

GP compiler, 2-158, 2-189, 2-190, 2-245,
2-260

GPX compiler, 2-189
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Gray code, 12-17, 18-24

conversion, 18-24
Greenstadt’s method, 10-06
Grid spacing, 14-43
Guebhard’s rings, 25-23
Guide, 2-157

Half adder, 15-22, 18-03, 18-08
transistors, 16-11
Haloid Company, 20-16
Hand programming, 2-02
. traditional, 2-128
Harvard University, 12-07, 12-09, 12-29
Heads, design, 20-34
magnetic drum, 19-07
Heuristics, 11-10, 11-12
Hexadecimal, decimal conversion, (table)
2-42
multiplication, (table) 2-44
Hierarchy counter, permanent subrou-
tine, 2-195
Hollerith code, 2-165, 12-08, 12-10
Holloman Air Force Base, 2-157
Hughes Aircraft Company, 20-14
Hybrid systems, 28-11, 29-01, 29-04

Ianov, string language, 2-230
transformation rules, example, 2-233
IBM, 2-156, 2-157, 2-160, 2-263, 12-07
IBM 026 key punch, 2-201
IBM 305 magnetic disk, 19-13
IBM 407 printer, 2-201, 8-08
IBM 528 reproducer, 8-08
IBM 604, 16-20, 16-28
IBM 608, 16-03, 16-20
characteristics, 16-23
packaging, 16-28
power supplies, 16-30
IBM 650, 2-58, 2-64, 2-134, 2-136, 2-143,
2-157, 2-186, 2-200, 2-219, 2-239,
2-241, 13-03
accounting applications, 8-13
instruction logic, 2-93
IT translator, 2-201
magnetic drum, 19-05
optimum programming, 8-14
programming examples, 2-130
scheduling, 9-12
SOAP programs, 2-131
multiway switch, 2-138

IBM 650, SOAP programs, véector inner
product, (table) 2-134
sorting examples, 2-153
IBM 700 series, 2-58, 12-09
IBM 701, 2-156, 2-162, 2-186, 2-236, 2-239,
2-250
instructions, 2-62
IBM 702, 2-56, 2-157
accounting applications, 8-16, (table)
8-18
IBM 704, 2-20, 2-27, 2-62, 2-63, (table)
2-64, 2-156, 2-165, 2-186, 2-187,
2-189, 2-191, 2-230, 2-239, 2-241,
2-246
instruction logic, 2-63
logical programming, 2-248
SAP program, 2-167
IBM 705, 2-56, 2-64, 8-11
characteristics, (table) 542
magnetic core storage, 19-27
IBM 709, 2-62, 2-157, 2-186, 2-193
IBM card program ecalculator,
12-29
IBM cards, 5-13, 20-30, 20-33
IBM Programming Research, 2-239
IBM punched cards, 5-13, 12-10, 20-30
IBM STRETCH, 2-56, 2-62, 2-191
IBM typewriter action, 20-08
ILLIAC, 2-21, 2-59, 2-159, 12-09
Inclusive or, 17-12
Incremental computation, 29-17
arithmetic, 29-21
control applications, 29-18
digital differential analyzer, 28-10, 29-13
machine organization, 29-19
operations, 29-25
" program, 29-20
storage requirements, 29-18
transient solutions, 29-28
Incremental methods, 10-09
Incremental pattern methods,
digital conversion, 20-56
Index accumulators, see Index registers
Indexing, operations, 2-60
systems, 11-16
Index registers, 2-55, 2-60, 2-190
Intercom, 2-241
MIDAC, 2-115
programming, 2-136
Indicial boxes, programming, 2-133

12-08,

analog-
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Indicial instruction logie, 2-54
Indirect addressing, 2-199
Indirect analog, 21-03
Indirect methods, analog-digital conver-
sion, 20-47, 20-57
Inductance-capacitance network, 25-20
Inductors, 14-50
Inference rules, 11-10
Infinite fields, simulation, 25-10
Information, averaging, 29-15
business units of, 3-06
flow patterns, 7-02, 7-03
retrieval,
category search, 3-12
externally controlled, 3-11
internally controlled, 3-11
interrogation, 3-12
Inhibitor circuit, 16-18
Initial conditions, analog computers,
22-10
Input impedances, 22-08
Input programs, 2-183
Input-output, instructions, see Instruc-
trons
operations, 2-60
Input-output equipment, 5-09, 7-06, 12-02,
20-01
analog-digital computer systems, 30-09
analog-digital conversion, 20-44; see
also Analog-digital conversion
automatie control, 20-03
auxiliary, 5-22
buffer storage, 5-23, 17-25, 20-03
cathode ray tube display, 5-36, 20-14
consoles, 5-12
conversion, 5-23
cost, 20-02
document reading, 5-19
electric typewriters, 5-12, 20-07
electrography, 20-18
external storage, 20-05
general requirements, 20-03
inquiry units, 5-13
keyboards, 5-10, 20-06
magnetic cards, 20-42
magnetic tape, 5-18, 20-33
magnetography, 20-17
mechanical printers characteristics,
20-06, (table) 20-08
multiplexing, 5-23

Input-output equipment, off-line equip-

ment, 20-04
on-line equipment, 20-04
page reading equipment, 20-06
perforated tape, 5-16, 20-19; see also
Perforated tape
photoelectric readers, 20-20, 20-27
photography, 20-14
plotters, 20-63
preparation, automatic, 5-11
key-driven, 5-10
print readers, 5-21
printed page, 20-06
printers, 20-06, 20-08; see also Printers
punched card machines, 5-13, 20-30
recording media, 5-09, 20-05
typewriters, 20-07, (table) 20-08, 20-10
verifiers, 5-12
xerography, 20-16
Inputs, analog computer, 21-05
tables, 27-04
data check, 3-13
data processors, 4-02
media, 5-09, (table) 5-10, 20-05
simulated, 17-39
time difference equations, 17-31
Inquiry units, 5-13
Installation, costs, 4-08
data processors, 6-01
time, 4-09
Institute for Advanced Study, 2-47, 12-09
Institute of Radio Engineers, see IRE
Instruction counter, MIDAC, 2-117
Instruction logic, ambiguous word, 2-54
common computers, 2-63
Datatron 205, 2-98
EASIAC, 2-122
IBM 650, 2-93
IBM 704, 2-63
indicial, 2-54
Intercom, 2-241
MIDAC, 2-115
Royal-Mc¢Bee LGP-30, 2-109
Strela, 2-111
TX-0, 2-252
Univac 11, 2-83
Univae 11034, 2-77
Instruction  modification, automatic,
2-190
digits, MIDAC, 2-116
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Instruction modification, types, 2-191
Instructions; see also Instruction logic
accounting, 8-14
addresses, number, 2-56, 2-64, 5-07,
12-27

arithmetic, Datatron 205, 2-99

IBM 650, 2-94, 2-96

IBM 704, 2-66

LGP-30, 2-110

Univac II, 2-85

Univac 11034, 2-81
arithmetic and logical, Strela, 2-111
branching, IBM 650, 2-96
breakpoint, Untvac II, 2-91
change control, Datatron 205, 2-103

MIDAC, 2-120
change of information, MIDAC, 2-119
common computers, 2-63
conditional jump, Univac 1103A, 2-80
console, 12-05
control, 2-160

IBM 704, 2-71

Strela, 2-112

Univac 11, 2-87 .
control-record, Datatron 205, 2-104
execution of, 12-04
extract, Univac II, 2-87 |
floating point, Univac 11034, 2-82
format, 12-03
four address, 2-56
indexing, IBM 704, 2-74
input-output, 12-05

Datatron 205, 2-105

IBM 650, 2-93

Univac 11, 2-89

Univac 11034, 2-81
jump, Univac 11034, 2-80
logical, 12-05

Datatron 205, 2-101

IBM 704, 2-67
and logical design, 17-26
loop transfer, Datatron 205, 2-103
one plus one addresses, 2-58, 2-130
operation types, 2-59
shift, Datatron 205, 2-101

IBM 650, 2-97

Univac II, 2-88
single address, 2-58
storage instructions, IBM 650, 2-95
structure, 2-56

