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Digital Computation and Numerical Methods as a New Field of
Hathematica

With the advent of high-speed digital computing equipment, the fer

more study of numerical methods becomes apparent. Many questions of 2

mathematical nature arise when an attampt is made to employ this new

Machinery .

Two main aspects of the theory present themselves. First there is the

question of errors. A numerical solution of an analytic problem will be in

error because the numerical method 1s discrete and not continuous, and because

any numerical expression is only an approximation to a quantity which is not

rational with a small denominator. The two kinda of errors are called

truncation errors and roundoff errors respectively. The study of errors is

of utmost importance. No confidence can be place in a numerical result unless

an estimate of its error 4s available <A numerical solution of a process can

be badly in error yet no clue to its error might be in evidence.

A second aspect of the theory 1s the question of numerical methods used

vith physical problems without an intervening differential equation. It would

be of interest to know just how numerical methode oan be used directly with

physical or engineering probleme.



:

Ideas for a Covwsa dn :

Yarkeround

4t first sight nurericel ns chods appear to be merely a too) for

standing and treatwent of Methematical subjecta This ie nct entirely
fer numericel computation and its accompanying problems form a prepa: Field
«ef pure mathematics, Indeed one can look at the problem from two pointe of

view, that of using numerical methoda to learn more about ether fields of

or that of using the other fielde of mathematics to learn mora

about numerical methods. However, since numerical methods do have much

applicrtion to other branches of mathematics end also to engineering, it is
advisable to obtain as broad o background as possible in the application of

numerical methods to these cther fields. There 13 a toree-fold cbjective
here. First, it ia well to know the material so that 3laces where numerical

methods are of use at present can be Known. Second, a wide acquaintance

with related fields 19 desirable if new results within them are to be found

by numerical methods. Third, it 1s well to have as wmny toola as possible

for advancing the art of computational methods.

1X, Specific Topios

Mathematical fields which would be studied include:

A. Algebraic and transcendental equations-

B. Differential bquations both ordinsry and partial.
0. Integral Lquations.
D. General Computations



+

: j : : :

vnder algebraie aquations we might emphasize the flald ef sin. : \s

linear equations in large numbers cy unknowns. In gsnerai, storatdru

procedures should de emphasized in this field in view of the nature

of high-speed computers currently being developed

B, Ordinary Differential Equations
Numerical Methods to date have not been helpful in the theory of

differential equations because the tine involved to obtain sufficient

information to generalize from particular solutione has been prohibitive.

With the new machines it 18 to be anticipated that sufficient

particular information can be gathered in a reasonable time so that

i :

:

generalizations can be drawn, This can be considered a reason for

study of this field «ver and above the desire to solve oquatisns

which cannot be solved in terms of elementary functions

Partial Differential Mquations a
:

The statements made under ordinary differential equations apply

here but with more force, Partial differentinl oquations are more

@ifficult to solve. Nevertheless many physical probleme ara currently

phrased in terms of partial differential equations, Also since the

theory 18 80 much more limited, 1t will be important to have means

for gaining new knowledge.

C. Integral Equations
:

Integral equations have been used more in recent years in physical

problems. It would seem that here is a place where numerical

methods could be widely used.
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"gnerg4 Computations

here are problems in extatence toiay whick do not yisld
Such preblems arise in the theory of dosigaanalytical solution.

ef optical systema. Nurerical methods ere absolutely neceagary Lo

such problems. In addition matrix Gnlculations can be studied frem

the point of view of high-speed machines.

Mathematical Methods Used

4 Relaxation Methods

B : Iteration Methods

General Numerical Methods

Relaxationsmethods are arecently developed tool finding much use

in numerical work with engineering probleas.

Interation procedures are given a special place because it appears

that they will be of highest importance with high-speed machines.

:

They represent an essentially simple process repeated many tines,

In addition general numerical msthods as described in books like

Scarborough would be considered.

Under numerical methods in general, two remarks should be made :

First, there needs to be an assembly of pertinent material. Mach

valuable literature on the subject ia not collected in dooke, and

it 18 often not available in English. Second, numerical methods

should be examined with the thought in mind that they are to be

used with high-speed machines. Fresent-day methods are designed

for desk calculater speeis or slower, As a consequence, they are

complicated, calling for reasoning and judgment on the part of the
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caken that the accuracy is still increaned.
IW

Numerical methods introduce errors Such errors are impertant, since
At 39 necessary to Know how close to the true solution a numerical solution
lien They fell in general into' two classes, truncation errors and

reund-off errors. Truncation errors are those due to the fact that a

numerical process is different from an ahalytical process. Such errors

can te studied by analytical methods. Round-sff errors are due to tho

necessary rounding off of each numerical stop. This introduces errors

ve; bea 4houlé be considered aa ern} :

which are of a random nature and difficult to analyze

@ New Mathematical Results which can be Obtained
by Numerical Methods

At the present time it 1s difficult to state just what new mathematical

results can be obtained with high-speed Machines. An opportunity for

Mathematical experiment presents iteelf. The technique of generalizations

from particular experimental results so long used in science can be greatly

extended ia mathematics. Much work of this nature ought to be dona.

As an example of results which can be obtained the theory of partial
differential equations is in need of particular results that more generalizations

may ve drawn. 'There will also be an opportunity to study long-time iteration

procedures in general. Iteration procedures have not Deen atudied mich in

the past because they converge slowly if at all; However with high-speed
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Mashing) the slowness of convergence is net of "mipertancs 2nd tae nr

of : procedures can be atudted.

Meny theoreme in mathematios are of such a &eneral nature that asa

in specific cases is not possible. With machines of tis tyne conaldered more

concrete information oan be obtained from these generrl theoreme. For example,
an existence theorem in order to be general often gives too restricted a

result It should be possible to obtain more comprehensive results in

particular cases with such methods.

Warren 8. Loud
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Page 1 of 6 pases
Jay Wo Forrester Illustrations:FROM:

SUBJECT: Data Storage in Three Dimensions A-30263 33491

fhe storage of operating instractions and numerical data is
pertaps the most important and difficult operation in large scale digital
comcuters. Large scale computers have in the past been made impractical
by laok of satisfactory data storage means. Electrostatic storage tubes
show satisfactory promise of operating as storage devices for the Walr-
wing, series of computers, It 1s, however, clear that storage tubes do not
represent the ultimate in data stcrage devices. If other promising storag:
mestods can be discovered they will be studied for evaluation. The storage
metzod outlined balow shows some promise and will be investigated to deter
ming its possibilities. Giow discharges which might permit dinen sional
storage arraye_as outlined below ere now being investigated as a thesis
pubject by M. Harkel. The outcome of his work should indicate the lines
for future study if additional work is shown to be desirable.

The concept of digital storage bas passed from that of a vacuum

tube, namely, tho storing of a piece of. information in a flip-flop oirenlt
to eurface storage where a single cirouit controls many points of infor-
pation on an area; This method of storing on an area as used in our
slestrogtatic tube and the RCA Selectron still falls far short of effectivy
use of the volume oocupied by the storage equipment. Efficient storage
be possible only if points oan be closely spaced in a 3-dimensional volando.

Storage in a volume can be readily imagined if a suitable form of non-linear
impedance having a double valued current-voltage characteristic is ave
Suc an impedance might support two different values of conduction current
at a given operating voltage.

Exemples of such an impedance characteristic are provided by the

ordinary gas discharge tude and aiso by the germanium crystal rectifier in
the reverse current direction. The gas aischarge requires a voltage to
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initiate conduction which is higher than that required to maintain currentflow. The reverse current characteristic of the germanium crystal rectifieris shown in drawing No. A-30363. Operation of a storage system using a
double valued impedance is most simply explained for 2-dimensional storagebefore proceeding to the Z~dimensional system.

Consider drawing No. A-30488. Illustrated are two sets of con-
ductors crossing one another. Imagine a double valued impedance elementtied between each crossover point of the two sets of conductors. Let the
impedance characteristics of each of these elements be as shown in A30363.
As typical operating voltages for the impedance, assume that V is the
breakdown voltage between the first and second stable operating points,identified on the drawing as currents I and I Identify the transition
voltage from the second to the first opérating states as the extinction
voltsge V_o The normal operating voltage Yo is capable of sustaining
eithcy current 1, or I,-

2

Suppose that the storage junction at the point 43! ig to be
placed in conducting condition I All lines 1 to 6 are normally at 0 volts
and all lines 1° through are normally at V, volts. The voltage on 3° is
rai sec and the voltage of line 4 is lowered by an equal amount until their
aifference exceeds voltage Thie is above the breakdown voltage and

returned to normal with assurance that the impedance between line 4 and 3!
is in the second conducting state. In the above operation, all other in-
pedance elements either continued to operate at voltage V, or if connected

respective operating regions adjacent to current I, or current I

Current conduction in the region I, is established by a similar
process wherein the voltage 3! 1s lowered and4 the voltage on line 4 raised
by an equal amount until their difference is less than the voltage Vee

fhe information stored at the non-linear impedance point can be
read by noting the current change at line 4 caused by a voltage pulse at
line 3'. An impedance in state 1, will conduct only a small change in
current in response to a voltage pulse compared to the change in current
which will be conducted by an impedance in state I2°

Thres~Dimensional Glow Discharge Storage

It should be possible to develop a useful double valued impedance
storage cell as a low pressure gas glow discharge. In drawing No. A-30489
4g shown a typical static current versus voltage relationship for a gas

conduction will be in the region "Cc". Voltages at 4 and 3° can then be

to either line 4 or line 3° were raised half way between Voltage and V0

Either way, the unselected impedance elements would have remained n their
2°
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discharge from 0 current into the region of arc conduction. Ourrent is
plotted on a logarithmic scale. It will be noted, as in drawing A-30363,that two stable operating ourrents can exist, ono prior to breakdown of
the glow discharge which represents an extremely small current with little
current change as voltage changes and one in the abnormal discharge
region where current is relatively high and where ourrent change is great
with a change in voltage. The normal dischargs region is one of essentially
constant voltage with varying current. In this region the cathode area is
not entirely covered by the glow discharge. after the cathode is entirely
covered by the glow discharge conduction exhibite the characteristics of
the abnormal discharge region where a positive resistance characteristic
predominates. For a glow discharge storage coll, the normal discharge
region should be shortened as much as possible through the use of small
cathode areas. Such a static discharge curve might exhibit the character-
ietics of drawing No. A>30490 ° Operation at current I and i, and at

the positive resistance characteristic in the region of I, would stabilize
current glow without a series resistor.

Coneider now a possible physical arrangement of glow discharge
gaps and a selecting system for switching to the proper storage cell. If
a glow dischargs is used for storage then a gas breakdown system might
well be used to switch the incoming lines, for writing, and for reading.
Suitable switching smst be inoorporated ingide the tube to reduce the
nunber of external. lines ané the number of vacunm seals. Consider a
switching system and 3-dimensional storage matrix as shown in drawing
No. A-Z0491. The matrix consists of a 2-dimensional array of parallel
wires extending through perforated plates. In addition to paesing through
the storage plates the 2-dimensional array of wires also passes through
clearance gaps in the horizontal and vertical selecting bare and in the
collector plate. Glow discharges may be established eat each of these
intersections between storage wires and the platee and bars.

The schematic diagram in drawing No. A-30492 shows the arrange-
ment of ges discharge gaps involved in a single selection and operating
process. Gap A exists between a vertical selection bar and the storage
wire. Gap B is between a horizontal selecting bar and the storage wire.
Gap G lies between the collector plate and the storage wire, while Gap D
48 between the storage wire and the storage plate. Gap B is between the
storage plate and the outgoing lead to this plate while Gap F is between
the storage plate and the common control wire to all storage plates.
fhe following table shows a compatible set of gap characteristics.

voltages between and V would be as described earliér. It would be
necessary to design the glow discharge slectrodes in such e manner that
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Table

Gap Ignite Operate Rxtingquish
Voltage Voltage Voltage

A ve V,
B Ve VY, Ye
C av. ve Y,
D ov, eV,
E

av, Vv, Ve

v

Gaps A, B, and E show voltage regulator characteristics with
constant voltage drop over a wide current range. Gaps C and F show a
relatively high breakdown voltage but with a large cathode area which does
not reach the abnormal glow region in operation. Gap D is the storage gap
previously described which exhibits a high breakdown voltage and an
operating point in the abnormal glow region. All gaps operating in the
normal region are stabilized by current limitation at the abnormal glow
Gap D. Drawing No. A-30493 shows the three shapes of glow discharge
characteristica at the six gaps.

Drawing No. A~30492 shows normal holding voltages at the
various electrodes with arrows showing electron flow paths during standby
conditions. A potential difference cf 2V existe across gap D which may
be in either the conducting or non-conducting state. Consider the
following sequences of switching and controlling operation.

1. Selection

Selection of a storage gap is done in such a manner that the controlied
voltage on the collector plate and voltage on the common wire can be
used for @stablishing either the conducting or non-conducting state at the
gap or to read the state of the gap. The following steps are required

a- Reduce Vg to voltage av, and raise Vy to 3.5V.
Result; Gap H extinguishes. Voltage V, drops. Gap F fires

when V5 equals 1-5Y,° Voltage across D has dropped5
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to 1-5V,, but does not alter ita on or off condition.
After breakdown of gap F, V, rises to 2.60 bringing
drop across to 2-Bv

Reduce Vy from 3-57, to 3.0V,
Result: Ve returns to 2.0V.e

Result:

4. Raise V4 to
Result: v

2
Gap A and B extinguish (probatly only one was

down and ia the onty conducting esp in the collector
plate. This operation disconnects the storage wire
from gaps 4 and B and connects it to the collector

from -0.5 to 1.5V oi 4Raise V and V from- to 0. Reduce

originally on). rises to Gap C breaks

plate through gap C.

Vee
is now at 0 volte under the control of V, and V,>

Only the gap C for the particular storage w re under
consideration and the gap F for the particular storage
plate under consideration are fired. No other C or F
type gaps are conducting. All other storage wires

2. Gap Control

and storage plates are controlled by their respective
Vy Vor and. v voltages.6

Switching is now complete and the sequence can be followed to write 0,
write 1, or read at the gap selected. By a corresponding process to steps
e through 4 the line and V,, could have been connected to any other
storage gap.

Bo

be

4

Voltages at operating points are now as follows:4 4

V = 2V,, V, = ai,53

Assume the digit 1 is to be written corresponding to conduction
at gap D. Reduce V, to lesg than ~1.5V,° Raise V, to more than

So5V,°
Result:

4

Voltage across gap B is above 3.0V, and breakdown will
occur. The maximum voltage across any other gap D is
2.5V, and other gaps will not be ignited.