Instructions, subroutine, Strela, 2-113
three address, 2-57
transfer, MIDAC, 2-120
Strela, 2-112
Univac II, 2-84, 2-89
Univac 1103A, 2-79
two address, 2-58
types, 2-61, 5-08, 5-40, (table) 5-41,
12-05
variable, 2-54
Integrated systems, 2-07, 2-184
automatic features, 2-185
interrupt features, 2-185
Integration, analog, 22-04
analog-digital computer systems, 30-15
dependent variable, 23-13
digital differential analyzer,
28-11
digital operational, 28-14
incremental computation, 29-27
Kelvin disk, 27-03
mechanical, 27-03
- network, 22-07
repeated, 22-02
scaling, 28-06
Integrators, 22-07, 22-09; see also Inte-
gration
gain, 22-07, 22-10
time constants, 22-07, 22-10, 22-36
Intercom system, 2-63, 2-241 -
on the Bendix G-15, 2-241
comparisons, 2-244
instruction list, (table) 2-243
language, 2-242 ©
Interlace, magnetic drum, 19-05
Interlocks, analog-digital computer sys-
tems, 30-09
Internal excitation, resistance networks
with, 25-17
Internal translator, see I7 translator

28-02,

International Business Machines, see
IBM -

International Telemeter Corporation,
19-27

Interpolation techniques, function gener-
ator, 23-20

Interpreters, 2-235 _
acceptance tests, 2-239
automatic programming, 2-160
evaluation, 2-244
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Interpreters, Intercom, 2-241
interpretation process, 2-236
memory, 2-241
punched card, 20-32
routines, 2-235
simulation of one computer by an-
other, 2-236, 2-239
tracing programs, 2-240
Turing machines, 2-235, 31-01
utility programs, 2-184
Interpretive  programming
2-245
Interrogation, 3-12
Inventory, applications, 9-01
Inverters, 17-03
transistors, 16-23
IPL, 2-245
IRE, 1-02, 14-54
IT compiler-translator, 2-129, 2-156,
2-157, 2-186, 2-187, 2-190, 2-200,
2244, 2-245, 2-259
error cards, 2-219
extension operands and statements,
2-187
flow diagrams in compiler language,
2-207
iteration statements, 2-206
language, characters of, 2-202
extension of, 2-214
formal representation, 2-223
rules, 2-201
run request, 2-219
statement forms, 2-205
one-pass version, 2-201
SOAP, 2-209, 2-214
statements, 2-201
subroutine, Runge-Kutta-Gill, 2-189
subroutine library, 2-214
two-pass version, 2-201
Item, of information, 3-06
Iteration loops, 2-45
Iterative methods, matrix inversion,
10-02

language,

Jacobi’s method, 10-06
JCS 13, 2-156
J-K flip-flops, 17-08, 17-36; see also
Flip-flop, trigger
Johnniac, 12-09
magnetic core storage, 19-27

Joint Computer Conferences, 2-261

Jordan method, 10-02, 10-03

Jump instructions, 12-04

Junction method, 24-04, 24-05
construction of duals, 24-09

Junction transistors, 14-51, 14-52

K5, 2-158
Kalin-Burkhart computer, 12-09
Kelvin disk integrators, 27-03
Kerr constant, 25-23
Key, 3-06
Keyboards, 5-10, 20-06
byproducts, 5-11
special, 5-13
speed, 5-11
Key punches, perforated tape, 20-29
punched card, 20-31
Kimball, punched price tags, 5-13
Kirchhoff adder, 18-10
Kirchhoff’s laws, 24-04, 25-11
KOMPILER 2, 3, 2-156

Languages, 2-186
algebraic, Soviet compiler, 2-228
automatic programming, 2-160, 2-186
common, 5-13
data processing, 3-02
English, structural
2-259
extensions, 2-187
formal, programming, 2-05
input, easy-to-correct and easy-to-use,
2-160
interpretive program, 2-245
Intercom, 2-242
machine level, 2-56
machine translation, 11-13
natural, programming with, 2-259
commands, 2-259
storage requirements, 2-259
recursive, 2-244
string, 2-190
target, 2-186
translation, 11-13
universal computer, 2-163
universal programming, 2-200
Laplace’s equation, 25-04, 25-22
Laplace transforms, 22-07
solution, 25-05

decomposition,
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Laplacian operator, 25-02
Larce, see Untvac Larc
Latch, 17-06
LGP-30, see Royal McBee LGP-30
Liapounov-Ianov string programming,
2-230, 2-233
Librascope, 2-109, 2-263, 12-09; see also
Royal-McBee
Lichtenberger figures, 25-23
Life insurance accounting, 8-01
Limiting, 23-23
computer representation, 23-23
generalized, 23-24
integrator outputs, 23-25
Lincoln Laboratory, 2-252, 14-01, 14-02,
19-29
Linear computing elements, 22-01
symbols, 22-04
Linear interpolation,
23-17
Linearity, potentiometer, 22-04
Linear matrix equation solver, 2-174
Linear programming, 10-06
simplex method, 10-07
time for solution, 10-07, 10-08
transportation problem, 10-08
Linear systems, noise, 26-06
Line-a-time printers, 5-33, 5-34, 20-08,
20-10
Linkage mechanisms, 27-01
Literature searching, 11-16
Load correction, potentiometer, 22-05
Loading, errors, 22-33
potentiometer, 22-04
Location counter, 2-164
Lockheed Aircraft Corporation, 2-156
Missile Systems Division, 2-157
Logarithmic multiplier, 23-09
Logic; see also Logical programming
circuits, 14-34
connectives, 11-03, 11-04
decision procedure, 11-03
deductive procedures, 11-10
on digital computer, 2-246, 11-02
evaluation procedures, 11-03
free derivation, 11-03, 11-10
and games, 11-11
inference rules, 11-10
machines, 2-53, 11-02
applications, 11-07

potentiometers,

Logic,

machines, automatic program-
ming, 11-08
limitations, 11-09
and numbers, 2-12
programming, 2-02
proofs, 11-03, 11-10
and switching circuits, 11-05
tautological character of expressions,
11-03
truth tables, 11-04
Logical design, 17-01, 17-30
algebraic  techniques,
29-21
arithmetic and control unit, 17-27
block diagrams, 17-28
Boolean algebra, equivalences, (table)
17-11
completeness, 17-09
control unit, 18-35
counter, 17-29, 17-32
decision elements,
17-03, 17-04
difference equations, 17-31
elements, 17-01
magnetic cores, 15-03, 15-16
transistors, 16-28
incremental computer, 29-21
instructions, 17-26
manual control, 17-27
matching input and output, 17-25
minterms, 17-12
number representation, 17-26
simplification, inspection, 17-15
Quine method, 17-16
simulation, 2-236, 2-239, 17-38, 17-40
storage, 17-25
switching functions, 17-10, 17-15
symbols, (table) 17-02
time difference equations, 17-31
truth tables, 17-11
Turing computers, 31-03
Veitch diagrams, 17-13
Logical gain, transistor circuits, 16-05,
16-07
Logical instructions, see Instructions
Logical operators, 2-229
Logical product, 17-12
Logical programming, 2-246
checkers, 2-246
chess, 2-246

17-10, 17-28,

17-02, (tables)
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Logical programming, IBM 701, 2-250
IBM 704, 2-248
MIDAC, 2-250
problem in the propositional calculus,
2-246
Univae 11034, 2-247
Logical simulation, 2-236, 2-239, 17-38
Logical sum, 17-12
Logical transfer, 18-31
Loop control, 2-46, 2-54
Loops, iteration, 2-45
magnetic core transfer, 15-09
Los Alamos, 2-156

Machine language programs, 2-131
Machine tool control, 29-14
Machine translation, code conversion,
11-13
languages, 11-13
problems, 11-14, 11-15
MAGIC, 2-20, 2-131, 2-159, 2-184, 2-186
Magic number, in number conversion,
2-18
MAGIC program, dynamie stop, 2-140
multiway switch, 2-139
vector inner product, 2-136
Magnacord, 20-43
Magnavox Company, 20-43
Magnetic card equipment, 20-43
Magnetic coatings, (table) 19-09
Magnetic cores, 5-26, 15-01, 19-13
adder, 15-22
ambient temperature, 19-26
arithmetic, 15-22
characteristics, (table) 19-23
circuit design, 15-01, 15-05
counters, 15-23
current regulation, 19-26
cycle distributor, 15-21
design, 19-21, (table) 19-23
drivers, 15-23
ferrite, 15-07
films, 19-28
half-select outputs, 19-24
hysteresis loop, 15-02
logic, 15-16
metal-strip types, 15-04
molded ferrites, 15-04
multiaperture, 19-29
multicoordinate, 19-15

Magnetic cores, noise in bistable, 15-07
nondestructive readout, 19-26
nondigital applications, 15-23
parameters, 15-07
plane, 19-22
plates, 19-29
principles of operation, 19-13
read circuits, 19-13, 19-20
reliability, 14-03
selection circuits, 15-19, 19-19
selection systems, (table) 19-15
sense windings, 19-25
shift registers, 15-15, 15-19
squareness ratio, 19-24
stability, 19-26
storage, 15-19, 19-13
switches, 19-16
switching time, 19-23
switching voltages, 15-06
symbols, 15-01, 15-03
systems, 19-16, 19-26, (table) 19-27
temperature stability, 15-09
thin films, 19-28
three-coordinate, 19-13
timing control circuits, 15-21
transfer loops, 15-09
transistor multiplier, 29-08
two-coordinate, 19-13
waveforms, 15-03, 15-06
wiring, 19-22
writing, 19-15

Magnetic disk storage, 5-32, 19-13

Magnetic drums, 5-26, 5-32, 19-04
access time, 19-05
coatings, 19-07, (table) 19-09
construction, 19-07
digital differential analyzer, 28-08
forced coding, 19-06
heads, 19-07
interlace, 19-05
parity check, 19-07
power loss, 19-11
reading circuits, 19-11
recording, 19-09; see also Magnetic

tapes, recording
Manchester, 19-10
nonreturn to zero, invert (NRZI),
19-10, 19-13
nonreturn to zero (NRZ), 19-09
return to bias, 19-09
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Magnetic drums, recording, return to
zero (RZ), 19-09
reliability, 19-12
typical operating
19-07
writing techniques, 19-09, 19-11
Magnetic films, 19-28
Magnetic heads, 20-33, (table) 20-34
characteristics, (table) 20-34
stack, (table) 20-34
Magnetic ink, 5-20, 5-22
Magnetic recording densities, 20-40
Magnetic storage, other techniques,
19-26
Magnetic tapes, 5-25, 20-33
equipment, 5-18, 20-33
auxiliary, 20-42
features, 5-27, 5-30
head design, 20-33
input units, 5-19
master file, accounting, 8-02
operation details, 5-27
output equipment, 5-36
plastic base, characteristics,
(table) 20-34
preparation, 5-18
random access, 5-32
reading methods, 5-18, 20-35
recording, 5-18, 5-25, 20-35; see also
M agnetic drums, recording
dipole, 20-37
frequency doubling, 20-40
heads, 20-33, (table) 20-34
Manchester, 20-39
nonreturn to zero (NRZ), 20-38
nonreturn to zero, invert (NRZI),
20-39
phase modulation, 20-39
polarized dipole, 20-34
return to zero (RZ), 20-36
waveforms, 20-36, 20-38, 20-40
sorting, 2-152
speeds, 5-19, 5-29
storage capacity, 5-28
time delay, 23-34
transports, 5-29, 20-40, (table) 20-42
units, 5-19
writing currents, 20-40
Magnetography, 20-17
Magnetostrictive delay lines, 19-31

systems (table),

20-33,

Magnetronic Reservisor, 9-04
Maintenance, 6-13, 13-08
console, 13-09
programs, 2-258
scheduled, 13-08
unscheduled, 13-08
Manchester recording method,
20-39
MANIAC, 2-62, 12-09
Manpower forecasts, 9-07
Manual control, logical design, 17-27
Manuals, installation and specification,
6-02
Marginal checking, 13-09, 14-05, 14-07
circuits, 14-10
components, 14-07
reliability data, 14-17
transistors, 14-36
Mark 1, 12-07, 12-29
Mark II, 12-09
Mark sensing, 5-19
Match-merge, 3-08
Material equivalence function, 15-19
Mathematical checks, 13-03, 13-05
Math-Matie, 2-129, 2-186
Matrix inversion, 10-02
methods, 10-02, (table) 10-03
storage requirements, 10-03
time required, (table) 10-03
MATRIX MATH, 2-158
Matrix order, 10-03, 10-06
Matrix printers, 20-08, 20-13
Maximum storage, computers,
2-64
Maxterms, 17-12
Mean square ensemble output, 26-06,
26-09
Mean square value, determination of,
26-20
Mean value, determination of, 26-18
Measures of performance, programming,
2-05
Mechanical computers, 27-01
accuracy, 27-02
addition and subtraction, 27-02
digital, 12-07
and electronic, 27-02
function generation,
27-06
input tables, 27-04

19-10,

(table)

27-05, (table)
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Mechanical computers, integration, 27-03
multiplication by a constant, 27-02
output tables, 27-04
scale factors, 27-14
schematics, 27-05
solution of equations, 27-09
symbols, 27-05
torque amplifiers, 27-04

Mechanical elements, 24-01, 24-09
analog-digital converters, 30-04

Mechanical perforated tape

20-26

Mechanical printers, 20-06, (table) 20-08

Mechanical translation, 2-259

Mechanism, linkage, 27-01

Mercury, 2-186

Mercury delay line, 5-26, 19-30

Merging, 2-145, 2-147, 3-08

Michigan Digital Automatic Computer,

2-115; see also MAGIC

Microprogramming, 2-251
example, 2-256
macroinstructions and . microinstruc-

tions, 2-254
TX-0 development, 2-252
MIDAC, 2-20, 2-58, 2-64, 2-122, 2-159,
2-171, 2-192, 2-244; see also
MAGIC
base counter, 2-118
instruction logic, 2-115
logical programming, 2-250
modification digits, 2-116
programming examples, 2-130
subroutine library, 2-172
Mid-square procedure, 2-145
"Milne, Adams and, method, 10-09

Mmlcard 11-17

Minimal latency, programming, 2- 130

Minnesota Mining and Manufactux ing

Company, 19-09

Minterms, 17-12

MISHAP, 2-157

Mistake prevention, automatic program-

ming, 2-163 .
MIT, 2-21, 2-157, 2-159, 2-160, 2-184,
2-251, 2-252, 2-263, 14-01, 19-06,
19-27
magnetic core unit, 19-19
TX-2 core storage, (table) 19-27
Whirlwind, 2-159 ..

readers,

MITILAC, 2-157
MJS, 2-158
Mnemonie codes, 2-160
Mod 11 check, 3-14
Modus ponens, 11-10
Monitoring, digital, 30-14
Monostable storage elements, 17-05
Moore School, 2-159
M-Q register, 12-06
Multi-address codes, 2-56
Multiaperture magnetic cores, 19-29
Multicoordinate  selection  principles,
magnetic cores, 19-15
Multiple linear regression and correla-
tion analyses, 10-10
Multiplexing equipment, 5-23
Multiplication, analog, 23-01
accuracy, 23-04, 23-07, 23-09
AM-FM, 23-19
by constant, 22-04, 27-02
crossed field, 23-10
dynamometer, 23-09
four quadrant, 23-02, 23-04
logarithmie, 23-09
mechanical, 27-02
modification of quarter
23-09
one-quadrant, 23-02
probability, 23-10
quarter squares, 23-08
scaling, 23-11
servo, 23-02
step relay, 23-10
time division electronic, 23-05
two-quadrant, 23-02
digital, 18-16, 18-27
adding and shifting method, 18-28
binary, 18-16
Booth method, 18-18
decimal, 18-27
hexadecimal, (table) 2-44
incremental computation, 29-26
parallel, 18-19
precision, 18-20
roundoff, 18-29
roundoff correction, 18-20
Russian peasant method, 18-28
serial, 18-19
serial-parallel, 18-19
Shaw method, 18-16

squares,
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Multiplication, digital, stored multiples,
18-28
table, 18-29
digital analog, 28-16
digital operational,
digital
operational digital, 28-11, 29-05
accuracy, 29-08
binary rate, 29-05
dynamic rate, 29-09
magnetic core transistor, 29-08
pulse rates, 29-10
Multiplier, see Multiplication
Multiprecision, 2-22
Multispeed coders, 20-55
Multivibrator, one-shot, 16-08
Multiway switch, IBM 650 SOAP pro-
gram, 2-138, 2-139
MIDAC MAGIC program, 2-139
Munich Technische Hochschule, 2-191
Mylar tape, 5-25, 20-33, 20-43

see operational

NAA ASSEMBLY, 2-156

National Advisory Committee on Aero-
nautics, 2-193

National Bureau of Standards, 2-115,
2-159, 2-185, 2-189, 2-240

National Cash Register, 12-09

Natural languages, programming,
2-259

Naval Ordnance Laboratories, 2-157,
2-159

Naval Ordnance Test Station, 2-156
Negation, 17-03
magnetic cores, 15-18
Networks, a-c analyzers, 25-20
four-terminal, 22-16
inductance-capacitance, 25-20
integrating, 22-07
resistance, 25-15
resistance-capacitance, 25-19
R-L-C, 25-20
short  circuit
22-18
summing, 22-05
two-terminal, 22-15
Newton’s method, 2-212
New York University, 2-158
Nodal point location, finite difference ex-
pansions, (tables) 25-12

impedance, (table)