Assume that the digit 0 is to be written corresponding to no

4 econduction at. gep D. Raise V above 0.5V Reduce V below 2.5V

Result: Voltage across D is below Ve and the gap will be
extinguished. The minimum voltage on any other
storage gap will be 1.5V 80 that other conducting
gtates will not be affected.
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co Assume ae the third possibility that the condition of gap D is to
be read. Hold V, at Vv, °4 Raise Vy from ov, to 3.ov, °

Result; If Dis conducting there will a large current
increase through gap D which can be observed as
an increase of current to the collector plate. If
esp D is not conducting little current increase will
occur at the collector plate.

The storage and switching system described above requires dis-
charged gaps which can be constructed to meet specified breakdown and
extinction voltages and which exhibit extreme stability in these voltagecharacteristics.

Firing and deionizing time mst be short and the pulse impedanceof a gap must be low. The above discusalons have been carried out in terms
of the static glow discharge characteriatic. This static characteristic is
known not to hold under pulse conditions but it is anticipated that similar
curves, differing in numerical values, will prevail.

Until additional information is collected and until tests with
especially designed gaps have been completed, it will be impossible to
evaluate the promise shown by the system outlined above. fhe major problems
seem to be the short operating times required and the problem of obtaining
uniformity in gaseous discharge performance.

Advantages of the system are rather obvicus. Storage sensity will
be high since storage is in a volume rather than in individual circuits or
on a surface. Mechanical assembly will be relatively easy except for the
problema involved in obtaining accurate gap tolerances and performance.
The system inherently includes most of the switching as well as the storage
function. The number of seals necessary to be drought through the glass
are practical and amount to the cube root of the number of storage gaps

In construction the storage volume might takeplus the two control wires.
the form of parallel metal plates perforated for passage of the storage
wires with these plates interleeved by ceramic barriers to confine the glow
discharge to the individual gap structure. Work on this storage method
will be assigned low priority until it reaches the stage where evaluation
is possible.

JWF svh
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SUBJECT s

Tos Jay Wo Forrester

From: Philip Franklin

Dates November 12, 1947

I, The Mathematics Program

The projected Whirlwind high-speed electronic digital computer,
from the mathematical point of view, has several objectives, One aim is to
solve the equations of motion for aircraft and so serve as the computing
eleme:.t of an aircraft analyzer, A more general objective is the solution
of other problems of engineering interest, particularly in the field of
dynamics and ordinary differential equations.

The mathematical studies in the past have related to the specific
equations to be solved, some tests of existing numerical methods, and
attempts to anticipate possible difficulties with a view to prescribing
how to meet them, At present a study of known methods of solving
simultaneous linear equations and differential equations is under way, with
a view to the coding of such methods for the computer, These studies will
be extended to other types of problems, such as those listed in Section iII.
II. Studies Already Completed

A survey of numerical methods made by Dr. Loud and his associates,
summarized in Memorandum M-6]1 'Vol. &), revealed as subjects of major importance
the solution of linear simultaneous equations, and the solution of ordinary
differential equations.

For the solution of linear simultaneous equations, elimination
methods, iteration methods, relaxation methods, matrix methods, and the
method of stcepest descent have all been considered and expositions of these
methois studied. For some of these, codes are in process of preparation.

The errors inherent in solving systems of aquations of very high
order, when all of the coefficients have random errors, has been pointed out.,

A number of. solutions have been carried out for simple differential
equations to provide case histories of accumulated round-off and truncation
errors. These indicate the objections to numerical integration over a large
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tion to computation because of the rare occurrence of Gata with truly
rendonm errors,

Last year several conferences were held at M. I. T. on digital
computation, Some were sossions of the Electrical Engincering
seminar, but were well attended by representatives of the Mathouatics
Department and Project Whirlwind, Another series of smaller conferences
were attended by some electrical engineers, including Professors Hazen and.
Y. W. Lee, as well as several members of the Center of Analysis. Tho
mathematicians present included Professors Phillips, Martin, Wisner,
Franklin, Wallman, and Thomas.

In addition to these men, several other NM. I. T. staff members
have shown an interest in electronic computers, and a willingness to give
advice when problems in their special fields are considered. Thus, if shock
waves are under consideration, advice can be obtained from Professors Tsien
or Lin or Dr. Kopal, who are 41] familiar with this field. For elasticity
problema and their theory Professor Reissner, for statistical and meteoro~
logical applications Professor Wadsworth, and for general numerical compu-
tation Professors Hitchcock, (rout, and Hildebrand are available.

The many members of the M, I. T. Mathematics Department who are
interested in numerical computation contribute much information about recent
developments through informa! discussions.

In addition, the members of the project have attended
meetings at Princeton, Phila: lelphia, New Haven, and Cambridge at which
computing methods were discussed. And the group has followed recent
developments in the theory o:) codes and nunerica' computation at Princeton,
Harvard, the University of Pennsylvania, and elsewhere.

TII, Plan for Future Investigations

Certain problems of interest to applied scientists and engineors
can be most conveniently sclved by numerical methods. Classified mathematically .
the principal types are as follows:

1, Solution of ordinary differential equations with given
initial conditions.

2, Solution of parabolic and hyperbolic partial aifforential
equations, obtaining the characteristics curves ag in 1.

3. Solution of systems of linear simultaneous equations,
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typas of 3 and 6,

8. Solution of integral equations.

9. Tabulation of functions.

While the relative advantages of different methods may charge
in the transition from hand or desk calculations to high-speed machines,
it is improbable that any radically new mathematical principles will come

into play. Much past and recent experience bears this out.

Thus, the methods used by Aiken in computing tables, or by the
Watson Laboratory in checking the moon's motion, bear strong resenblarce vo

those long known to astronomers; and except for the use ef conditional
orders the methods used for elementary functions, such as those coded for
the A.R.C, by Booth and Britten, would have been used by Babbage in the
nineteenth century if he had completed his analytical engine.

Again, the report on linear equations by Bargmarn, Montgorery, and

von Neumann recommends as the two best methods an iteration rule, stated
by Hotelling, which amounts to an application of Newton's method of approx
imation, or an elimination method which is that used by most. computers in
such forms as those of Doolittle or Crout.

And except for minor details of technique, the differential
analyzer uses mthematical methods differing little from those wed by
Kelvin in evaluating special integrals with his globe disk and cylinder
integrator.

This suggests that the first attack with the computer on the

problems listed above should be by processes close to the traditional
ones, Of course, two special points to be covered in taking over existing
methods are the coding of complete instructions to remove any human judguet.
and keeping the high speed from letting us carry the computations beyond
their range of validity.

The present thinking on procedures for the various types cf
problems is as follows:

1, Ordinary Differential Equatione, One Point Condit ions

For systems of ordinary differential equations, some method

using second differences or their equivalent such as'the
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OF Partial Differsntial Nougtions

Most, of the procedure is as in 1, the rew feature boing thecut-off due to an initial boundary or the meeting of sone
conditicnal bounding condition like that for shock

a.

3 . Linear Algebraic Equations

For systems in 20 or fewer variables, an elimination method
can be used and coded with about &0 orders. The matrix iteration
be useful for more variables or where a system must be solved
for several right members. A steepest=-descent method on the
sum of the squares of the residuals may be useful for a large
number of variables.

procedure F kes] the limit of Fy... mayto obtain A" 3

In many appligations where numerous variables are met, the
system is loosely coupled in the sense that effects in one
place affect values at a'distance only slightly. Here much of
the difficulty of treating a large matrix with all values
equally in error disappears,

Syetems vith determinants near zero will have to be recognized
as such at some stage of the solution process, and the
recognition used as a halt signal,
Ordixary Differential Equations, boundary Conditions

This situation will be met by reduction to an integral
equation, by an expansion in known functions whose co-efficients
are fo.nd by solving linear equations (Ritz, Galerkin, Fourier),
or fron solutions found as inl. For conditions at two points
we use 1 family of solutions starting from one point, and inter-
polate to meet the conditions at the second point, For linear
differential equations with conditions at several points, we may
use a linsar combination of independent solutions found numeri-~
cally, evnluating the constants by solving a system of linear
algebraic equations.

Elliptic Partial Differential Equations

Linear partial differential equations of elliptic type are
roduced to difference equations on nets, In a two-dimensional
problem, : our machine eventually used say 64 points on a square
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5. Non-Linear Algebraic Equations
Iteration procedures are usually successful. "he edo would havo
to make possible the insertion of an approximation.et dirforent
points in a loop, only continuing if the successive values
clustered after a few tries,

7, Least Squares

Gauss procedure reduces this to 6 and 3.
8. Integral Equations

Approximation of the kernel by a degenerate one reduces linear
integral equations to 3, or we can express the solution as a
linear combination of known or determined functions as described
under 4 above.

9, Functions

Ow machine will probably tabulate functions only for its own use.
Functions will be inserted either through discrete values and an
interpolation program, or by using polynomials that approximate
the functions in restricted ranges and calculating the polynomials,
In some cases the approximating polynomials may be found by
approximating some higher derivative and integrating.
In addition to general methods, several aspects of the specific

application of the computer to the analysis and control problem will be
. considered, Thus, the detailed cquations and constants for different types
of service and air-borne craft will be investigated.

Some preliminary etudies of the mathematics of correlating
statistically, at information centers, data from radar stations will be continue?,

The Practical Estimate of Error

While existence theorems are nice to have when they can be obtained.
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& fourth anda apovoxrdmation, and eansing
our machine will vecozrige the as finished,
approximtions, ov uceless for computation because o
excessively slow convergence.

3 of:

> Civergene? cai

A large percentage of recent numerical cesputation foe
differential equations has no other justification than shat the results
seom to converges, Undoubtedly meny WWI and WWII sclutions will use such
evidence, for lack of anything better,

Because of the labor of making codes, high-speed machines will
be chiefly used for whole fields of solutions, A certain amount of
experiment on the machine may be necded at the start, but once verified
for a few cases, the method will extend to the whole field,

Similar considerations apply to formulas for the size of the
error, These are seldom used literally, because if rigorous they are apt
to be much too persimistic in practice, At best such formulas are merely
weful to prove convergence; a comparison of successive values then
estimates the error.

In many problems the stability of the method of solution can be
predicted in advance, and a large number of solutions differing slightly
are to be found, Hore ths smooth character of the results is a reasonable
protection against excessive errors at any place.

in other cases, some form of a successive approximation method
will be used, When the process succeeds, the clustering of ths approximations
serves both to check the results and to provide an estimate of the closeness
of approximation.

When the successive approximation method fails, some order to tost
the closeness of approximations after some set number of steps will lead
either tc 3 hale signal or to an alternative procedure, Thus in a loop process
the alternative may be another starting point in the loop. In a step-by-step
process the alternative may be the use of smaller steps,

In many solutions of ordinary differential equations by the Moulton

method, the use of a Simpson's rule integration over large intervals may

prevent the piling up of round-off errors,
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The typoe of desired rathematical operations arc fai wel iowa
namely, the four fundamental arithmetic operations, and certain logic.
operations such as shifthig, digit transfers, subprogramving, emd
sudprogramming, From these fundamental elements any Tinite combination o
computational processes can be built up.

The mathematician's requirement is that these operations be porforucd
either directly, or by combination of other operations. Thus division or squu
rooting can be either built in as special operations, or carried out by a sub-
program. The present plaris call for a built-in division unit, and the poss -

bility of including a few special orders which would mable the operator to
call for any particular subprogram, as that for square roc.

Considerable study of binary arithmetic and the conversion problen
showed the feasibility and advantage of having the computer work in binary
arithmetic but translate data and outputs from or into the decimal notation.

A guiding principle of the WiWI specifications has been maximum
flexibility. This will simplify the extension to larger models, and will
increase the effective power of the computer, for example by allowing an
arbitrary distribution of the storage capacity between numbers and orders.

Beyond the fundumental questions just mentioned, and verification
that the computer has sufficient speed and capacity for certain specific
problems such as that of aircraft control, mathematical considerations can
have little effect on the basic design.

With regard to overall capacity of later models, experience with WW
and theoretical considerations can only dictate ratios of components, rather
than absolute size, For the size at any stage will always be limited by
economic and engineering factors. Any machine is certain to have just a little
less capacity than that required for some desired applications. For WIT,
sufficient capacity for the aircraft problem seems to be the only fixed require~
ment; that is, it should have sufficient speed and capacity to be used as a
computing link in the aircraft analyzer.

Philip Frankn

P shes
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New Staff Morbars

From: J.G, Proctor

Pate: July 5, 1950

h Ga

In order to assist new sveff members in becoming
with our project end its a two -cek rogram of selectuc.
reading, with discussions by various members of the steff, hes been
arranged. The program will, in renoral, be as follows, with vhatever
modifications may be necessrry to fit individual requirements.

ar

INDOCTRIVATION PROGRAM

FIRS? DAY

J.W,. Forrester Velecoms to the Project and Discussion of Com
puters and their future role in Science. etc.

Reading: Talk delivered by JoW. Forrester at U.C.n
Modern Calculating Machinery and Numerian'.
Methods rfSymposinn, July 1948.

RAS OUTLOOK FOR ELECTRONIC DIGITAL COMPUTERS
SCOPE OF THE ENGINEFRING INVOLVED, J
Forrester.

R-166 DIGITAL COMPUTERS AS INFORMATION PROCESSING
OYSTHS, JV. Forrester.

PROJECT 6245 SLUCTRONIC DIGITAT, COMPUTERS.
YW, Forrester.

alc Forrester.

Volumes 1, 2, and Z,

J)R116 PROTECT 6845 ULROTROWIC DICAT TTODTPIPPEI3 3
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RK, i, Beat

November 20, 1950

MASTER'S THESIS PROPOSAL

TITLE3 A Direct~Coupled Amplifier for Magnetically Deflecting

en Oscillograph Tube.

BRIEF STATEMENT OF THE PROBLEM:

fhe problem is to design and build an amplifier to drive

the deflection yoke of a tube, which is a 16 inch magnetically

deflected oscillograph tube, having a 54 degree total deflection angle.

Desired rise time of current in the yoke is 10 microseconds, with 5%

linearity, and 1% stability. 'The input signal will be the output of a

digital-to-analogue converter in the range between 0 and ~1.5 volts.

Since the signal will be arbitrary and non-repeating, the entire

amplifier must be direot coupled.

HISTORY OF THE PROBLEM UP.TO THE PRESENT TIME3

The problem arises from the need for a display oscilloscope

for general use in the Whirlwind computer. One display that this

systom should handle involves showing a series of points at random

positions, each point to be intensified approximately once every

15 seconds, This call for a long persistance phosphor, P7 having

been selected. One of the digital-to-analog decoders that will feed
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information to this unit 4s non-holding; that is, it holds the

information fed to it for only a fixed amount of time, after which

it cleare itself, Gince 1t is desired to use this same decoder

for displaying solutions that may come at a much higher repetition
rate, the intensification time must be as short as possibie, and

still be able to get 15 second persistance. Dumont recommends a

1000-microsecond intensification time for 15-30 seconds persistance
with a 10-inch electrostatic tube; teats here with a Dumont 304-H

oscilloscope indicate that an intensification time of 100 microseconds

will suffice, with some sacrifice in spot size. A magnetically

focused and deflected tube, however, would be able to give the required

persistance with a 10-microsecond intensification time, since very

high beam currents are possible with this construction.