Noise, 26-01; see also Noise generators
adjoint systems, 26-07
aerodynamic, 26-10
aireraft systems, 26-10
analog computers, 26-01
contact, 26-01
ensemble, 26-06, 26-09

average, 26-03
ergodic processes, 26-03
errors, 22-36
Gaussian distribution, 26-04
generators, 26-12
linear systems, 26-06
magnetic cores, 15-07
mean square value, 26-20
mean value, 26-18
missile systems, 26-10
non-Gaussian, 26-18
nonlinear systems, 26-09
nonstationary, 26-18
operational amplifier, 22-16
radar, 26-10
servos, 26-10
sources, 26-12 8
spectral density, 26-05, 26-14, 26-20
standard deviation, 26-03
stationary processes, 26-03
thermal, 26-01
transistors, 16-05
variance, 26-03
white, 26-05

Noise generators, 26-12
characteristics, 26-12, 26-18
demodulator type, 26-15
gas discharge tube, 26-13
gas tube, 26-14
Gaussian, 26-11
Geiger-Mueller tube, 26-13
radioactive source, 26-12
sampling type, 26-14

Nondestructive readout, 19-26

Nondigital applications, magnetic cores,

15-23

Nonelectric field analogs, 25-22

Nonlinear differential equation, 27-11

Nonlinear electronic computer elements,

23-01

Nonlinear potentiometers, 23-17
servodriven, 23-31

Nonlinear systems, noise, 26-09
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Non-numerical problems; see also Game
playing machines; Logic machines;
M achine translation, languages
characteristics, 11-01
literature searching, 11-16;
Retrieval systems
Nonreturn to zero invert recording,
19-10, 19-13, 20-39
Nonreturn to zero recording, 19-09, 20-38
NORGC, 2-58, 13-03
NORC COMPILER, 2-159
Normal form, 17-13
Normal random deviates, 2-173
North American Aviation system, 2-156,
2-185
Not, 17-03
Notation, arithmetic and control, 18-02
computer diagrams, 22-03
constants and variables, 2-50
Turing computers, 31-04
N-p-n transistors, see Transistors, junc-
tion
NRZ recording, 19-09, 20-38
NRZI recording, 19-10, 19-13, 20-39
Number conversion, 2-14, 12-14, 18-23
in arithmetic of original system, 2-14
in arithmetic of second system, 2-17
base R to decimal, 12-14
binary to decimal, 2-20, 18-24
binary to Gray code, 18-25
binary powers of 2, (table) 2-43
decimal to base R, 12-14
decimal to binary, 18-23
decimal-hexadecimal, (table) 2-42
decimal-octal, (table) 2-28
fractional numbers, 12-16
Gray code to binary, 18-24
hexa”ecimal-decimal, (table) 2-42
mixed numbers, 12-17
octal-decimal, (table) 2-28
roundoff in, 2-21
with scale factors, 2-19
trick method, 2-18
whole numbers, 12-14
Numbers, 2-12; see also Codes; Number
systems
codes, 12-12, 17-26, (table) 20-46
“digital,” 2-23
as discrete electric signal, 5-07
fixed point, 2-23

see also

Numbers, floating point, 2-24
negative, 2-22, 12-22
overflow, 12-25
precision, 2-22
representation, 12-12
roundoff, 12-24
sign digit, 12-25
zero representation, 18-16
Number systems, 2-13, 5-04, 12-12; see
also Codes; Numbers
base, 2-13, 12-12, 12-17
binary coded, 12-18
binary coded decimal, 5-05
comparison, (table) 12-13
complements, 2-22, 12-22
1’s, 12-24
10’s, 12-23
negative, 12-22
true, 12-23
conversion, see Number conversion
cyclie, 12-17
hexadecimal
2-44
internal decimal scale factors, 2-21
for machines, 12-18
nonweighted code, 12-19
powers of 2, (table) 2-43
radix, 2-13, 2-23, 12-12
reflected, 12-17
representation, 12-12
scale factors, 2-12, 2-24
triad, 2-24, (table) 2-64
types, (table) 12-13
weighted codes, 12-19
Numerical analysis, 2-02, 2-181, 10-01
characteristic roots, 10-04
correlation, 10-10
differential equations, ordinary, 10-08
partial, 10-10
time for solution, 10-10
factors, 10-11
incremental evaluation, 10-09
integration, 10-09
linear programming, 10-06
multiple linear regression, 10-10
solution time, eigenvalues, 10-06
linear programming, 10-07
matrix inversion, (table) 10-03
simultaneous linear equations, 10-05
statistical, 10-10

(table)

multiplication,
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Numerical analysis, storage requirements
for matrix inversion, (table) 10-03

Numerical expression, 12-12

Numerical integration, 10-09

NYAP, 2-156

NYDPP, 2-156

NYU, OMNIFAX, 2-158

Octal-decimal conversion, (table) 2-28
Office Management Association of Great
Britain, 2-261
Office of the Naval Research Symposia,
2-261
Off-line, data processing, 3-04, 20-04
OMNICODE, 2-157
One-pass assembly programs, 2-164
One-pass translators, 2-186
One-plus-one address codes, 2-58
One-quadrant multipliers, 23-02
One-shot multivibrator, transistors, 16-08
On-the-fly printers, 20-08, 20-10
On-line, data processing, 3-04
On-line equipment, 20-04
Open subroutines, 2-168
Operating costs, 4-09
Operating speed,
2-64
Operational amplifier, d-c, 22-08
design, 22-16
transfer function representation, 22-15
Operational digital systems, 28-11, 29-01
adder, 29-10
analog-digital converters, 29-18
applications, 29-14
basic devices, 29-05
control applications, 28-17
data acquisition, 29-17
digital differential analyzers, see Digital
differential analyzers
division, 28-13, 29-11
function generators, 28-15
incremental computation, 29-17
information averaging, 29-15
integration, 28-14
machine organization, 29-19
multiplication, 28-11, 28-16,
29-09
process control, 29-17
rate aiding, 29-15
simulation, 28-14

computers, (table)

29-05,

Operational digital systems, square roots,
29-12
subtractors, 29-10
Operational programming, 2-229
Tanov transformation rules, 2-233
operators, 2-229
Strela, 2-233
string language of Liapounov-Ianov,
2-230, 2-233
transformation rules, 2-230
Operations research, 26-10
Or circuits, 14-34, 17-04, 17-12
magnetic cores, 15-18
transistors, 16-10, 16-18
Turing computer program, 31-05
Oracle, 12-09
Ordinary differential equations, 10-08
analog computer solution, 22-01
Ordvac, 12-09
Output, analog computer, 21-05
tables, 27-04
data, 4-02, 4-07
data checks, 3-14
drivers, transistors, 16-28
time difference equations, 17-31
Output equipment, 4-14, 5-02, (table)
5-33, 20-01; see also Input-output
equipment
auxiliary, 5-38
conversion, 5-38
electric printers, 5-33, (table) 20-08
low speed, 5-34
machine readable, 5-34
magnetic tape, 5-36, 20-33
printers, 5-33, 20-06
Overflow, 12-12

Pacific Mills, 25-07

Packaging, digital
16-28

PACT I, IA, 2-156

PACT Group, 2-156

PACT system, 2-25, 2-162

Pade approximations, 23-36

Page reading equipment, 20-06

Paper tape, printed, 5-16

punched, 5-16; see also Perforated

tape

Paradigm dictionary, 11-14

Parametron storage, 19-33

computers, - 16-14,



INDEX 27

Parity check, 4-15, 5-43, (table) 12-21,
13-03, 13-06
core storage, 19-21
drum storage, 19-07
storage reliability, 19-03
Partial  differential equations,
25-01
field problems, 25-01, 25-11
Passive computing elements, 22-04
Path method, 24-04, 24-06
construction of duals, 24-11
Pattern Instrument Company, 20-11
Pay checks, data processing, 8-17
Payroll procedure, 7-10, 8-15
Peirce function, 17-04, 31-01, 31-03
Perforated tape, 5-16, 20-19
auxiliary equipment, 20-29
channels, number, 5-16, 20-19
characteristics, (table) 20-20
costs, (table) 5-10
dimensions, 20-19
drivers for photoelectric readers, 20-28
equipment, (table) 20-20
feed mechanisms, 20-23
five-channel, 5-16
input buffer, 20-25
input units, 5-18
mechanical readers, 20-26
perforators, 5-10
photoelectric  tape
20-27, 20-29
preparation equipment, 5-16
punches, 20-20
readers, 5-17, 20-25, (table) 20-27
speed, 5-10, 5-17
synchronization, 20-24
timing, 20-24
PERM, 2-186, 2-191, 2-192
Permalloy, 19-07, 19-28
Phase modulation recording, 20-39
Phase shift, 22-11
operational amplifier, 22-16
Philco Corporation, 14-36, 16-02, 16-05
16-14, 16-30
Photoelectric readers, cards, 5-15
tapes, 20-20, (table) 20-27, 20-29
Photoformer, 23-19
Photography, 20-14
Physical systems, analogs and duals,
24-01

10-10,

(table)

readers,

E]

-Physical systems, relation of across and

through variables, (table) 24-12
Piczoelectric delay lines, 19-31
Plastic tape, 20-33, (table) 20-34
Plotters, 20-63
automatic field, 25-09
characteristics, (table) 20-65
continuous, 20-64
discrete, 20-64
operation, 20-65
P-n-p transistors, see Tranststors, junc-
tion
Poisson distribution, 26-12
Poisson’s equation, 25-04, 25-17
Polarized dipole method recording, 20-34
Polarized light servo, 27-04
Polarized relays, 23-29
Polynomial evaluation program, 2-207
Positional notation, 12-12
Post mortems, 2-162
selective, 2-183
Potential function, 25-02
Potentiometers, 22-04
errors, 22-33
linear, 23-02
loading, 23-04
multiplying, 23-03
nonlinear, 23-17
padder system, 23-17
servodriven, 23-02, 23-31
Potter Instrument Company,
20-28
Power, requirements, 6-05
Power dissipation, transistors, 16-05
Power supplies, 12-07, 16-14, 16-20, 16-30
Present address relative, 2-192
Preset parameters, 2-161, 2-168
Price tags, punched, 5-13
Prime implicants, 17-16, (table) 17-18,
17-19 ’
reduced table, 17-17, 17-18, 17-20
Primitive, 17-12 )
Princeton, 2-47, 12-09
computers, 2-58
instruction design, 2-62
Principia Mathematica, 2-245
PRINT I, 2-156
Printed page, 20-06
Printers, 20-06
electronic, 5-36

20-11,
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Printers, high-speed, 5-35
line, 5-33, 20-08, 20-10
matrix, 5-36, 20-08, 20-13
mechanical, (table) 20-08
nonmechanieal, 20-13
on-the-fly, 20-08, 20-10
wheel, 5-36
Print readers, 5-21, 20-06
Probability density function, 26-02
Probability distribution function, 26-03
determination of, 26-18
Probability logic, 11-09
Probability multiplier, 23-11
Probes, electrolytic tanks, 25-09
Problem setup, analog computer, 21-07
Problem solving, 11-01, 11-13
brain behavior, 11-01
Process control, operational
29-16, 29-17
Processing unit, 5-02
Process limited problems, 2-63
Production scheduling, see also Schedul-
ng
aircraft, 9-07
and management, 9-10
Program address counter, 17-26
Program control, analog-digital computer
systems, 30-08
Program interrupt, analog-digital com-
puter systems, 30-12

digital,

Program matrix, Turing computers,
31-12

Programmed checks, 3-13, (table) 13-03,
13-04

Programmed control, 18-34, 20-45
Programmers and coders, 6-11
Programming, 2-01; see also Automatic
programming ; Instructions

address modification methods, 2-60

address sorting, 2-146

ambiguous-word manipulations, 2-55

art of, 2-09

automatic, 2-02, 2-12, 2-155

basic concepts, 2-03

breakpoint notation, 2-61

business systems, 7-08, 8-14

cost, 2-129

debugging, 7-08

dynamic stop, 2-140

elapsed time, 2-129

Programming, encoding problem, 2-10

errors, 2-128

evaluation of a polynomial, 2-127

examples, 2-130

external, 12-29

files, 2-03

flow diagrams, 2-47

games, 2-246, 11-11

hand, 2-02, 2-128

incremental computation, 29-20

index registers, 2-55, 2-136

instruction logic, see Instruction logic

instructions, structure, 2-56, 12-03

types, 2-61, 5-08

integrated system, 2-07, 2-184

internal, 12-29

iteration loops, 2-45

languages, 2-02, 2-05, 2-56, 2-186, 2-259;
see also Languages

limitations, 2-02

logical, 2-246; see also Logical pro-
gramming

loop control, 2-46, 2-54

machine language, 2-131

magnetic drum systems, 2-144

maintenance of equipment, 2-258; see
also Maintenance

mathematical definition, 2-08

measures of performance, 2-05

methods, 2-128

microprogramming, 2-251; see also
Microprogramming

minimal latency, 2-130

multiway switch, 2-138

natural language, 2-259

operations, 2-59; see also Instructions;
Programming instructions

optimum, 8-14

random access storage, 2-144

recursive languages, 2-244; see also
Languages, recurstve

restrictions, 2-129

scale factors, 2-12; see also Scale fac-
tors

secondary storage, 2-144

segmenting, 2-130

self-improvement, 2-05

sequencing analog-digital
systems, 30-10

simulation, 2-236, 2-239, 17-40

computer
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Programming, sorting methods, 2-145,
2-146
staff, 6-11
storage hierarchy, 2-130
table look-up, 2-142
time, 2-129
traditional, 2-128
Turing computers, 31-09
universal language, 2-200
variables, 2-50
word length, 2-61
Program parameters, 2-161, 2-168
Program transfers, 17-26
Propositional calculus, logical program-
ming, 2-246
Pseudo instructions, 2-162
Public utility, customer billing, 8-11
Pulse amplifiers, 14-21, 14-23
high power, 14-25
transistor, 16-15
Pulse gate, high-speed, 14-42
Pulse source, 14-21, 14-22
Pulse train, unitary weighted, 29-05
Pulse width, analog-digital converters,
30-05, 30-07
Punched cards, 5-13, 12-10, 12-11, 20-30
auxiliary equipment, 20-31
codes, 12-08, 12-10
costs, (table) 5-10, 20-30
dimensions, 5-13, 20-30
cquipment, 5-13, 5-33, 12-08, 20-30
input units, 5-15
punches, 5-15
readers, 5-15, 20-31
sorters, 20-32
speed, 5-10, 5-19
Punched tape, see Perforated tape
Punches, perforated tape, 20-20
cards, 5-15
Purdue University, 2-158