The Radar Lab of the Air Force Cambridge Research Lab was

consulted at this point, and they agreed to make a deflection yoke for

this project, suitable for any of the standard magnetically deflected

tubes that have a 54 degree or less total deflection angle.

Their estimated figures were 12 millihenries inductance,

and 150 milliamps for full deflection from center to edge (or from

edge to edge if two coils in push-pull are used). To make an approximation

of how moh time it might take to establish deflection, the following

equation is useful: :

at
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Substituting samplo values of V = 400 volte, which would be an easily
obtainable drop across the coil from a 500 volt supply, which is
available, and L = 12 mh, at = 42 m.e./usec. The coil resistance
will be the order of 100 ohms, and 150 m.a. would cause only 15 volts

drop across it. This is amall enough compared to the 400 volte applied

for this approximation to neglect it. According to this it should

theoretically take 150 42 = 3.6 microseconds to establish defleotion.

Push-pull defléction drive will be used, in order to force the current

to change as rapidly as possible in either direction. Estimating

10 microseconds to establish stable deflection, and 10 more to intensify,

leaves a 20-microsecond 4nterval to work with. This is the maximum

consecutive emount of time that Whirlwind can conveniently allow, the

way the controls now are; therefore, one specification on the amplifier

shall be that it shall establish deflection in 10 microseconds.

Considering the uses to which the display scope will be put,

a linearity and 1% stability will be adequate. It is desirable to

use pentodes in the output stage, to take advantage of their higher

gain and plate resistance, both of which will be an advantage in forcing

large current changes through an inductances. The Linearity requirement

makes some type of feedback necessary} feedback is also indicated from

the speed requirement, to shorten the coil's effective time constant.

The deflection yoke hae not as yet been received, so it is not known

what the coupling between the pair of coils is, If this coupling is



6345
Memorandum M1129 Page 4

tight, the feedback amplifier may be counted on to damp any oscillations
better than if the coupling 1s loose, particularly if they are driven by

@ class AB stage. Damping resistors may need to be added. Any feedback

used must have a path in it ~- thie makes it awkward to measure coil
current by means of the drop across a resistor in series with the coil,
which will be at a level of the order of #500 volts. A more

convenient method would be to insert cathode resistors in the output

tubes, and use the drop across then as a measure of total load current.

Non-linearities introduced by screen current will be small enough 80

that it will still be possible to mest the 5G linearity desired, since

the total screen current is only of the order of 5-10% of the plate
current in most good pentodes, when the plate voltage is higher than the

screen voltage. Only during a transient is the plate voltage apt to be

lower than the screen voltage, but the plate voltage will always be high

as the point of stability is reached.

A cathode resistor in an output tube gives a voltage

proportional to the total load current, the total load consisting of

the coil in parallel with shunt capacitance, and possibly some shunt

resistance for damping. It 18 desirable to obtain a voltage for

feedback use which is only proportional to coil currente Thies may be

done by inserting in the feedback path a network which is the dual of

the coil network. Thus, the feedback amplifier generates the waveform

needed to make the coil current change to its new value as rapidly as

possible.
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The problem of phase inversion arises in a push-pull amplifier
such as this, and it is compl toated by the feedback question. One way

would be to phase invert at Low signal level, near the input, and trust

that the small signals used would allow this to be done linearly.
Once the two out-of-phase signals are obtained, each is fed to a single-
ended amplifier, each amplifier driving one set of deflection coile, and

each amplifier being stabilized in itself. Such a method necessarily

restricts both amplifiers to be clase A in operation. In order to guard

against either output stage being cut off at maximm deflection, the

total current drawn by the two output amplifiers would be a minimim of

about 160 m.a., assuming a differential current of 150 m.a. for full
deflection. fhe dissipation resulting from 500 volts and 0.16 amps

is 80 watts for the pair of output tubes, again assuning negligible coil

resistance. That considerable wattage could be reduced somewhat if the

output stage could be arranged to be class AB, Class AB could be

realised if a single feedback signal could be obtained that would be

proportional to the difference of the coil currents. This can be

accomplished by the following method: Two signals are obtained by the

method described in the preceding paragraph, which would be proportional

to the deflection coil currents. One of these is fed to a phase

inverter, the output of which is mixed in a resistor mixer with the

other one. The resultant is a voltage proportional to the difference

of the plate currents, and is a single-ended signal that may be compared
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with the single-ended input signal, A phase inverter feeds the pair
of output tubes, and class AB operation may be realized. There will
be considerably less dissipation for any but full deflection conditions,
and the most important quantity is being directly stabilized; the

differential coil current,

Following, then, is the proposed solutiong The output stage

will be push-pull, using pentodes. Cathode resistors in each half of

this stage will generate voltages proportional to their respective

Plate currents. These voltages will be fed to networks which are the

dual of the coil networks, their output being voltages proportional to

the actual deflection currents. One of these voltages will ve inverted

and mixed with the other voltage, the resultant being proportional to

the difference of the plate currents, and being used as a feedback

signal to compare with the input voltage. When more than three stages

are closed in a loop, it is very diffieult to prevent oscillations at

frequencies where the feedback becomes in phase to avoid this, it
probably will be necessary to precede the above amplifier with a

pre-amplifier, to boost the incoming voltage from a swing of 1.5 volts

to something larger, of the order of 15 to 30 volts. The pre-amplifier

may be also stabilised with feedback, and probably will contain the

gain and centering controls. All of the above will be for one

co-ordinate of deflection only; and must be duplicated for the other

co-ordinate.
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PROPOSED PROCEDURES

Equipment Needs

The accompanying block diagram indicates the needed equipment,

and the probable method of comection. The Model 5 Synchroscope and the

two Gate and Delay Units are readily available from project Whirlwind,

where the work is to be done. The Sweep Generator will be built especially
for this thesis, and can be quite simple, since a sweep of only 1.5 volts

amplitude is required. It would only be used in the later stages of

testing, after any major troubles are remedied in the amplifiers.

Amplifiers 1 and 2 are to be identical, and are the subject of this

thesis. This block diagram shows a gate being fed to one amplifier, and

& sweep to the other, so that the transient response of amplifier 1 may

be observed on the 16 inch cathode ray tube. A sweep calibrator is
available so that data may be taken from the observed deflections of

amplifier 1, and re-plotted on a real time base, if necessary. Other

equipment such as voltmeters, soldering irons, power supplies, etco,

and also technician help are readily available from Whirlwind.

test probe

Model 5
Synchro scope

Gate and Del ed Gate and Gatoe 1
Delay Unit Pulse Delay Unit Amp 16 in

scope

a

Sweep Anp 2
Generator
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Probable Procedure

-The first step will be to draw up a circuit for the Sweep

Generator described above, and to give it to the shop for construction.

In that way, it won't be the cause of any delay later, The 16 inch

cathode ray tube and a high voltage power supply to de used with it
have deen ordered. The deflection yoke is completed, and will be

delivered to us shortly; the other test equipment has already been

assenbl ed,

The next step is to arrive at an amplifier design, following

the general procedure outlined in the last paragraph of the section on

history, above. An analysis of the resulting circuit-will be made to

determine its stability and gain, and therewith perhaps to modify the

design sonevhat.

A circuit will be given to the shop for construction before

the previous step is complete, even though the above mentioned analysis

may bring about some changes, merely to avoid being delayed, waiting for

4t all to be built later.

One completed amplifier at a time will be tested with the

deflection yoke on the 16 inch tube, observing waveforms with the aid

of the Model 5 Synchroscope. When satisfactory operation appears to

have been achieved, the system shown in the block diagram on page 7

will be cemected, Final testing of the system may then be carried out,

with a sweep being applied to the horizontal amplifier, ard a gate ta
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the vertical amplifier, to observe the transient responae of the systen.
The function of the two amplifiers may easily be interchanged for a

final check.

ESTIMATED DIVISION OF TIME:

Preparation of proposal 60 hours

Further study of the literature 30 hours

Experimental work and analyeis 140 hours

Correlation of results and formulations
of deduction and conclusions 50 hours

Preparation of thesis report &0 hours

Total 360 hours

SIGNATURE AND DATE:

Richard L. Best
Bovember 20, 1950

SUPERVISION AGREEMENT:

This problem appears adequate for a Master's research,
and the undersigned is willing to supervise the research and

Cc. BR, Wieser

Approved a 2,
tT. 5, Gray
Associate Prof. of E.E.

evaluate the thesis.

RLBske
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K, H, Olsen
September 21, 1951

ELECTRICAL ENGINEERING DEPARTMENT
MASTER'S THESIS PROPOSAL

1, TITLE A MULTI-POSITION MAGNETIC SWITCH AND ITS INCORPORATION

INTO A WAGNETIC MEMORY

2, BRIEF STATEMENT OF THE PROBTEM

Considgrable research has been carried on with core materials

suitable for a multi-dimensional magnetic memory, However, in its present

development the memory ie expensive because of the complex method of

switching with a crystal matrix and driving with hard tubes, It is herein

proposed that a magnetic switch will significantly simplify the memory unit,

The switch may have many other uses such as selecting recording heads on a

magnetic drum or a tape recorder, It might also be used in many places

where relays are now used such as decoding "flexowriter" tape where it
could drive the typewriter keys directly, Techniques developed might be

used to build arithmetic tables, so that arithmetic operations with binary
numbers could be carried out almost instantly,

3, BRIEF HISTORY OF THE PROBLEM

The practical application of a magnetic core as a "gating"
device dates back to the use of a large saturable reactor as the antenna-

keying switch on one of the early radio-transmitting ulternators as

developed by E, F, W, Alexanderson in the late 1900's, Since then

1, 5, F. W. Alexanderson, "Transatlantic Radio Communication", Trans.
A.1,E.E., Vol, 38, Pe 1269, 1919,
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saturable reactors have been used in many similar applications, Receatiy

their use as high-speed low-power gates has been partially investigated

by laboratories interested in their application to digital~computer

circuite, *

The idea of storing digital information in a magnetic-core

array of two or more dimensions was first proposed in 1949 by J, W, Forrester,

Director of the Digital Computer Laboratory at M,I,7,7 At that time the

most serious problem was the leck of a core material with a sufficiently

rectangular hysteresis loop that could be switched fast enough to be of

use in a high-speed computer, Intensive research has been carried out

and a master's thesis written on this subject by W, N, Papian,4 Although

considerable improvement is expected in the future, core materials are now

available which can be incorporated into a memory, Of particular interest

are the ceramic cores which can be switched in a fraction of a micro-

second,

1. Harvard University Computation Laboratory, Progress Report 5
(Summer of 1949), Investigations for Besien of Dipita] Calculating

+

2. James G, Miles, "Saturable Core Reactora as Digital Computer Elements",
A Report of the Engineering Research Associates, Contract NObsr 42001.
17 June, 1949,

3. J. W, Forrester, "Digital Information in Three Dimensions Using
(May 16, 1951) M,I.T,Magnetic Cores

Laboratory,

4. W, N, WA Coincident-Current Magnetic Memory Unit,"
Laboratory,

Report R-192 (September 8, 1950) M,I.T, Servomechan sms
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The problem to be considered in this thesis will be divided

into two parts the development of a suitable switch and the incorporation

of the switch into a working nencry,

Because the switch is an integral part of the momory and

because the mode of operation of the memory with the switch will be

different from that originally proposed, the second part of the problem

will be a large part of the thesis, It is difficult to realize now

what problems will be found when such a large number of interacting

elements are tightly coupled together,

4. DESCRIPTION OF SWITCH

The magnetic switch is very much like the crystal matrix

switch which is now in common use particularly in digital computers,

One of 2" output terminals can be selected byn inputs, each operating

@ flip-flop or a two-position switch, In the crystal matrix switch

this selecting is done by erranging crystals from the flip-flop outputs

to the switch terminals in a binary scheme so that all but one termine]

is drawn negative (Fig, 1), The terminal not dram negative is the one

selected by the binary number set up in the flip-flops,

The equivalent magnetic switch (Fig, 2) has a core or a

saturable transformer for each switch terminal, On each core there are

n control windings connected to the flip-flops as the crystals were in
the erystal switch, The output of one flip-flop is enough to saturate
& core so with this connection all but one core will be saturated,
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"ach core also hea an output winding and an : winding ac e

transformer, All the input windings are driven in series but only tho

unsaturated core will pass a signal to the ovtput winding, This signal

can be a square wave os will be used in the memory or a sine weve for

power switching,

ORY UNIT

will be made up of an erray of smail cores or

terial which has a rectangular hysteresis loop,

ptization of a core is in one direction the core

a ONE, and uhen in the other direction it is said

ontente of a core is "read out" by driving current

ae core in such & way és to drive the core to the

core is already in the ZERO position there will
in flux, but if the core is in the ONE position

shange in flux and a voltage will be induced in a

core, The information in a core is of course

> be "rewritten,

1 the array hae one winding in series with a line
e co-ordinates (see Fig,5), In the original

1 is switched from one position to another when

pplied to each of the windings of that core 80

to switch the core, . Many other cores also have

but this is net enough to swtch them, This
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nessitates carefully regulated current sources and very rectangular

hysteresis loops, However, when the array is driven from the magnetic

switch, a considerably greater current can be used in each line because

every non-selected core is kept from switching by the saturated switch

core it sees on the other co-ordinate or co-ordinates, Eliminating
the necessity of many critically adjusted current sources simplifies the

problem significantly, and the increased current will speed up the

switching,

6, PROPOSED PROCED

A 16x16 memory array of ceramic cores using the magnetic

switch will be built and the problems investigated, Study will be made

of the reliability of the system and the deterioration of the information

in a single core as information is read out of' and written into

neighboring cores, Provision will be made in the equipment to display
the output of the cores as an array of spots on an oscilloscope,

Every time the core is cycled about the hysteresis loop an

amount of energy equal to the area of the hysteresis loop is dissipated
in the core, The frequency at which cores can be switched will be

limited by the temperature rise in the core due to this and other

losses, Apparatus will be built to switch several test cores for a

long period of time to investigate this problem,
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7. EQUIPMENT NEEDS

Equipment for the proposed system for testing the complete

memory (Fig, 4) is under construction or readily available at the

Digital Computer Laboratory,

Cores have been already ordered for the 16x16 array, and

more are procurable as needed,

8, ESTIMATED DIVISION OF TIME

a, Preparation of Proposal 40 hours

b, Experimental Work and Analysis 240 hours

of Deductions and Conclusions

d. Preparation of Thesis Report 80 hours

e, TOTAL hours

40 hoursc, Correlation of Results and Formulation

400

9, SIGNATURE AND DATE

CL,

Kenneth H, Olse
September al, 1981
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10, SYPERVISION AGREEMENT

The problem described here seems adequate for a

Master's research, The undersigned agrees to supervise the research

and evaluate the thesis,

Robert R, Evérett

KHO:kst

Drawings Attached:

Au30527
SA-50348

Figura 1
Figure 2

436656 Figure 3
SB-50349 Figure 4
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Memorandum M-1377=4 Page 1 of 8

Digital Computer Laboratory
Massachusetts Institute of Technology

Cambridge, Massachusetts

SUBJECT: INTERNAL DOCUMENTS ON FERROMAGNETIC AND FERROELECTRIC CORES

fo: Group 62 and 63 Staff
From: Jean C, Kresser

Date: January 18, 1952, Revised June 1, 1953

Abstract: A list of Reports, Engineering Notes, and Memoranda on various
aspects of the ferromagnetic=-core and ferroelectric-slab
activity is presented.