Quadratic
2-167
Quarter squares multipliers, 23-08
QUEASY, 2-156
QUICK, 2-156
Quine simplification, method, 17-16
Veitch diagram, 17-22

evaluation, SAP program,

Radar, noise, 26-10, 26-11

Radio Electronic Television Manufac-
turers Association, 14-11
Radix, 2-13, 12-12
RAMAC, 2-260
Ramo-Wooldridge Corporation,
2-158, 2-239, 2-263
one-pass assembler, sce RATWOOP
Ramp method, analog-digital conversion,
20-49
Rand Corporation, 2-156, 2-159
Random access storage, 4-12, 5-26, 5-32,
19-03
programming with, 2-144
Randomization, 2-144
Random variables, 26-02, 26-11
Rate aiding, 29-15
Rate multiplier, binary, 29-05
dynamic, 29-09
RAWOOP, 2-158, 2-164
RAWOOP-SNAP, 2-157
Raydac, 13-03, 19-29
Rayleigh distribution, 26-18
RCA, 20-17
RC networks, digital-analog conversion,
20-60
Readers, magnetic drums, 19-11
magnetic tape, 5-18, 20-35
perforated tape, 5-17, 20-25
punched card, 5-15, 20-31
Read in, instructions, 5-41
Read in operation, 18-07
Real time computers, 3-05, 12-29, 29-02
Real time simulation, 28-14
Reasonableness checks, 13-03, 13-04
Recorders, 23-34
Recording ; see also Magnetic drums, re-
cording ; Magnetic tapes, recording
errors, 22-37
magnetic drums, 5-18
magnetic tapes, 20-36, 20-40
media, 5-09, 20-05
methods, 19-09, 20-35
selective, 3-10
Records, 3-07
Rectangular to polar
23-32
Recursive languages, 2-244
Redstone Arsenal, 2-156, 2-157
Red tape subroutines, 2-181
Redundance, check, 4-15

2-157,

transformation,
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Reflected number systems, (table) 12-17,
18-24, 20-46
Refrigeration, closed-loop systems, 6-07
open-ended systems, 6-08
ton, 6-07
REG-SYMBOLIC, 2-156
RELATIVE, 2-157
Relative address, 12-28
Relay computer, 12-09
Relays, 14-47
analog computer, 23-23
construction, 14-47
drivers, transistors, 16-28
enclosed, 14-47
polarized, 23-29
time delays, 14-47
RELCODE, 2-158
Reliability, circuit design, 13-07
component variations, 13-07
computer circuits, 14-01, 14-19
control systems, 14-02
data processors, 4-08
design techniques, 13-02, (table) 13-03,
13-05
digital computers, 13-01

duplication of arithmetic section,
13-03, 13-06
duplication of machine operation,

13-03, 13-04
environment, 13-08
and errors, 4-07
evaluation criteria, 13-02
magnetic drums, 19-12
maintenance, 13-08
storage, 19-03
transistors, 16-03, 16-04
trouble detection and location, 13-09
Remington Rand, 2-157, 2-158, 2-160;
see also Sperry Rand; Untvac
409-2, 12-08
card, 20-30, 20-33
punched card, 5-13, 12-11, 20-32
Univac, 2-83, 2-239, 2-263
Remote connection, 2-49
Reproducers, perforated tape, 20-29
punches, 20-32
Reservations, data processing, 9-01
equipment, 9-04
storage requirements, 9-04
Resistance-capacitance networks, 25-19

Resistance networks, 25-15
accuracies, 25-19
applications, 25-17
digital-analog conversion, 20-58
equations, 25-16
with internal excitation, 25-17
Resistance paper, 25-05
accuracy, 25-06
Resistors, carbon, 14-48
film, 14-48
marginal checking, 14-07
potentiometers, 14-49
wire-wound, 14-49
Resolvers, a-c¢ induction, 23-32
d-c, 23-31
RETMA, 14-11
Retrieval systems, library problem, 11-16
mechanized, 11-17
semantic noise, 11-18
Return to bias recording, 19-09
Return on investment, business systems,
7-12, 7-13
Return to zero recording, 19-09, 20-36
R-L-C networks, 25-20
Rollback, 2-184
Root, determination, 2-211
Roundoff, 12-24, 18-29
correction, 18-20
in number conversion, 2-21
Royal-McBee, 2-109, 5-42
LGP-30, 2-64
characteristics, (table) 5-42
instruction logic, 2-109
R-S flip-flops, 17-08, 17-35, 18-02, 31-07
R-8-T flip-flops, 17-08, 17-36
Runge-Kutta-Gill, IT subroutine, 2-189
technique, 2-214
Runge-Kutta method, 10-09
extension, 2-188
IT translator compiler, 2-215
solution of differential equations, 2-214
Run request, IT translator language,
2-219
Russian language, 11-14
Russian peasant method, 18-28
RW 300, 2-239
RZ recording, 19-09, 20-36

SAC, 2-158
Sage, 13-03
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Sage, Air Defense Computers, 2-58

SAIL, 2-158

Salary distribution, 8-15

Sampled data, analog-digital computer
systems, 30-13

Sampling, analog-digital  converters,
30-04, 30-06

SAP, 2-156, 2-162, 2-164, 2-186, 2-187,
2-239

evaluation of quadratic form, 2-167
pseudo instructions, 2-165
Saturation flip-flop, 16-07
Sawtooth waves, generation, 23-29
SBT, see Transistors, surface barrier
type
Scale factors, 21-07, 22-10, 22-12, 27-14
conversion of numbers with, 2-19
digital differential analyzer, 28-04
in fixed point computation, 2-24
function generator, 23-19
integrators, 28-06
internal decimal, 2-21
limitations on variables, 27-14
multipliers, 23-11
Scaler, binary, 29-05
Scaling, see Scale factors
Scanning, 3-09
SCAT, 2-157
Scheduled maintenance, 13-08
Scheduling, aircraft production, 9-07
computer flow diagram, 9-11
equations, 9-09
Scientific computers, 5-04
applications, 10-01
input-output, 20-02
SCRIPT, 2-157
SEAC, 2-57, 2-115, 2-159, 19-29
Segmenting, 2-130
Selection  circuits,
15-19
Selective recording, 3-10
Self-checking codes, 13-03, 13-06
Self-complementing codes, 12-20
Semantic ambiguity, 11-14, 11-15
Semiconductor diodes, 14-45
application notes, 14-46
characteristics, 14-45
Sense windings, 19-25
Sentence decomposition, 2-259
Sentential calculus, 11-03

magnetic  cores,

Sentential caleulus, mechanization of
decision procedures, 11-05
Sequential access, 19-03
Sequential storage, 4-12
Service Bureau Corp., 2-156
Servomechanisms, multipliers,
23-04
polarized light, 27-04
potentiometers, nonlinear, 23-31
trigonometric functions, 23-32
Set-reset flip-flop, 17-08, 18-02, 31-07
SHACO, 2-156
Shaft position, analog-digital conversion,
20-51
digital-analog conversion, 20-60
Shaped beam tube, 5-37, 20-14
Share Assembly Program, see SAP
Share Cooperative Programming Group,
2-164
Shaw method, 18-16
Sheffer stroke function, 17-04, 31-01, 31-03
Shift, 18-27
Shifting register, 18-05
magnetic cores, 15-15
Short-circuit transfer impedance, 22-16, .
(table) 22-18
SHORT CODE, 2-158
Sign digit, 12-25
Sign inversion, 22-09
Simplex method, 10-07
Simulation,
absolute value, 23-27
backlash, 23-27
Coulomb friction, 23-27, 23-29
dead zone, 23-25
driver program, 17-41
logical design, 17-38
of one computer by another, 2-236,
31-02
output, 17-41
programming, 17-40
real time, 28-14
switching devices, 23-25
time delay, 23-34
by Turing computer, 31-02
Simultaneous linear equations, algebraie,
10-02
methods, (table) 10-05
storage requirements, (table) 10-05
time for solution, (table) 10-05

23-02,
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Sines and cosines from implicit compu-
tation, 23-32
Single address instructions, 2-58
SIR, 2-157
607, 2-156
SNAP, 2-158
SO 2, 2-156
SOAP, 2-186, 2-201, 2-214, 2-217
dynamic stop, 2-140
IT translator, 2-209, 2-214
multiway switch, 2-138
programming examples, 2-131
subroutine entry, 2-141
SOAP 1, 2-157
SOAP 11, 2-157, 2-219
SOHIO, 2-156
Soroban Engineering, Inc., 20-22
Sorters, punched cards, 20-32
Sorting, 2-145, 2-146, 3-07
address, 2-146
digital, 2-146
example, 2-153
finding the smallest, 2-152
interchanging pairs, 2-152
by merging, 2-147
number of comparisons, 2-153
partial, 2-153
sifting, 2-153
use of main storage, 2-146
Source data rate, (table) 4-04
Soviet, algebraic language
2-228
computers, 2-60
Strela, see Strela
Union, see USSR
Special  purpose,
21-02
digital computers, 5-04, 9-01, 12-09,
12-25
Spectral density, 26-05
determination of, 26-20
random telegraph signal, 26-14
SPEEDCODING, 2-156, 2-157
Speeds, cathode ray tube display, 20-14
code wheel converters, (table) 20-56
computers, 5-42
electrography, 20-18 -
input media, 5-10
keyboard, 5-11
magnetic cards, 20-42

compiler,

analog computers,

Speeds, magnetic tape, (table) 20-42

mechanical printers, (table) 20-08,
20-10, 20-12, 20-13

perforated tape equipment, (table)
20-20

photoelectric readers, 20-20, (table)
20-27

plotters, 20-65
punched card equipment, 20-31, 20-32
tape punches, 20-20, 20-21, 20-22, 20-23
typewriters, 20-08, 20-10
Sperry Rand Corporation, 2-83, 19-27
1103, 2-158
11034, 2-157
File Computer, 2-158
Lare, 2-158
Univac I, 2-158
Univace 11, 2-158
Split winding transfer loop, 15-10
SPUR, 2-157
Squareness ratio, 19-24
Square root, 18-22, 18-30
decimal, 18-30
incremental computation, 29-27
methods, 18-23
operational digital, 29-12
Square waves, generation, 23-29
Squaring circuits, biased diode, 23-08
triode, 23-08
Standard deviation, 26-03
Standard Oil of Ohio, 2-156
STAR, 2-158
Stationary processes, 26-03
Statistical analysis, 10-10
Statistical problems, (table) 26-10
Statistical techniques, 26-01
Steklov Mathematical Institute, 2-228
Step relay multiplier, 23-10
Storage, 5-02, 5-24, 12-02, 12-06, 19-01;
see also Magnetic cores; Magnelic
drums; Magnetic tape
access methods, 4-12, 19-03
access time, 5-24
acoustic delay lines, 19-29
auxiliary, 7-05
buffer, 17-25, 20-03
capacitor-diode, 19-32
characteristics, 5-24, 19-03
cost, (table) 5-26
cryogenic films, 19-32
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Storage, data processors, 4-11
delay lines, 19-29
clectronic devices, 5-25, (table) 5-26
electrostatic, 19-31
external, 5-24
ferrite plates, 19-29
ferroelectric, 19-31
hierarchies, 19-02
logical elements, 17-01, 17-05
magnetic cores, 14-03, 15-19, 19-13; sce
also Magnetic cores
magnetic disks, 5-32, 19-13
magnetic drums, 19-04; see also Mag-
netic drums
magnetie films, 19-28
mercury delay lines, 19-29
multiaperture cores, 19-29
operations, 2-60
parametron, 19-33
parity check, 19-03
principle of operations, 5-25, (table)
5-27, 19-02
printouts, 2-183
programming with secondary, 2-144
random access, 5-32, 19-03
programming with, 2-144
and sorting, 3-08
recording media, 5-09, 20-05
reliability, 19-03
sorting, 2-146
speeds, 5-26
transfer programs, 2-184
transistor circuits, 16-20
tubes, 19-31
Turing computers, 31-02
twister, 19-33
types, 5-24, (table) 5-26
uses, 5-25, (table) 5-27
Stored program, 12-29
Stream function, 25-02
Streamlines, 25-02
Strela, 2-60, (table) 2-64, 2-111, 2-186,
2-188, 2-228
instruction logic, 2-111
string programming, Liapounov-Ianov,
2-233
STRETCH, see IBM-STRETCH
Stretched membranes, 25-22
Stretched program, 2-182
String language, 2-190

String language, of Ianov, 2-230
notation of Liapounov, 2-233
Stromberg-Carlson, 5-37, 20-14, 20-16
Suboperations, 17-27
Subroutine library, IT translator, 2-214
MIDAC computer, 2-172
Subroutines, 2-167; see also Integrated
systems; Utility programs
arithmetic classification, 2-180
automatic exit, 2-169
automatic programming, 2-161
call-in methods, 2-180
change of control, 2-169
closed, 2-169
conditional program, 2-171
deferred preparation, 2-171
entry, 2-140
exit, 2-169
floating variables, 2-168
free variables, 2-168
generators, differential, 2-182
print, 2-182
stretched program, 2-182
hierarchy, 2-245
counters, 2-195
instructions, see Instructions
linear matrix solver, 2-174
momentary call-in, 2-180
normal random deviates, 2-173
numerical methods, 2-181
open, 2-168
packages, 2-219
permanent call-in, 2-180
preliminary preparation, 2-169
program parameters, 2-168
recursive use of, 2-244; see also Lan-
guages, recursive
red tape, 2-181
specification sheet, Univac 1103, 2-174
specifications manual, 2-171
structure, 2-168
subprogram, 2-171
synthetic instructions, 2-168
transfer address, 2-171
wired in, 2-188
Subtraction, 18-14
decimal, 18-27
half, 18-14
incremental computation, 29-25
mechanical, 27-02



34 INDEX

Subtraction, operational digital, 29-10
parallel, 18-15
serial, 18-14
using complements, 18-14
Subtractor, see Subtraction
Successive approximation method, ana-
log-digital conversion, 20-63
Sum function, Veitch diagram, 17-07,
17-22 .
Summary punches, 20-32
Summation, analog, 22-04, 22-09
SUMMER SESSION, 2-159
Summing amplifier, 22-09
Summing network, 22-05
Superconducting storage unit, 19-32
Superposition, principle of, 26-06
Surface barrier transistors, 16-06
Switching  characteristics, thermionic
diode, 23-15
transistors, 16-02
Switching circuits,
23-22
and logic, 11-05
transistors, 16-02, 16-05
Switching concepts, magnetic
15-01
Switching functions, (table) 17-04, 17-10
simplification, 17-15
Switching speed, cores, 19-23
transistors, 16-04, 16-07, 16-14
SYMB. ASSEM., 2-156
Symbolic addresses, 2-131, 2-160
translated, 2-211
Symbolic language, retranslation, 2-162
Symbolic Optimal Assembly Program,

analog computers,

cores,

see SOAP
Symbols, adder, 18-03, 18-10
analog computers, (table) 21-10,
22-03

analogs, 24-03

arithmetic and control, 18-02
computers, 1-01

digital computers, 1-01
digital differential analyzers, 28-03
EASIAC, 2-123

flip-flop, 17-30, 18-03

logical design, (table) 17-02
magnetic core circuits, 15-04
mechanical computers, 27-05
programming, 2-47

Synchronization, tape punches, 20-25
Synchronous computers, 17-05
Syntactical transformation rules, 2-228
Synthetic instructions, 2-161, 2-168
Systems, linear, 26-06

nonlinear, 26-09
Systems planning staff, 6-11

Table look-up, 2-142, 3-09
Tables, 2-50
Tabulators, punched card, 20-32
Tape, see Magnetic tape; Perforated tape
Tape limited problems, 2-63 ‘
Tapped potentiometers, function gener-
ators, 23-17, 23-20
Taylor-McLaurin series, 2-181
Tchebysheff, approximation, 2-182
polynominals, 2-181
Teledeltos paper, 20-18, 25-06, (table)
25-07; see also Restistance paper
Telegraph signal, random, 26-13
Teleregister Corporation, 9-04
Teletype Corporation, 20-21, 20-26
Temperature stability, magnetic cores,
15-09
Terminology, computers, 1-02
Terms of consensus, 17-17
Thermal analyzers, 25-19
Through variable, 24-03, 25-02
Time average, ergodic process, 26-03
Time cards, data processing, 8-17
Time constants, 22-10
divider, 28-13
effects on errors, 22-36
integration, 22-07
integrator, 22-36
Time delays, approximations, 23-35
digital storage, 23-35
fourth-order approximations, 23-38
magnetic tape, 23-34
multiple lag approximations, 23-36
Pade approximations, 23-36
relays, 14-48
simulators, 23-34
Taylor series expansion, 23-35
true, 23-34
two-pen recorders, 23-34
Time division, multipliers, 23-05
Time interval, analog-digital conversion,
20-47
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Time interval, digital-analog conversion,
20-57
Time scale factor, 22-11
Time sharing, analog-digital computa-
tions, 30-10, 30-14
computers, 31-01
Time varying systems, 26-06
Timing, tape punches, 20-24
Timing control ecircuits, magnetic cores,
15-21
Timing diagram, binary rate multiplier,
29-07
Toggles, 17-05; see also Flip-flops
Tolerance plots, 14-06
Ton, of refrigeration, 6-07
Torque amplifiers, 27-04
Tracing programs, 2-183, 2-240
Tradic computer, 16-02, 16-15
power requirements, 16-20
Traditional programming
2-128
Training courses, 6-10, 6-12
Transac computer, 16-02, 16-05
packaging, 16-14
power requirements, 16-14
TRANSCODE, 2-159
Transcription, of data, 3-03
Transfer characteristics, computer ecir-
cuits, 14-21
gate tube, 14-28
pulse amplifier, 14-24, 14-26
Transfer of control instructions, 5-41,
12-04
Transfer function representation, 22-13
differential analyzer method, 22-16
direct analog method, 22-14
operational amplifier method, 22-15
Transfer impedance, short circuit, 22-16,
(table) 22-18
Transfer instructions, see Instructions
Transfer loops, magnetic cores, 15-09
Transformers, 14-50
coupling of transistors, 16-17
Transistor circuits, 14-36, 16-01, 16-03
adder, 16-11
advantages, 16-01
and gates, 16-10, 16-18
combined gates, 16-11
computers, (table) 16-03, 16-05, 16-15,
16-20, 16-23