Title Date Author

Reports

R-187 Digital Information Storage in Three
Dimensions Using Magnetic Cores 5-16-50 J. W. Forrester

R-192 A Coincident-Current Magnetic Memory
Unit (S.M. Thesis ) 9850 W. N. Papian

A Magnetic Matrix Switch and Its
Incorporation into a Coincident-

6-6-52 K, E. OlsenCurrent Memory (S.M. Thesis)

R212 Ferroelectrics for Digital Informa-
tion Storage and Switching
(S.M. Thesis ) 6-5~52 D. A. Buck

R~216 The 16-by-16 Metallic-Core Memory
Array Model I 9-25-52 3. Widrowitz

Design of Low-Power Pulse Trans--
formers Using Ferrite Cores

8-29-52 RB. D. Robinson(S.M. Thesis)



Memorandum M-1377=4

Title Date Author

Theseg (not in Report form)

1812

2045

2247

2383

2392

A Magnetic Flip-Flop
An Investigation of Magnetic Core
Stepping Registers for Digital
Computers

Rectangular Hysteresis Loop
Materials in a Nondestructive
Read Systen

An RF Readout System for a
Coincident-Current Magnetic-Core
Memory

High-Speed Magnetic Pulse Control
Circuits for Computer Applications

Page 2 of 8

5-16-52 R,

8=22=62 R, C.

525-53 . I. Frank

5=25=53 B.

5-25-53 E,

J. Praff

Sims

Widrowitz

K. Rising



Memorandum M-1377=4 Page 3 of 8

Title Date Author

Engineering Notes

E-406 Preliminary Tests on the Four-Core
Magnetic Memory Array 6~18=51 W. N. Papian

E413 Selection Systems for Magnetic-Core
Storage 87-51 BR. R. Bverett

E-422 Rectangular-Loop Magnetic Core
Materials 9-4-61, W. N. Papian

E438 Binary Counting with Magnetic Cores 1266-51 D. A. Buck

E-545~1 Nondestructive Sensing of Magnetic
Cores 3-24-53 D. A. Buck

B-460 The Ferroelectric Switch 4-16-52 D. A. Buck

E-464 A Squareness Ratio for Coincident=
Current Memory Cores 7=16=52 D. RB. Brown

E472 Te Mirror: A Proposed Simplified
Symbol for Magnetic Circuits 8-14-52 R. P. Mayer

3477 Magnetic and Dielectric Amplifiers 628-52 D, A. Buck

B~488 Delta,, in Ceramic Array #1 10-14-52 EB. A. Guditz

E489 Oscilloscope Calibrator 10-15-52 B. Smulowicz

E496 Instructions and Specifications

E~470 Paper on Ferromagnetic and Ferroelectric
Memory Devices 86-52 W. N. Papian

E475 A Magnetic-Core Gate and Its
Application in a Stepping Register 10-30-52 G. R. Briggs

E~491 Hysteresis Loop Characteristics of
MF-1118 for Different Temperatures 10-16-52 C. Morrison

E495 Test Procedure for Ferrite Pulse
Transformers, I 11-5-52 EB. K. Gates

for the Manufacture of 3: 1 and 1:1,
O.1 Microsecond Pulse Transformers
on Ferrite-Ring Cores 11-3-52 R. BE, Hunt

11-4-52 A. KatzE~500 Switch-Core Analysis I
A.



Memorandum M-1377=4 Page 4 of 8

. Title Date Author

Encineering Notes (continued)

E512 A Method for Acceptance Testing
of Ferrite Core Production Lots 12-4-52 P. K. Baltzer

B-518 New Metallic Cores from Magnetic
Metals A. D. Eughes

E519 General Ceramics Materials MF~1348B
and MF-~1359B 1-5=53 B. Smuiowics

E523 Core Drivers--Model V and VI 2-10-53 H. Boyd

1=2=53

E-529 Matrix Driving with Unidirectional
Pulses D. A. Buck

E~530 Magnetic Materials for High-Speed
Pulse Circuits 2-27-53 D. R. Brown

Driving Current Margins on Memory
Test Setup I 3-653 8. Fine

B-532 Nucleation of Domains of Reverse
Magnetization & Switching Character

N. Menyuk
istics of Magnetic Materials Jaje53 J. B. Goodenough

E-533 Effect of Current Pulse Duration
on the Pulse Response of MIC Memory
Cores 5 P. K. Balt

B-539 An Approach to a Rationale in Ferrite
Synthesis: Bvaluation of Magnetic
Moments 4=28-53 L. Gold

E540 A Fast-Core Tube Register hn27-53 K. H. Olsen

E544 Circuit for Measuring Switch Time,
Rise Time, Etc. (Switch-Time
Comparator) 511-53 B. Gurley

B-545
Hysteresis on Nucleation of Domains
Dependence of Coercivity and Stress

of Reverse Magnetization 5-14-53 J. B, Goodenough



Memorandum M-1377~4

Memoranda

*M-1369

M-1371

M-1381

M~1490

M1529

*M~1550

M1557

M-1582

M-1586

M-1650

M-1664

M-1676

M-1681

*M-1705

M-1736

M~1741

M-1744-1

Title Date Author

Trip to General Ceramics, Janumry 9,
1952

Magnetic Core Activity
Magnetic-Core Memory Matrix Analysis
(Effect of Driver Impedance)

Procedure for Receiving Magnetic
Cores

Conference on Magnetic Core Switching
Phenomena

Trip to Magnetics, Inc., June 26, 1952

Trip Report of Visit to Bell Telephone
Laboratories, IBM, Glenco, NRL,
Dr. Pulvari

High-Speed Magnetic Pulse Control
Circuits for Computers (Thesis
Proposal)

Trip to Magnetics, Inc., August 5,
1952

The Effect of Size of Metal Cores
on Pulse and Hysteresis Measurements

Conference on Thin Brvaporated Metal
Films

Polishing Specimens of Ferrites

Uniformity Tests on Ferrite Cores

Visit of October 28, 1952, to Bell
Telephone Labs., Murray Hill, N.J.
Trip to General Ceramics, November
19-20, 1952

Metallographic Studies of Ferrites

A Statistical Model for Ferro-
magnetisn

*Tor Internal Distribution Only

Page 5 of 8

1-11-52 D. A. Buck

1-15-52 W. N. Papian

1-24-52 D. A. Buck

5-16-52

6-16-52

7=8-52

7-17-52

86-52

8-8-52

9-25-52

10-6-52

10-14-52

10-21-52

10-31-52

12-2-52

12-452

4-9-53

D. R. Brown

A. Katz

D. R, Brown

D. A. Buck

K. Rising

D. R. Brown

F, Jenney

A. L. Loeb

P. B. Vinal

J. H. McCusker

D. A. Buck

W. J. Canty

D. R. Brown

A. L. Loeb
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Title Date Author

Memoranda (continued)

M1767 An RF Readout System for a Coincident=
Current Magnetic-Core Memory 12-19-52 B. Widrowitz

M1785 Testing of Magnetic Cores 1-7-53 A. D. Hughes

M-1803 Visit to RCA Victor in Camden,
Jenuary 14, 1953 1-22=53 F. . Vinal

M1806 Pulse Tests of the ROA Victor
Ferrite, XF-96 1-22-53 B, Smlowicz

M-1811 Coordinate Conversion with
Memory-Core Matrix 1-27-53 D. McCann

M-1830 MF-1326B, F-291, Life Test No. l--
Initial Tests 2-6-5353 J. R. Freeman

M1861 Visit to General Electric,
Schenectady, Feb. 20, 1953 2-24-53 R. A. Pacl

M1883 Magnetic-Core Matrix Switch
Adder C. J. Schultz

M-1893 Hysteresis Test Results from
Five New Glenco Ferroelectric
Materials B=10-53 C. D. Morrison

A. L. Loed
N. Me

**M19354 Testing Cores for WII 3-30-53 J. McCusker

AD HOC Conference on FeNi, 325-53, D. A. BuckJ. Goodenough

M1957 Procedure for Preparing &
Stripping Wires for MIC
Memory Planes 46-53 EB. A. Guditz

M-1987 First Note on Pulse Transformers
for Memory Drivers F. Dorgin

E. K. Gates

M~1989 MP-1326B, F291, Life Test No. 2 4-21-53 J. R. Freeman

M2110 A Linear Selection Magnetic Memory

Switch 5-8-toy) K. H, OlsenUsing an Anti-Coincident Current

** Classified Memorandum



M=2160

M-2162

M=2167

M-2186

M-2195

M2197

Memorandum M-1377=4

Title Date Author

Memoranda (continued)

Energy Dissipation in Square-Loop
Ferromagnetic Materials with Specific
Application to Switch Cores

WWII Address Selection Systems
P.B. No. 61

First-Order Cancellation Residue
in Rectangular Memory Arrays

Two Methods of Reducing Delta Noise

Further Work on Nondestructive
Read System

Read-Out and Digit Plane Driving
Systems P.B. No. 62

Page 7 of 8

5-12-53

56-53

5=15=53

27-53

5=28-53

XN. Menyuk

J. L. Mitchell

D. A. Buck

s. Fine

W. I. Frank

J. Canty
Fine
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Title Date Author

Collectiong

Group 63 Seminar on Magnetism A. Loeb
N. Menyuk

Memoranda covering Lectures I to 1 and
Appendices I to VII have been released
to date.

Signed
ean Kresser

Approve
David R. Brown
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SUBJECT:

Tos

From:

Date:

Abstract:

Reports

R~187

R-192

R-216

R-217

Division 6 = Lincoln Laboratory
Massachusetts Institute of Technology

Cambridge 39, Massachusetts

INTERNAL DOCUMENTS ON FERROMAGNETIC AND FERROELECTRIC CORES

Group 62 and 63 Staff
Jean C, Kresser

Jamary 18, 1952, Revised June 1, 1953, April 1, 195)

A list of Reports, Engineering Notes, and Memoranda on various
aspects of the ferromagnetic-core and ferroelectric-slab
activity is presented.

Title Date Author

Digital Information Storage in Three
Dimensions Using Magnetic Cores 5-16-50 Je W. Forrester

A Coincident-Current Magnetic Memory
Unit (S.M. Thesis) 9=8-50 W. N. Papian

A Magnetic Matrix Switch and Its
Incorporation into a Coincident=

6=6~52 K. H. OlsenCurrent Memory (S.M. Thesis)

Ferroelectrics for Digital Informa
dD. A. Bucktion Storage and Switching (S.M..Thesis) 6-5-52

The Metallic-Core Memory
Array Model I 9=25=52 B, Widrowitz

Design of Low-Power Pulse Trans-
formers Using

5
Ferrite Cores

(S.M. Thesis 8-29=52 R. D. Robinson
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Title Date Author

Theses (not in Report form)

1812 A Magnetic Flip-Flop 5-16-52 R. J. Pfaff

20h5 An Investigation of Magnetic Core
Stepping Registers for Digital
Computers 8=22-52 R. C. Sims

22h7 Rectangular Hysteresis Loop
Materials in a Nondestructive
Read System 5225-53 We I. Frank

2383 An RF Readout System for a Coincident=
Current Magnetic-Core Memory Be Widrowits

2392 High-Speed Magnetic Pulse Control
Circuits for Computer Applications 5-25-53 K. Rising



INTERNAL DISTRIBUTION ONLY

Memorandum M-1377=5 Page 3

Title Date Author

Engineering Notes

Preliminary Tests on the Four-Core
Magnetic Memory Array 6-18-51 W. N. Papian

Selection Systems for Magnetic-Core
Storage 8-7=51 R R Everett

E122 Rectangular-Loop Magnetic Core

Binary Counting with Magnetic Cores 126-51 De Ae Buck

Nondestructive Sensing of Magnetic

E-1,60 The Ferroelectric Switch h-16=52 D. Ae Buck

Paper on Ferromagnetic and Ferro-

Magnetic and Dielectric Amplifiers 8-28-52 De A. Buck

Delta, in Ceramic Array #1 10-1952 EE, Ae Guditz

Oscilloscope Calibrator 10-15-52 Be Smulowicz

Materials W. N. Papian

Cores 3=2)-53 D. A. Buck

A Squareness Ratio for Coincident~
Current Memory Cores 7-16-52 D. R. Brown

electric Memory Devices 8-6=52 W. N. Papian

E-),72 The Miror: A Proposed Simplified
Symbol for Magnetic Circuits 81-52 R. P. Mayer

E=);75 10-30-52 G. R BriggsApplication in a Stepping Register
A Magnetic-Core Gate and Its

10=16=52 C, MorisonMF~1118 for Different Temperatures
Hysteresis Loop Characteristics °

Transformers, I 11-5=52 BE. K. GatesTest Procedure for Ferrite Pulse

for the Manufacture of 3:1 and 1:1,E-1)96 Instructions and Specifications

on Ferrite-Ring Cores 11-3-52 R Ee Hunt0.1 Microsecond Pulse Transformers

Switch-Core Analysis I A. Katz
E. A. Guditz



E-512

Memorandum M-1377=5

FOR INTERNAL DISTRIBUTION ONLY

Page )

Title Date Author

Engineering Notes (continued)

A Method for Acceptance Testing
of Ferrite Core Production Lots 12-4-52 P. K. Baltzer

E-523

E529

E=530

E-532

New Metallic Cores from Magnetic
Metals

General Ceramics Materials MF~131,8B
and MF-1359B

Core Drivers--Model V and VI

Matrix Driving with Unidirectional
Pulses

Magnetic Materials for High-Speed
Pulse Circuits

Driving Current Margins on Memory
Test Setup I
Nucleation of Domains of Reverse
Magnetization & Switching Character=
istics of Magnetic Materials

Effect of Current Pulse Duration
on the Pulse Response of MIC Memory
Cores

An Approach to a Rationale in Ferrite
Synthesis: Evaluation of Magnetic
Moments

A Fast-Core Tube Register
Circuit for Measuring Switch Time,
Rise Time, Etc. (Switch~Time
Comparator)

Dependence of Coercivity and Stress
Hysteresis on Nucleation of Domains
of Reverse Magnetization

Preliminary Report -- Temperature
Effects in MTC-Type Ferrite Cores

A Free Energy Model for the Hysteresis
Loop

1+2-53 A. De. Hughes

E-519
1-553 B. Sumiowics

2-10-53 He Boyd

225-53 Dp. A. Buck

2=27=53 D. R. Brown

3-6-53 FineE~531

:

3-9-53 J. B. Goodenough
Ne Menyuk

3-10-53 P. K, Baltzer

j-28-53 L. Gold

K. H. Olsen
R. Pfaff

B. Gurley

J. Be Goodenough

27-534

5-11-53

6-26-53 J. D. Childress

6-16-53 A. L. loebE-559
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Memorandum M-1377=5 Page 5

Title Date Author

Engineering Notes (continued)

-563 Specifications for a Ferrite Memory
Core 6-30-53 D. R Brown
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Memorandum Page 6

Title Date Author

Memoranda

4M~1369 to General Ceramics, January 9,
1952
Trip

M1371 Magnetic Core Activity 1-15-52 We. Ne Papian

1+11-52 : Dp A. Buck

M-1381 Magnetic-Core Memory Matrix Analysis
(Effect of Driver Impedance) 1-24-52 D. A. Buck

Procedure for Receiving Magnetic Cores 5-16-52 0D. R. Brow

M=-1529 Conference on Magnetic Core Switching
Phenomena 6-16-52 A. Katz

#M=1550 'Trip to Magnetics, Inc., June 26, 1952 7-8-52 D. R. Brown

*M-1557 Trip Report of Visit to Bell Telephone
Laboratories, IBM, Glenco, NRL,
Dr. Pulvari D. A. Buck

M=1582 High-Speed Magnetic Pulse Control
Circuits for Computers (Thesis
Proposal ) 86-52 H. K.. Rising

M-1586 'Trip to Magnetics, Inc., August 5,

M-1650 The Effect of Size of Metal Cores on

M-166 Conference on Thin Evaporated Metal

M-1676 Polishing Specimens of Ferrites 10-1)-52 F. Vinal.

M-1681 Uniformity Tests on Ferrite Cores 10-21-52 J. H. McCusker

#M<1705 Visit of October 28, 1952, to Bell

M-1736 Trip to General Ceramics, November

Metallographic Studies of Ferrites 12-l-52 D. R. Brown

1952 88-52 D. R. Brown

Pulse and Hysteresis Measurements 9_25-52 R F. Jenney

Films 10-6-52 Ae L. Ioab

10-31-52 D. A. BuckTelephone Labs., Murray Hill, Ned.

19-20, 1952 12-2-52 We. Je Canty

M-17

* For Internal Distribution Only
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Title Date Author

Memoranda (continued)

M-1767 An RF Readout System for a Coincident=
Current Magnetic-Core Memory 12-19-52 B. Widrowitz

M-1785 Testing of Magnetic Cores 1-7-53 A. D. Hughes

M-1803 Visit to RCA Victor in Camden,
January 1h, 1953 1-22-53 F, E. Vinal

M-1806 Pulse Tests of the RCA Victor
Ferrite, XF=96 1-22-53 B. Smulowiez

Coordinate Conversion with
Memory-Core Matrix 1-27-53 D. McCann

M-1830 MF-1326-B, F-291, life Test No.
Initial Tests 2-6-53 J. R. Freeman

M-1861 Visit to General Electric,
2-24-53 R. A. PaclSchenectady, February 20, 1953

M~1883 Magnetic-Core Matrix Switch Adder 3=-9-53 C. J. Schultz

M-1893 Hysteresis Test Results from Five
New Glenco Ferroelectric Materials 3-10-53 C. D. Morrison

A. L. Loeb
N. Menyuk

#4M=19)3 Testing Cores for WWII 3=30-52 Je McCusker

3-25-53 D. A. BuckM-1929 AD HOC Conference on FeNi
Je Goodenough3

M-1957 Procedure for Preparing and
Stripping Wires for MTC Memory Planes 6-53 E. A. Guditz

M-1987 First Note on Pulse Transformers
for Memory Drivers 5-27-53 F. Durgin

E. K. Gates

M-1989 MF~1326-B, F-291, Life Test No. 2 4-21-53 J. R Freeman

M-2110 A linear Selection Magnetic Memory
Using an Anti-Coincident Current
Switch 5-8-53 K. H. Olsen

Ferromagnetic Materials with Specific
M-2160 Energy Dissipation in Square~Loop

Application to Switch Cores 5-12-53 N. Menyuk

x Classified Memoranda
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Memoranda (continued)
M-2162

M=2167

M~2186

M-2195

M«2197

M~2219

M-2225

M-22),0

M-22h8

M-225)

M-2275

M=2291

M-231)

M-2316

M-2319

Page 8

Title Date Author

WWI Address Selection Systems, P.B.

First-Order Cancellation Residue in
Rectangular Memory Arrays 5-15-53 2D. A. Buck

Two Methods of Reducing Delta Noise 5=22-53 S. Fine

Further Work on Nondestructive Read
System 5-27-53 W. I. Frank

Read-Out and Digit Plane Driving
Systems, P.B, Noe 62 5-28-53 We Je Canty

S. Fine

Testing of Individual Cores in MTC
Memory Planes 6-16-53 A. D. Hughes

The Construction of Memory Planes
for the MIC Memory 6--10=53 E. A. Guditz

A Magnetic Core Test Storage 6=15=53 K. Olsen

Tests of Some Magnetic-Matrix
Switch Operating Modes 6-17-53 Je L. Mitchell

R. S. DiNolfo

Sensing the Slope of Magnetic

Equation of Motion for a Cylindrical

Proposal for Reducing the Number of
Tubes Used in Driving a Magnetic

Readout-Noise Reduction in a
Magnetic-Core Memory 7-23-53 8. Fine

Proposed Sense Winding for a

Procedure for Handling Cores During
7-23-53 J. Schallerer

Je MitchellNo. 61 56-53

:

Memory Output 6-19-53 K. Olsen

7=30-53 P. Baltzer180° Domain Wall

Matrix Switch 7=9=53 J. Raffel

6h, x 6) Memory Plane 7-23-53 W. Canty

Testing Program
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Memorandum M-1377=5 Page 9

Title Date Author

Memoranda (continued)

4M-2332 West Coast Trip, July, 1953 7-31-53 Ds. A. Buck

Me23h8 Switch-Core Design and Power Loss 8-7-53 J. Raffel

M~2383 Testing the Magnetic-Core Memory System
in a Computer 9-18-53 B. Widro

M-238 A Large Planar Switch for Register
Selection in a Magnetic-Core Memory

M-2398 Trip to Linde Corp., Tonawanda, N. Ye,
8-17-53, to Discuss Growth and Procure=

An Analytical Review of Neé1's Molecular
Field Theory of Ferri- and Ferromagnetism 9-16-53 A. Loeb

M-2),20 Interpretation of Memory=Core Specifica-

Ferrite Synthesis 9-15-53 F. EB, Vinal

M-2)73 BeH Loop Squareness in the Magnesium-

M-251) The Incorporation of a Magnetic Matrix
Switch into a Multiplanar Coincident
Current Magnetic Memory (M.S. Thesis

M-2568 Pulse Response of Ferrite Memory Cores 12-15-53 J. R. Freeman

M-2598 Transformer Drive for a Coincident-
Current Magnetic Memory (M.S. Thesis

M-2602 Stress Effects in Ferrites and
Generalization of Switching Coefficient

M-2629 Trip Report to Bell Labs., Murray Hill,

M-263), Multi-Coordinate Selection Systems for

(M.S. Thesis Proposal) 8~31-53 Je Raffel

ment of Ferrite Single Crystals 9-8-53 D. Ae Buck

tions 9=22=53 D. R Brown

Manganese 10-22-53 de Be Goodenough

Proposal ) 11-12-53 <A. D. Hughes

Proposal) + 1-5-5) Ee. K. Gates

for Non-Square Materials 1-6-5), N. Menyuk

New Jersey, January 6, 195k 1-14-54, Je Be. Goodenough

Magnetic-Core Storage 1-19-53 R. DINolfo
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Memorandum M-1377-5 Page 10-

Title Date Author

Memoranda (continued)

M-26)9 Graphical Summary of Core Data in the

M-267) A Comparison Between Square-Loop

D. A. Buck
N. Menyuk

M-2692 Ferrite Synthesis, ITI 2=11-5) F. Vinal

M-2736 Core Memory Using External Bit Selec- J. Raffel

Je B. Goodenough23Mg0-Fe,0,-Mn0 System 1-25-5)

Metals and Ferrites for High-Speed +

Pulsed Operation D. R Brown

tion
:

:

y
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Title Date Author

Collections

Group 63 Seminar on Magnetism A. Loeb
N. Menyuk

Memoranda covering the Introduction and
Lectures I to LV and Appendices I to VII
have been released for the academic year
1952-53.

Memorandum covering Lecture I of Vol. 2
has been released to date.

Signeia
Jean Kresser

Approved v R. Brown
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SUBJECT:

To:

From:

Date:

Approved:

Division 6 ~ Lincoln Laboratory
Massachusetts Institute of Technology

Lexington 73, Massachusetts

DOCUMENTS ON MAGNETIC CORE WORK

Group 63 Staff
Joan M. Sullivan

July 16, 6

Abstract: A partial list of Reports, Theses, Engineering Notes, Articles,
and Memoranda on various aspects of the magnetic-core activity
is presented.

Title Author

Reports

6R-187 Digital Information Storage in Three
Dimensions Using Magnetic Cores 5-16-50 J. W. Forrester

6R-192 A Coincident-Current Magnetic
Memory Unit (S.M. Thesis) 9~8-50 W. N. Papian

6R-211 A Magnetic Matrix Switch and Its
ncorporation Into a Coincident-
Current Memory (S.M. Thesis) 66-52 K. H. Olsen

6R-216 The 16-by-16 Metallic-Core
Memory Array Model I 9-25-52 B. Widrow

6R-217 Design of Low-Power Pulse Trans-
formers Using Ferrite Cores
(S.M. Thesis) 8-29-52 R. D. Robinson

6R-234 Switch for Register Selection in a
Magnetic Core Memory (S.M. Thesis) 5-24-54 J. I. Raffel

6R-235 Multi-Coordinate Selection Systems
for Magnetic-Core Storage
(S.M. Thesis ) §~23-54 R. S. DiNolfo

Date

The research reported in this document was supported

coln Laboratory personnel. It should not be given or shown to any other in-
dividuals or groups without express authorization. It may not be reproduced
in whole or in part without permission in writing from Lincoln Laboratory.

jointly by the Department of the Army, the Depart~
ment of the Navy, and the Department of the Air Force
under Air Force Contract No. AF 19(122)-458.

This document is issued for internal distribution and use only by and for Lin
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Title Date Author

Reports (continued )

6R-236 Magnetostriction in Ferrites Possess-
ing a Square Hysteresis Loop
(8.M. Thesis) 1-17-55 PP. K. Baltzer

:

:



:
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@ Memorandum 6M-1377-7

Theses

Title Date

(not in report form)

A Magnetic Flip-Flop
An Investigation of Magnetic Core
Stepping Registers for Digital
Computers

Rectangular Hysteresis Loop
Materials in a Nondestructive
Read System

An RF Readout System for a Coin-
cident-Current Magnetic-Core Memery

High-Speed Magnetic Pulsé Control
Circuits for Computer Applications

Magnetic Amplifiers with High
Carrier Frequency

A Study of Single-Pulse Ferrite-
Core Stepping Registers

Temperature Behavior of Ferrites

A Differential Thermal Analysis
Study of Synthesized Magnesium
Ferrite, Manganese Ferrite, and
Magnéesium-Manganese Ferrite

A Carry~Matrix Counter .

Transformer Drive for a Coincident-
Current Magnetic Memory

Magnetic Drum Writing Circuits
Using Magnetic Cores

The Incorporation of a Magnetic
Matrix Switch into a Multiplanar
Coineident-Current Magnetic Memory

A Magnetic-Core Memory with
External Selection

5-16-52 R . J. Peaff

8-22-52 R . C. Sims

5-25-53

5-25-53

5+25-53

5-25-53

8-31-53 d.

1-18-54 L.

118-54

5-2h-5h

8-23-54 E.

8-23-54 H.

8-23-54 A.

1-17-55

B.

H.

R.

G.