techniques,

Transistor circuits, counter, 16-28
design considerations, 14-36, 16-04
direct coupled, 16-05
emitter follower, 16-24
flip-flop, 16-07, 16-26
high-speed, 14-37, 14-38
gates, 16-09, 16-18
inhibitor gates, 16-18
inverters, 16-23
logical gain, 16-04, 16-05, 16-07
logic elements, 16-28
magnetic core loops, 15-13
magnetic core multiplier, 29-08
marginal checking, 14-37
noise immunity, 16-05
one-shot multivibrator, 16-08
or gates, 16-10, 16-18
output drivers, 16-28
power dissipation, 16-05
pulse amplifiers, 16-15, 16-17
pulse gate, high speed, 14-42
reliability, 16-04
storage, 16-20
switching speed, 16-02, 16-04, - 16-07,
16-14
transformer coupling, 16-17
Transistors, 14-51
alloy junction type, 14-51
construction, 14-51
junction, 14-51, 14-52, 16-23
application notes, 14-53
point-contact characteristics, 16-16
reliability, 16-03
surface barrier
16-06
switching properties, 16-02
types, 14-51, 16-02
Translation, 2-183
automatic programming, 2-160
Translator construction, 2-221
compiler representation, 2-221
decision processes, 2-225
permissible symbol pairs,
2-222
rational procedure, 2-223
symbol pair technique, 2-221
syntactical transformation rules, 2-228
Translators, 2-186 ; see also Comptlers
address relative, present, 2-192
algorithms, 2-190

type, 14-36, 14-41,

(table)
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Translators, automatic instruction modi-
fication, 2-190
filing system, 2-188
future trends, 2-189
indirect addressing, 2-193, 2-199
instruction modification types, 2-191
IT translator, 2-187, 2-200; see also
IT translator
language extensions, 2-187
languages, 2-186
one-pass, 2-186
preparation of problems in terms of
building blocks, 2-187
string language, 2-190
subroutine hierarchy counter, 2-195
two-pass, 2-186
Transportation problem, 10-08
TRANS-USE, 2-157
Trapping mode, IBM-704, 2-65, 2-241
Trigger flip-flop, 17-07, 17-34, 18-02
Trigonometric devices, analog computer,
23-31
sines and cosines from implicit com-
putation, 23-32
Trouble detection and location, 13-09
Truth computer, 12-09
Truth tables, 17-11
adder, 18-10
flip-flops, 18-03
half adder, 18-08
in logic, 11-04
magnetic core circuits, 15-17
Tubes, see Vacuum tubes
Turing type computers, 31-01
adder logic, 31-06
auxiliary storage, 31-13
communication technique, 31-02
comparisons, 31-15
input-output, 31-03, 31-07
mechanization, 31-07
operations, 31-03
programming, 31-09, 31-12
Sheffer stroke, 31-01, 31-03
universal, 2-235
Twister storage, 19-33
Two-pass assemblers, 2-164
Two-pass translators, 2-186
Two-quadrant multipliers, 23-02
TX-0 Development, microprogramming,
2-252

TX-2 core storage, 19-27
Typewriters, 5-12, 20-07, 20-08
Typotron, 20-14

UDECIN-1, 2-158
UDECOM-3, 2-158
UGLIAC, 2-158
Unconditional transfer of control in-
structions, 5-41, 12-04
UNICODE, 2-157, 2-186, 2-245, 2-260
Unitary weighted pulse trains, 29-05
United Aircraft Corporation, 2-156, 2-164
United Gas Corp., 2-158
United States Army, 2-190
Unit impulse response, 26-06
Units of information, data processing,
3-06
Unityper, 8-02
Univae, 2-162, 12-09, 13-03, 19-27, 19-29
Univae I, 2-58, 2-130, 2-186, 2-239, 2-259
accounting applications, 8-01
Univac II, 2-58, 2-64, 2-186, 2-239, 2-259
instruction logie, 2-83
symbology, 2-84
Univac 1103, 2-58, 2-176, 2-186, 2-193
magnetic core storage, (table) 19-27
subroutine, linear matrix solver, 2-174
Univac 1103A, 2-55, 2-58, 2-64, 2-164,
2-239, 2-241
definitions and conventions, 2-77
instruction logic, 2-77
logical programming, 2-247
Univac 1105, 2-58
UNIVAC-LARC, 2-62, 2-189, 2-191
Univac M-460, 2-191
Univac Scientifie, 12-09; see also Univac
11038 and 11034
Univac Scientific Exchange, see USE
UNTV. CODE, 2-159
Universal computer language, automatic
programming, 2-163
Universal programming languages, 2-200
Universal Turing Machine, 2-235
University of California, 27-01
Radiation Laboratories, 2-156, 2-157
University of Illinois, 2-159
University of Michigan, 2-122, 2-159,
2-212, 2-219, 2-240, 2-260, 2-262
Digital Computation Unit, 2-200
IT Subroutine Library, 2-214
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University of Pennsylvania, 12-09
University of Toronto, 2-159
Unscheduled maintenance, 13-09
Ural, 2-111
USE, 2-157, 2-164
U. 8. Rubber Company, 25-07
U.S.S.R., 2-186, 2-190, 2-228
Academy of Sciences, 2-111
Utility programs, 2-183
assembly, 2-183 .
automatic programming, 2-162
compiler-translators, 2-184
input, 2-183
interpretive, 2-184
selective post mortems, 2-183
storage printouts, 2-183
transfers, 2-184
tracing, 2-183

Vacuum tubes, 14-07, 14-20
application notes, 14-44
cathode temperature, 14-43
characteristics, 14-43
construction, 14-43
gates, 14-26
marginal checking, 14-07
pentodes, 14-08
triodes, 14-08
Variables, across-through, 24-03
analog computers, 22-02
programming, 2-50
relationships, (table) 24-04
systems, 24-09, (table) 24-12
Variance, 26-03
V brush method, analog-digital conver-
sion, 20-54 ’
Vector inner product, IBM 650 SOAP
program, 2-135
MIDAC MAGIC program, 2-136

Vectors, characteristic roots and, 10-04
Veitch diagrams, 17-13
geometric relationships, 17-20
Quine simplification, 17-22
simplification, 17-20
Verifiers, 5-12
punched card, 20-31
Voltage, analog-digital conversion, 20-48
digital-analog conversion, 20-58
von Neumann-Goldstine method, 10-02,
10-03

Wave equation, 25-04, 25-19

Weighed check, 13-03, 13-06

Weighted codes, 12-19

Weighting function, 26-06

Western Union, 20-18, 25-07

Wheeler entry, 2-141

Wheeler method, subroutine exit, 2-170

Whirlwind I, 2-159, 2-171, 19-06
instructions, 2-62
Library of Subroutines, 2-180
maintenance of equipment programs,

2-258

Williams storage tube, 19-31

Words, 2-22, 2-56, 5-06, 12-27
instructions, 2-61, 2-63
machine translation, 11-14
size, (table) 2-64

Wright Air Development Center, 2-158

Write amplifiers, logical design, 18-38

Write out instructions, 5-41

Writing techniques, magnetic cores, 19-15
magnetic drums, 19-09, 19-11

X-1 assembly system, 2-158, 2-162
Xerography, 20-16

Xerox, 20-16

X-y plotters, 20-63