Page 3

W. I. Frank

Widrow

K. Rising

A. L. Pugh, III

B. Ricketts, Jr.
F. Silva

A. Maglio

Tampke

K. Gates

Henegar

Hughes

8. Bradspies

a:
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Theses

Page 4

Title Date Author

(continued )

A Transistorized Amplifier-
Discriminfator for Core Memory

A Transistor Selection System
for A Magnetic-Core Memory 1-56 G. A. Davidson

A Magnetic-Core Test Storage 6-19-56 J. N. Ackley

Output 3-55 W. Sarles

The Application of Transistors to
Multiposition Selection Switches 5-24-56 P. G. Griffith
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Engineering Notes

6E-406

6E-413

65-438

6E-464

68-470

6E-472

6E-475

68-477

6E-488

6E-491

6E-495

6E-496

6E-500

6E-512

Page 5

Title Date Author

Preliminary Tests on the Four-Core
Magnetic Memory Array 6-18-51 W. N. Papian

Selection Systems for Magnetic-Core
Storage 8-7-51 RR. R. Everett

Rectangular-Loop Magnetic Core
Materials 94-51 W. N. Papian

Binary Counting with Magnetic Cores 12-6-51 OD. A. Buck

Nondestructive Sensing of Magnetic
Cores 3-24-53 D. A. Buck

A Squareness Ratio for Coincident-

Paper on Ferromagnetic and Ferro-
electric Memory Devices 8-6-52 WW. N. Papian

The Mirror: A Proposed Simplified
Symbol for Magnetic Circuits 8-14-52 R. P. Mayer

A Magnetic-Core Gate and Its Appli-
cation in a Stepping Register 10-30-52 G. R. Briggs

Magnetic and Dielectric Amplifiers 8-28-52 DD. A. Buck

Delta, in Ceramic Array #1 10-14-52 E. A. Guditz

Hysteresis Loop Characteristics of
MF-1118 for Different Temperatures 10-16-52 C. Morrison

Test Procedure for Ferrite Pulse
Transformers, I 11-5-52 E. K. Gates

Instructions and Specifications
for the Manufacture of 3: 1 and 1:1,
0.1 Microsecond Pulse Transformers
on Ferrite-Ring Cores 11-3-52 R. E. Hunt

E. A. Guditz

A Method for Acceptance Testing

6E-422

Current Memory Cores 7-16-52 D. R. Brown

11-4-52 A. KatzSwitch Core Analysis I

of Ferrite Core Production Lots l2-4-52 Ke. RaltzerP.
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Engineering Notes (continued)

6E-518

6E=519

6E-523

6E-529

6E=530

6E-531

6E-532

6E-533

6E-539

68-540

68-544

6B-545

6-548

6E-559

Page 6

Title Date Author

New Metallic Cores from Magnetic
Metals 1+2-53 A. D. Hughes

General Ceramics Materials
MF-1348B and MF-1359B 1-5-53 B. Smilowicz

Core Drivers=--Model V and VI 2-10-53 H. Boyd

Matrix Driving with Unidirectional
Pulses 2-25-53 D. A. Buck

Magnetic Materials for High-Speed
Pulse Circuits 2-27-53 D. R. Brown

Driving Current Margins on Memory

Nucleation of Domains of Reverse
Magnetization & Switching Character-

N. Menyuk

Effect of Current Pulse Duration
on the Pulse Response of MTC
Memory Cores 3-10-53 P. K. Baltzer

An Approach to a Rationale in Fer-
rite Synthesis: Evaluation of

A Fast-Core Tube Register 427-53 K. H. Olsen
R. Pfaff

Circuit for Measuring Switch Time,
Rise Time, etc., (Switch~Time

Dependence of Coercivity and Stress
Hysteresis on Nucleation of Domains

Preliminary Report--Temperature
Effects in MIC-type Ferrite Cores 6-26-53 J. D. Childress

A Free Energy Model for the

Test Setup I 3-6-53 S. Fine

istics of Magnetic Materials 3-9-53 «J. B. Goodenough

Magnetic Moments 4-28-53 L. Gold

Comparator ) 5-11-53 B. Gurley

5-14-53 J. B. Goodenoughof Reverse Magnetization

Hysteresis Loop 6-16-53 A. L. Loeb
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Title Date Author

Engineering Notes (continued )

6E-563 Specifications for a Ferrite
Memory Core 6-30-53 D. R. Brown

Note: This series discontinued under date of July 28, 1954.
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Title Date Author

Memoranda

6N-1371 Magnetic Core Activity 1-15-52 W. N. Papian

6M-1381 Magnetic-Core Memory Matrix Analysis
(Effect of Driver Impedance) 1-24-52 2D. A. Buck

6M-1490 Procedure for Receiving Magnetic
Cores 5-16-52 D. R. Brown

6M-1529 Conference on Magnetic Core
Switching Phencmpra 6=16-52 A. Katz

6M-1582 High-Speed Magnetic Pulse Control
Circuits for Computers (Thesis
Propsal ) 8-6-52 H. K. Rising

6M~1650 The Effect of Size of Metal Cores on
4 Pulse and Hysteresis Measurements 9-25-52 R. F. Jenney

6M-1664 Conference on Thin Evaporated Metal
Films 10-6-52 A. L. Loeb

6M-1676 Polishing Specimens of Ferrites 10-14-52 F. EB. Vinal

6M-1681 Uniformity Tests on Ferrite Cores 10-21-52 J. H. McCusker

6M-1741 Metallographic Studies of Ferrites 12-4-52 D. R. Brown

6M-1767 An RF Readout System for a Coincident-
Current Magnetic-Core Memory (Thesis
Proposal ) 12-19-52 B. Widrow

6M-1785 Testing of Magnetic Cores 1-7-53 A. D. Hughes

6M-1806 Pulse Tests of the RCA Victor
Ferrite, XF-96 1-22-53 B. Smlowicz

6M-1811 Coordinate Conversion with
Memory-Core Matrix 1-27-53 D. McCann

6M-1830 MF-1326-B, F-291, Life Test No. Lee
Initial Tests 2-653 J. R. Freeman

6M-1883 Magnetic-Core Matrix Switch Adder 3-9-53 C. J. Schultz

6M-1893 Hysteresis Test Results from Five
New Glenco Ferroelectric Materials 3-10-53 C. D. Morrison
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Mtle Date Author

Memoranda (continued)

A. L. Loeb
N. Menyuk

6M-1943 Testing Cores for WWII 3-30-53 J. McCusker

:

6M-1929 AD HOC Conference on FeNi, 3-25-53 D. A. BuckJ. B. Goodenough

6M-1957 Procedure for Preparing and Strip-
ping Wires for MIC Memory Planes 46-53 E. A. Guditz

6M-1987 First Note on Pulse Transformers
for Memory Drivers * 5-27-53 F. Durgin

E. K. Gates

6M-1989 MF-1326-B, F-291, Life Test No. 2 J. R. Freeman

6M-2110 A Linear Selection Magnetic Memory
Using an Anti-Coincident Current

6M-2160 Energy Dissipation in SquaresLoop
Ferromagnetic Materials with Specific

Switch 5-8-53 K. H. Olsen

Application to Switch Cores 5-12-53 N. Menyuk

6M-2162 WWI Address Selection Systems, J. L. Mitchell5 6 53P.B. No. 61

6M~2167 First-Order Cancellation Residue in
Rectangular Memory Arrays < 5-15-53 D. A. Buck

éM-2186 Two Methods of Reducing Delta Noise 5-42-53 8. Fine

6M-2195 Further Work on Nondestructive
>

Read System 5-27-53 W. I. Frank

6M-2197 Read-Out and Digit Plane Driving
Systems, P.B. No. 62 5-28-53 W. J. Canty

S. Fine

6M-2219 Testing of Individual Cores in MTC

Memory Planes 6-16-53 A. D. Hughes

6M-2225 The Construction of Memory Planes
for the MIC Memory 6-10-53 E. A. Guditz

6M-2240 A Magnetic Core Test Storage 6-15-53 K. Olsen
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Memoranda (continued )

€M-2248

6M-2254

6M-2275

6M-2291

6M-2314

6M-2316

6M-2319

6M-2348

6M-2351

6M-2383

6M-2384

6M~2412

€M-2420

6M~2442

€M-2473

Page 10

Title Date Author

Tests of Some Magnetic-Matrix
Switch Operating Modes 6-17-53 J. L. Mitchell

R. S. DiNolfo

Sensing the Slope of Magnetic
Memory Output 6-19-53 K. H. Olsen

Equation of Motion for a Cylin-
drical 180° Domain Wall 7-30-53 P. K. Baltzer

Proposal for Reducing the Number of
Tubes Used in Driving a Magnetic
Matrix Switch 7-953 J. I. Raffel

Readout-Noise Reduction in a
Magnetic~Core Memory 7-23-53 S. Fine

Proposed Sense Winding for a
64 x 64 Memory Plane 7-23-53 W. J. Canty

Switch-Core Design and Power Loss 8-7-53 J. I. Raffel

8. Bradspies

A Large Planar Switch for Register
Selection in a Magnetic-Core Memory

An Analytical Review of Ne@l's
Molecular Field Theory of Ferri-

Ferrite Synthesis 9-19-53 F. E. Vinal

4

Procedure for Handling Cores During
Testing Program 7-23-53 W. J. Schallerer

Sensing Winding Geometry 8-6-53 J. I. Raffel

System in a Computer 9-18-53 B. WidrowTesting the Magnetic-Core Memory

(Thesis Proposal ) 8-31-53 J. I. Raffel

and Ferromagnetiam 9-16-53 A. L. Loeb

Interpretation of Memory-Core
Specifications 9-22-53 D. R. Brown

Magnesivm-Manganere Ferrites 10-22-53 Jo B. GoodenoughB-H Loop Squareness in the
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Memoranda (continued )

6M-2514

6M-2568-1

6M-2598

6M-2602

€M-2634

6M-2649

6M-2674

6M-2692

6M-2736

6M-2755

6M-2762

Page 11

Title Date Author

A Theory of Ionic Ordering, Tetragonal-
Phase Formation, Magnetic Rxchange,
and Lamellar Precipitation Due to
Covalent Forces in Spinels 5-77-54 J. B. Goodenough

A. L. Loeb

The Incorporation of a Magnetic
Matrix Switch into a Multiplanar
Coincident~Current Magnetic
Memory (Thesis Proposal) 11-12-53 A, D. Hughes

Pulse Response of Ferrite Memory
Cores 9-20-54 J. R. Freeman

Transformer Drive for a Coincident-
Current Magnetic Memory (Thesis
Proposal ) 1-5-54 E. K. Gates

Stress Effects in Ferrites and
Generalization of Switching
Coefficient for Non-Square
Materials 1-6-54 N. Menyuk

Multi-Coordinate Selection Systems
for Magnetic-Core Storage 1-19-54 R. S. DANolfo

Graphical Summary of Core Data in

A Comparison Between Square-Loop
Metals and. Ferrites for High-Speed

D. A. Buck
N. Menyuk

Ferrite Synthesis, II 2-11-54 F. E. Vinal

Core Memory Using External Bit

Core Drivers--Model V and Model VI
Applications, T.imitations, and

A Magnetic-Core Memory with External

the Mg0-Fe,0,-Mn0 System 1-25-54 J. B. Goodenough

Pulsed Operation 2-4-5) D. R. Brown

3-18-54 J. I. RaffelSelection

J. D. Childress

S. BradspiesSelection (Thesis Proposal) 46-54
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Memoranda (continued)

6M-2803

6M-2804,

6M-2839

6M-2840

6M-2873

6M-2880

6M-2919

6M-2943

Q-2945

6M-2969

6M-3005

6M-3035

6M-3059

6M-3097

6M-3107

6M- 3185

Page 12

Title Date Author

Magnetic-Core Shift Register Evalua-
tor 5-3-54 C. J. Schultz

Effects of Tape Thickness and Tem-
perature on Flux Reversal of 4-79
Molybdenum Permalloy 5-3-54 N. Menyuk

One One or the Other 5-26-54 R. P. Mayer
W. N. Papian

Test Results on the DCL Memory Plane 5-28-54 E. A. Guditz

Basis for Release of Ferrite Memory
Core Specifications 6-17-54 D. R. Brown

Evaluation of Ferroxcube Cores 6-28-54 P. A. Fergus

Sensing Winding Geometry and

X-Ray Equipment for Magnetic

F. E. Vinal

Current Calibrator (Chopper Model ) 8-10-54 J. D. Childress

Tentative Cathode Estimates for
2562 x 33 and 128 x 33 Core Memories 8-6-54 W. J. CantyJ. L. Mitchell

Bondeze Magnetic Wire for Memory

E. A. Guditz

An Investigation of Some Parameters
which Influence the Magnetic Charat-

7-22-54 J. I. RaffelTnformation Patterns @

Research 7-29-54 D. Tuomi

Plane Construction 8-27-54 A. Bowen

teristics of Ferrites 9-20-54 P. K. Baltzer

Thoughts on Incremental Permeability 9-17-54 Je

Description of Memory Test Setup IV 10-11-54 E.

High-Speed Core Driver 10-21-54 Ss. Bradspies

11-30-54 J.

B. Goodenough

A. Guditz

B. GoodenoughA Theory of Pervoskite-Type
Manganites (La,M(II), MnO.)3
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Title Date Author

Memoranda (continued )

Conference on Ferrimagnetism 11-12-54 J. B. Goodenough
P. K. Baltzer
F. E. Vinal

Paramagnetic Behavior of Ferrites
Containing two Kinds of Magnetic Ions 1-17-55 N. Menyuk

Transistor Circuits for Driving
Coincident-Current Memories 1-21-55 K. H. Olsen

Memory Plane Margins: DCL-2-720

A Transistorized Amplifier Discrimina-
tor for Core Memory Output Sensing

Experiments on a Three-Core Cell for

X-Y Tests on Memory Plane Units 4-11-55 J. W. Schallerer

Improved Memory Cores Produced in

Procedure for Stripping Wires for

L. B. Smith

A Trensistor Selection System for a
Magnetic-Core Memory (Thesis Proposal) 6-27-55 G. A. Davidson

Mod. III Current Calibrator 8-9-55 R. A. Pacl

Pulse Transformer Amplifier 9-7-55 M. M. Cerier

Geometry .of Magre 4tic Memory Elements 1-18-56 J. D. Childress

Memorandim

6M-3215

6M-3252

6M-3316

6M-3390

6M- 3417

6M-3505

6M-3526

6M-3530

64-365)

6M-3699

6M-3717

6M-3805

6M-3820

6M-3856

6M~4064

6M-41089

J. L. MitchellCores vs S-1 Cores 2-21-55

(Thesis Proposal) . 3-77-55 F. W. Sarles,Jr.

High-Speed Memoires Jd. I. Raffel
S. Bradspies

Tincoln Laboratory 4-13-55 F. E. Vinal

E. A. Guditz64 x 64 Memory Plane Modules 6"7+55

Specifications for en? Memory Plane
Module Frame 6 20-55 5. A. Guditz

Address Register 8-10-55. W. A. ClarkEMAR: An Experimental Memory

12-27-55 J. B. GoodenoughRemarks on Domain Patterns Recently
Found in BiMm and Sife Alloys
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Memoranda (continued)

6M-4137

6M-4153

6M-4218

6M-4298

6M-4328

6M-4362 Magnetization Reversal in Thin Films 6-4-56 D. O. Smith

Page 14

Title Date Author

Memory Core Heating by Switching at
High Frequencies 1-31-56 J. D. Childress

The Noise Problem in the Coincident-
Current Memory Matrix 2-13-56 J. D. Childress

A Sequential-Access Three-Microsecond

T. H. Meisling

Proposed Research Program on Thin

'The Influence of Chemistry on B-H

Core Memory 3-8-56 R. L. Best

Film 4-17-56 A. L. Loeb

Loop Shape, Coercivity, and Flux-
Reversal Time in Ferrites 5-16-56 J. B. Godenough
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Title Author

Collections

Group 63 Seminar on Magnetism Memoranda
covering the Introduction and Lectures
I to LV and Appendices I to VII have been
released for the anademic year 1952-1953.

Memorandim covering Lecture I of Vol. 2
has been released. Seminar was discontinued
after Lecture I of Vol. 2.

A. L. Loeb
N. Menyuk
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Articles

Forrester, Jay W., "Digital Information Storage in Three
Dimensions Using Magnetic Cores," Journal of Applied Physics,Vol. 22, pp. 44-48, January 1951.

Papian, William N., "A Coincident-Current Magnetic Memnry
Cell for the Storage of Digital Information, " Proceedings of
the Institute of Radio Engineers, Vol. No. 4, April 1952.

Goodenough, John B., "A Theory of the Deviation from Close
Packihg in Hexagonal Metal Crystals, Physical Review, Vol. 89,
No. 1, pp 282-294, January 1, 1953.

Speed Digital Computers, Electronics, April 1953.
Brown, David R., and Albers-Schoenberg, Ernest, "Ferrites

Menyuk, Norman, "Magnetization Reversal of Square-Loop
Polycrystalline Materials by Domain Growth, Physical Review,
Vol. 91, pp. 434, July 15, 1953.

Papien, Williem N., "The MIT Magnetic-Core Memory, " Proceed-
ings of the Eastern Joint Computer Conference, December 1953.

Brown, David R, Buck, Dudley A., and Menyuk, Norman, "A Com-
parison of Metals and Ferrites for High-Speed Pulse Operation,
Transactions of the American Institute of Electrical Engineers,
Part I Communications and Electronics, Vol. 73, pp. 631-635,
1954.

Buck, Dudley A., "Nondestructive Sensing of Magnetic Cores,"
Communications and Electronics (bi-monthly), January 1954.

Goodenough, John B., "A Theory of Tomain Creation and Coercive
Force in Polycrystalline or " Physical Review,
Vol. 95, No. h, pp. 917-932, August 15; 1954.

2

Freeman, James R., "Pulse Responses of Ferrite Memory Cores,"
Proceedings of the Wescon Computer Sessions, August 25-27, 1954,
Los Angeles, California.

Widrow, Bernard, "Radio-Frequency Nondestructive Readout for
Magnetic-Core Memories, Proceedings of the Institute of Radio
Engineers, Professional. Group on Electronic Computers, Vol.
EC-3, No. 4, December 1954.

for Digital-Computer Components I. A Theory of Flux Reversal
in Polycrystalline Ferromagnetics, tf Journal of Applied Physics,
Menyuk, Norman and Goodenough, John B., "Magnetic Materials

Vol. 26, No. l, 18, January 1955.
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Articles (continued )

Papian, William N., "New Ferrite-Core Memory Uses Pulse
Transformers, " Electronics, March 1955.

Raffel, Jack I. and Bradspies, Sydney, "Experiments on a 3-Core
Cell for High Speed Memories, Convention Record of the
Institute of Radio Engineers, April 1955.

Goodenough, John B. and Loeb, Arthur L., "Theory of Ionic
Ordering, Crystal Distortion and Magnetic Fxchange Due to
Covalent Forces in Spinels, Physical Review, Vol. 98, No. 2,
pp 391-408, April 15, 1955.

Menyuk, Norman, "Magnetic Materials for Digital-Computer
Components II. Magnetic Characteristics of Ultra-Thin
Molybdenum-Permalloy Cores," Journal of Applied Physics, Vol. 26,
p. 692, June 1955.

Childress, James D., "The Noise Problem in the Coincident-
Current Memory Matrix, Proceedings of the Conference on
Magretiam and Magnetic Materials, American Institute of
Electrical Engineers, October 1955.

Smith, Ronald 0., (abstract on) "A Vibrating-Coil Magnetometer
and its Application to the Study of the Curie Point of Magnetite,
Proceedings of the Conference on Magnetism and Magnetic
Materials, American Institute of Electrical Engineers, October
1959

Goodenough, John B., "The Role of Covalence in Oxides Containing °

Manganese, Conference on Magnetism and Magnetic Materials,
ineers October 1955.American Institute of Electrical

Goodenough, John B., "Theory of the Role of Covalence in the
Perovskite-Type Manganites (La,M(II))Mn0.," Physical Review,
Vol. 100, No. 2, pp. 564-573, October 15;a 1955.

Smith, Donald 0., Development of the Vibrating-Coil Magnetometer
and Its Application to Magnetite, Technical Report 102, Labora-
tory for Insulation Research, MIT, November 1955.

for the Assembly of Core Memory Planes,' Electronics,
February 1956.

Guditz, Elis A., and Smith, Lloyd B., An Improved Technique

Goodenough, John B., 11 Interpretation of Domain Patterns Recently
Found in BiMn and SiFe Alloys, Physical Review, Vol. 102,
No. 2, pp. 356-365, April 15, 1956.
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Articles (continued)

Smith, Donald 0., "Development of a Vibrating-Coil Magnetometer, "
The Review of Scientific Instruments, Vol. 27, No. 5, pp. 261-268,
May 1956.

Smith, Donald 0., "Magnetizetion of a Magnetite Single Crystal
Near the Curie Point," Physical Review, Vol. 102, p. 959, May 15,
1956.

Taylor, Norman H., "Magnetic-Core Storage Development, pre-
sented in England in April 1956, to be published later in
Proceedings of Electrical Engineers.
Goodenough, John B., "The Influence of Chemistry on B-H Loop
Shape, Coercivity, and Flux-Reversal Time in Ferrites, to be
published in England.

Goodenough, John B., "The Origin of Losses in Magnetic Materials,
to be presented at October meeting of the American Institute of
Electrical Engineers, Boston, Massachusetts, and later published
in the Conference Proceedings.

Goodenough, John B., and Loeb, Arthur L., "Semicovalence and
Anisotropy in Magnetic Oxides," to be presented at October meeting
of the American Institute of Electrical Engineers, Boston,
Massachusetts, and later published in the Conference Proceedings.

Author
JMS; jms M, Sullivan
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Tigital Computer Laboratory
Massachusetts Institute cf Technology

Cembridge 39, Massachusetts

SUBJECT: MAGNETIC-CORE MEMORY MATRIX ANALYSIS (EFFECT OF DRIVER

To: Kenneth H. Olsen

From: Dudley A. Buck

Late: Januery 24, 1952

Abstract: The following analysis of a magnetic-core memory shows the
extent to which the quiescent internal impedance of the row
and column drivers affects the selection ratio.

Consider a square N by N matrix of identical magnetic cores
(Fig. la). Having selected a row end a column, the matrix can be redrawn
(Fig. 1b) as it is seen looking between the selected row and the selected
column. One core, the selected core, links the selected row and column.
From the selected row one core links each of the (N-1) unused columns and
from the selected column one core links each of the (N-1) unused rows.
In addition, each of the (Nel) unusec rows ie linked to each of the (Nel)
unused columns (dashed lines).

Whatever the currents in the unused rows, they will, by sym-
metry, be identical. We can therefore connect them in series for this
enalyeis (Fig. le). Similerly, we cen connect the unused columns in
series.

The final step (Fig. 1d) is to slide together cores which link
the same pair of wires giving a composite reduction of the matrix into
four cores; core A is the selected core, cores B ere the cores lying
along the selected row end column but not at the intersection, and C

represents 611 other cores in the matrix. If core A has @ cross-sectichal
erea A, cores B each heve area (N-1)A and core C has area

1 + 2(N-1) + (N-1)? = N2

let:
Hy, = magnetic field acting on core A

Hp = magnetic field acting on cores B
Hc = magnetic field acting on core
4; = current in selected row and column
i> = current induced in unused rows end columns
Q = meen magnetic peth (circumference) of all cores
Single-turn coupling throughout
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From Fig. ld,
1

Q

Hg= 42-42

Ho= 242

We will now consider two driving condition extremes; the first
is one in which the quiescent internal impedance of the row and column
drivers is infinite and the second is one in which the quiescent internal
impedance of the row end column drivers is zero. We will define the
selection ratio as

Hytlg f Hy>H,
HytHg 4f Hp< Ho

Infinite Quiescent Internal Impedance Row and Column Drivers

In this condition, no induced currents are allowed to flow in
the unused rows and columns.

Therefore: 1, 20
Hy = 24)

g
Ay 2 4

Q

Ho =O

In this driving condition, the selection retio, Hy3Hp, is 2:1
regordless of matrix size.

Zero Quiescent Interne] Impedance Row and Column Drivers

The current induced in the unused rows and columns, in, is due

to a voltage produced by flux changes in cores B. This current is iimited
only by a voltege of opposite polarity produced by flux changes in core C.
Since the loop is assumed to have zero impedance, these voltages, and

therefore the changes in flux, must be equal.

agp
dt dat
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but: B

atdt

=
6 (Nel) adat

Assuming p= Ho» and equating these two, we have:

(ner)

Assume that Hy and Ho both start from zero. At any time, T,

at dt

then:
Hp .(N-1) Ho

We see that for any size matrix, Hp>Ho, and the selection
ratio therefore is Ha:Hg

From: Hp w(N-l) He
Hg = dy 2

He = 232

We can writes

Q

dy 22 (2N=1)io

And:
Hy =

Ay =

And the selection ratio, H,Hp, equeis 7Nel
We see thet the selection ratio in this driving condition ia

s function of the matrix size, Tabuleted below is for several
values of N: Nel
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Selection Ratio
2N-1

3.0021
2.501
2.3321
2.2531
2.2031
2.1631
2.1431

16 2.0631

1

Symmary

For drivers with infinite quiescent internal impedance, the
selection ratio is always 2:1. For drivers with zero quiescent internal
impedance, the selection ratio is always better than 2:1 and it depends
upon the matrix size. It can be as high as 3:1 for a 2 by 2 matrix but
4t drops off rapidly ae the matrix size increases. For a 16 by 16 matrix,
the selection ratio varies but 3% as the quiescent internal impedance
of the drivers is varied over the entire range from zero to infinity.

SIGNED q
Dudley Buck

DAB/ep

Drawing SA-50769
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Digital Computer Laboratory
Massachusetts Institute of Technology

Cambridge, Massachusetts

SUBJECT: SAMPLE PROBLEMS FOR APPLICANTS FOR EMPLOYMENT

To: C. R. Wieser

From: D. R. Israel
Date: February 11, 1952

The following are some problems which might be used in deter-
mining whether an applicant is interested and suited for the type of
work done in the Applications Group of Project 6889.

Problem 1. Assume that you are offered two jobs. Job A has
a salary of $1200 a year with an annual raise of $200. Job B starts
with a semi-annual salary of $600 and has a semi-annual raise of $50.
Which job would you choose?

Problem 2. Assume that you have been given a set of 6); cards,
On one side of each card is written a number between 0 and 1000. The
cards are then put into numerical sequence and are laid out in a row,
face down. On one of these cards the mumber 230 has been written. The

job at hand is to find this card, but in doing this only the minimum

number of cards must be turned face up. What is the minimum number of
cards which must be turned face up before you can guarantee to find the
desired card? Can you generalize your answer in the case where there
are n cards?

Problem 3. Assume that you have a rectangular surface measur-

ing 90" x 33", We wish to cover this surface completely using rectan-
gular pieces of paper 9" x 5", What number of these pieces of paper will

Thi document is issued for internal distribution and use only by and for Lin-
eoln Laboratory personnel. It should not be given or shown to any other n- jointly by the Department of the Army, the Depart-

'The research reported in this document was supported

dividuals or groups express authorizat on. It may not be reproducedwithout ment of the Navy, and the Department of the Air Force
im whole or in part without permission in writing from Laboratory. under Air Force Contract No. AF 19(122)-458.
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be needed to cover the surface, and how much paper, if any, must be
wasted in cutting these pieces of paper so that the area covered it
exactly 90" x 33" and no papers are overlapped? If a piece of paper
is cut in several pieces, only one of the pieces may be used.

Problem The rate of climb of a jet aircraft decreases with
altitude. Assume that this variation is linear and that the rate of
climb at sea level is 8,000 ft. per minute, while at 50,000 ft. it is
1,000 ft. per minute. Derive a formula which will enable you to deter-
mine the time that it will take the aircraft to reach any altitude up
to 50,000 ft. If the performance figures given above are accurate to
only about 10%, can the required expression, giving time as a function
of altitude, be replaced by a simple approximation if the maximum alti-
tude in which we are interested is limited to 20,000 ft.? If there is
such a suitable approximation, can you estimate its approximate error
at 20,000 ft.?

Problem 5. Assume that you are asked to consider the problem
of directing and aiming anti-aircraft guns on a naval vessel. The naval
vessel will be maneuvering and will be firing at maneuvering aircraft.
What are the important factors and pieces of information about which

knowledge would be necessary in considering the computational aspects of
the problem?

Problem 6. The sequence of numbers, 0, 1, 2, 5, 6, 7, 0, 1, 2,
5, 55 Ty is generated by the expression Xe" (xp + 1)nod 10.
Given the sequence of numbers 1539795915357 YOU

derive an equation for generating this sequence? Can you do the same

for the following sequence: 2)3,7543,1807,..+ee?
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Problem 7. Assume that Figure 1 below represents a network
of cross streets. The section shown is six blocks by six blocks, The
blocks are all of equal length, L. What is the length of the shortest
path(s) between a and b?

Figure 1

a
In Figure 1 assume that motion to the right is indicated as

+H, motion to the left as -H; motion up as +V, motion down as -V. With
this notation, any path between a and b can be specified as a sequence
of H's and V's with appropriate algebraic signs. For example, the path
+H,+H,+H, +H, +H, +H, +V,+V,4V,+V, 47,47 specifies the path from a to b

going around the outside of the network horizontally to the right and
then up. Assume that a number of these paths are available on paper
or have been punched out on cards or paper tape. It is then desired to
use a machine to pick out the shortest path(s) between a and b. Among
the properties which it is possible to give this machine are those of
addition, subtraction, multiplication, division, or the recognition of
a negative number. Of the above properties, which should the machine
have? (Assume that there is at least one path of length 12L.

In Figure 2 how many different (distinct) paths are there
between a and b? Any one path must not retrace any section of itself.

b

Figure 2
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Problem 8. Assume that you are given a list of 100 angles. The

angles are all positive and are measured in degrees between 0° and 360°,
but the angles are not listed in any special numerical order. It is
desired to find all those consecutive pairs of angles in this list which
have an angular separation whose magnitude is less than 5°, Assume that
this is to be done by a machine whose arithmetic capabilities consist
of addition, subtraction, the taking of magnitudes, and the determination
of positive and negative results. No comparison is desired between the
first and the last (hundredth) angle. Write the necessary expression(s)
using the angles 0, and Os+1 and only the machine capabilities mentioned
above. As an example, if we wished to find whether angle 6.. were

arithmetically greater than angle 9 we would form the expression:

p 8. eiitl

If p were positive, would be greater than 9,5 if p were negative,
would be smaller than For purposes of the problem at hand,

we can consider a zero difference as being positive.

Problem 9. Assume that a computing machine were to be used

to operate the traffic lights in a metropolis so as to expedite the
flow of traffic; that is, depending upon the results of its computation
or other activity, the computer will be able to turn any traffic light
in the city either red or green. Make a list of the different types of
information which you would need in studying this problem, and also a

list of the information which would be needed by the computer in carry=

ing out the problem. Discuss the means whereby this latter information

might be gathered; that is, from what sources.
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Problem 10. On the next two pages are given flow diagrams for
forming the expression

ax? + bx?

Each line in these flow diagrams represents a single operation, either
that of multiplication, addition, or the saving of an intermediate
result for later use. Flow Diagram A and Flow Diagram B form the
expression

+ bx2 + ox +d

9 steps. Draw a third flow diagram for forming the same function but
requiring fewer steps. (Each step requires a single computer operation
and the fewer the number of steps, the faster the solution of the problem.)

in two different ways; Flow Diagram A requires 1 steps while B requires

Problem 11. Assume that a different positive number is written
on each of three pieces of paper. One of these pieces of paper goes into
Box #1, another into Box #2, and a third into Box #3. Assume that a
Box #, is initially empty. On page 9 is a flow diagram for manipulating
upon the contents of these boxes. The notation used is as follows:

c(2) means the contents of Box #2,
means place into,

e(2) -4 means place the contents of Box #2
into Box #h,

e() c(2) means subtract the numerical value
of the contents of Box #2 from the
numerical value of the contents of Box #h.
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Flow Diagram A

Form ax( * ax)

Form ax ( ™ ax.Xx)

Form ax?(= ax"x)

Save for future use

Form bx( * bex)

Form bx" ( * bxex)

Add ax', giving ax + bx

Save + bx? for future use

Form cx( * cex)

Add ax? + bx', givingax? + bx" + cx

2

Add d, giving + bx' + cx +d
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Flow Diagram B

Form x? (xex)

<-

Form ax( a,x)

Add b » giving +b

Form iax? + be

Saveax? + bx"

Form cx( * .x)

a
<-

Add d, givingx +d

Add Wx? + bx?, giving ax + bx' +x+d

Page 7

Save x for future use2.

J

(ax2 + b)
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In this problem, assume that a zero resulting from a subtraction is a
negative number. After studying the flow diagram, describe the
resulting action and the relationship of the numerical value of thefinal contents of Boxes #1, #2, and #3. Describe what happens if two
or more of the papers have the same number.

Signed
R. Tsrael

ApprovedCR
C.R W eser
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Flow Diagram

START

worn
Is c(h) c(1) negative?

yes

L
o(3)-)h

Is c(4) c(1) negative?

yes

3
o(

e(h)=>
c(3) yh
c(h) = c(2) negative?

yes

c(2)-s3
e(h)2

FINISHED

Page 9

2

bas 2

e(1)
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Digital Computer Laboratory
Massachusetts Institute of Technology

Cambridge, Massachusetts
:

SUBJECT: STABILIZED TRANSISTOR AS A FOUK TERMINAL NON-LINEAR NETWORK*

To: Transistor Group

From: John F, Jacobs

Date: March 6, 1952

Abstract: This memorandum outlines a method for describing the char-
acteristics of a transistor with base stabilization, The
method consists of plotting the linearized emitter and col-
lector characteristics for the stabilized transistor treat-
ing the whole unit as a four terminal network, On these
linearized characteristics the locus of the points at which
the various diodes (emitter, collector, and base) switch is
clearly presented, Several experimental checks are made
which indicate the closeness of the linear approximation to
the actual characteristics,

1,0 The Stabilized Transistor Circuit Element

The circuit shown in Fig, 1 occurs so often in transistor
trigger™* applications that it is profitable to study it in detail, It
differs from the unstabilized transistor in that an external resistance,
Ry» a switching diode, Tha! and a biasing network, Vos and Rig? are in~

serted in the base circuit,
When the large signal equivalent circuit for the transistor

and a Thevinins equivalent circuit of the base diode and its biasing net=-

work are substituted in Fig, 1, the circuit, Fig, 2, results,

* This memorandum is part of a thesis progress report, See S, M,

Thesis Proposal M-1353.

A trigger circuit is one which is characterized by a negative resist-
ance characteristic and usually exhibits more than one stable state,

Alder, Richard B, Large Signal Equivalent Circuit for Transistor
8tatic Sharacteristics R.L.E Transistor Group, August 30, 1951.
Revised October 2, 1951
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Representative magnitudes of the equivalent large signal circuit
parameters are given in the Table 1 so that the following derivations can
be simplified by dropping insignificant quantities:

Table 1

Parameter Typical Value (Ohms)

Tor 100

or 200,000

"ef 80

er 20,000

Thar
100

Thar 500,000

200

Rs 10,000 ~ 30,000

R.
1000 -3000

de 2.5. I,>0
0 1,40

1.1 Conditions Under Which the Base Diode Switches

When the base diode is about to switch, the voltage across it
and the current through it are both zero, Under this condition

I, +1 = "bs (2)

When: I, + I, (2) .bs
Ros

The base diode must be open because point (a), Fig, 1, is negative with

respect to ground,

1, +1, >, "bs (3)When:
Rus

The base diode is closed because point (a) is positive with respect to

ground,
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1,2 The Collector Characteristics of the Stabilized Transistor Circuit
Element

The stabilized transistor circuit element is treated in this
section as one treats a transistor, and the collector characteristic
(Vv, as a function of 1 with I a parameter) is found in the same way.e

For the plot of the collector characteristic, the collector loop
equation is written", It iss

vo = I, (R,' +fec) + I + r,) + vy (4)

Thq *
8

+ s

Where +R2 + bd

And Vy,
py Ye

1,21 Locus of Points at Which the Base Diode Switches

When equation is substituted into equation 4, an expression
for as a function of I is obtained, This is the locus of the point:
at which the base diode switches:

8

bs (Ry(1Ir (5)e a

Three distinct regions are apparent when one studies Equation 5.
These regions. are dependent. upon the positions of the base ana collector
diode, The condition at which the base diode switches is explained above,

c
+while the collector diode switches when

Region 1: 1,<0 3

In this region =O 3 Toy

* For the current generator, 1,5 and the collector diode, substitute

@ the Thevinins equivalent circuit before writing the loop equations,
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Then:

s
c er bs ( ) +I r

Or when one substitutes for and Vy as defined above:

+ ry)bsVI r
8 (5a)

Note that when I = 0 the point at which the diode
switches is (from Equation 1)

, bs (5b)
Ros

and substituting 5b in 5a

-+ ole

V vy + r "CYbs (Ry er bs (5e)
Rus

w
e

Region 23 1,70 3

In this region:

"er
5

and:

bs (Ry tr, +ofoor) (5d)
8

cr (1

The value of V, is also found at the point where the col-
lector diode switches; that is, where:

I = (a)

When this equation is substituted into (4) one obtains:

VY =I + V.
c c bs

+ (b)

The point of intersection of (b) with (5d) is:
(5e)bs

Rus
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(5f)bs ( +

Region 3: 1,>0 3 3 1,77

In this region:

Xe70 and r =
Toe

Then:

(5g)efI r (1 --7_) - "bs e ef

Thus, the locus of the points at which the base diode switches
is established by means of the equations 5a, 5d, and 5g, or it can be
determined by means of the four check points developed in the text 5b,
5c, 5e, 5f, and the intercepts of 5g and 5a, This locus is sketched
in Fig, 3, The four points are numbered 1, 2, 3, and 4, Equations 5b
and 5 determine check point 2, and equations 5e and 5f determine
point 1, The intercept of 5a determines point 3, while the intercept
of 5g determines point 4.
For example: Let the parameter values in Table 1 apply. Let Res

= 20,000
and Ry = 1000, Let Vos

= 20V, Find the locus of the points
at which the base diode switches,

Ros 20,000
bs(5a) Intercept 20 (1200) : Volts

(5b) 20 1 Milc 20,000

(5e) bs (Ri + r )
Ros

(5g) Intercept = = "bs (RL +1, ) = -1073 x 1400 = =1.4 Volts

cr 1077(21,200)* 21,2 Volts

(5e) I x Me =10 3 x2 1,66 Mils
Rus Ae ~ 1.5

bs (R, + ry) = x 1200 = = 1.2 Volts

ef
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@ 1,22 Plot of the Linearized Collector Characteristics

Equation 4,

Ve
= Ie (Ry + I ( + r ) +

y (4)

is the equation which is used to plot the collector charac=
.teristics, The left half of this current-voltage plane can
be divided into 6 regions in each of which one can modify 4
in such a way that the linearized plot is simplified,

oSaRegion 1: 1,<0 3 1 + bs .

In this region;

i "bd "bar,cr

With simplification by neglecting insignificant terms, Equa-
tion 4 becomes:

(4a)b + r ) + I er

Ros
Region 2: 0 > +I>- "bs 3;

AI

In this region:

4,79 ;

Neglecting insignificant terms, Equation 4 becomes:

er bdf,

I, (Toy) + I (Ry + Poy (4b)

Region 3: 1570 XI
Rus

e e

In this region:

5 F Tha pas,

Neglecting insignificant terms, Equation 4 becomes:

70 ef

e (try + r ) t Ic (Rt t Thar * Poe! (4c)Vc
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Region 43 o
3

Region 5:3

Region 6:

bs

In this region:

"er 5
= r * Tha = "par.

Neglecting insignificant terms, Equation 4 becomes:

(4a)I (Rbs + I c cr' 'bs> r ) > Vv

1,70 ; I,f-%,1, ; I, + 1,<- "bs ; Vi<0
bs

In this region:

cr > 0 bd
= "bdr

Neglecting insifnificant terms, Equation 4 becomes:

(Rig +o roy) + 1, (Rog * Tor! + Vos (4e)

I
8

In this region:

Tee Pop 5 5 Pha = Phar,

Neglecting insignificant termes, Equation 4 becomes:

Voit, (Rog RL) + (R, + RL) I, + 'bs (4f)
The diagram, Fig. 4, shows Equation 4 plotted in the

six regions. The values of the parameters used in the previous
example were used for this plot.
1.23 Experimental Check of the Results Predicted From 1.22

The circuit shown in Fig. 5 wes built® end the col-
lector family was determined experimentally. A General Electric
G11A and a Bell 1698 were used which have the parameter values shown on

* John Fo Jacobs and Yolan To Jones, Standardized Transistor Parameter
Measurements, E-441, January 3, 1952.
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Figures 6 and 7. Figures 6 and 7 show the calculated and experimentally de-
termined characteristics shown on the same grapho

103 Linearized Emitter Characteristic of Stabilized Transistor Element

For the emitter characteristic (I, as a function of with qT, asa
parameter) the emitter loop voltage equation is written:

I (r, + R,') + I (R,,") + Vv
e

"babs

bd ys (6)

+ Ty + TyakbsWhere

4
be "ha

+R

1031 Leeus of Points at Which the Base Diode Switches

If Equation 1 is substituted into Equation 6, one obtains

bs (r,#R,)
I re e

Ros (7)

This is the locus of the point at which the base diode switchess Two

distinct regions are evident:

Region 1 <0

Region 2 I, 0

er 'bs (r +T r
Rus (7a)

ef "bs ( r +Ry )
(7b)

I r

This locus is shown in Fige & This figure is drawn using the parameter

values of the previous example>
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1032 Plot of Linearized Emitter Characteristic for Stabilized Transistor Element

Four district regions are evidents These are mapped on Figo 8

Region 1. T +Ie cT LO; bs
Res

In this region r = Ter} rTd
=

Thar

when the insignificant terms are neglected in Equation 6.

ve = Tver + T(r R,tryae) (6a)

Region 2

Bhs

In this region Tr =
Tees Tha

= "bar ;

Region 3 I 7 03 I #I
Ros

In this region r =
Tees "ha "bar

and :

Region 4 0 + I< -

In this region r =
Tor? "ba

=
Thar ?

and:

= I ror * I, (Rus + R,) + Yee (6d)

and neglecting insignificant terms 6 becomes

(ref ) +T c b
tr (6b)

bs

+ + (be)

bs

For the typical example which has been carried along throughout this
discussion the plot of 6a to 6d appears in Fige %
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1033 Locus on the Collector Characteristic where the Collector Diode Switches

The collector diode switches when:

I, = T (I,>0) (a)

If (a) is substituted into Equation 6, one obtains:

Ve= T R, bd
r * (1 *

+"bd Rus (b)

Three regione, aré apparent::

Region 1 T < 0; I,7-l, "Vi. ;
Roe

Region 2 T 70;

V ef +R map) (l= (a)

Region 3 >0 eI, Vhs

=1 Tet * (Rye *R,) 2 - 4.)+Vbe (e)

This locus is sketched on Figo 9c

Experimental Check of Results Predicted from 103
*

The circuit Figs 10 was set up and the emitter family was plotted
experimentally for a General Electric G-11A transistore Calculated and plotted
values appear in Figs lle

* The pentode was necessary to maintain the constant collector currents-

V I (r + R,
N f N

er e er (c)

C bs
Rus

Ros
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1-4 Conclusion

1-41 Simplicity of Plotting the Characteristics

When the parameter values are known, one can approximate the collector.
characteristics by calculating (7) points*, and the emitter characteristic by
calculating (2) points and (3) slopes.**

1°42 Comparison of the Stabilized and Unstabilized Transistor Characteristics

The most significant thing about the base stabilized characteristics
is that the slopes and spacings of the constant parameter lines are made somewhat
independent of the transistor parameter values» This is especially true of the
Slopes and spacings of the constant collector current lines on the emitter character-
isticso To a lesser extent, it is true on the collector characteristics» Thus,
the linearized equivalent circuit is a better approximation for the stabilized
transistor circuit than it is for the transistor itself. The approximation is best
when R and Ris are large and & e in the transistor is quite constante

The addition of the base stabilization circuit has the effect of reducing
the effective value in the region where the base diode is opene This is shown
as follows» For the unstabilized transistor:

r
V = constant

c D Al,r tr
or in the region where the collector diode is open Tero b
80, e

when the base stabilization circuit is added from Equation 4

o AIc

Ve = constant

c
+r

* Further assumptions would lead to four point approximation which would be

satisfactory for most purposese These points are (1), (2), (5), and

@ ** This can be simplified if one assumes that Ter is very smallo
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q

when the base and collector diodes are open R Y
Bos which is about the value

of 803cr
= Ris + cr

R +r
be er

and the ratio of% to & =}
+r er

e

Ris + Roecr

These approximations can be used to space the constant emitter current
lines in Figure 4- In fact, thie is the simplebt way to space these linese

John Jacdbs)

Approved:

Tllustrations:
Figure 1 - SA=-50963-1
Figure 2 - Sé-50963=1
Figure 3 - SA=50964
Figure 4 - SA-50965
Figure 5 - SA-50966
Figure 6 - SA-48306-G
Figure 7 - SA-48307-G-1
Figure 8 = SA-50967
Figure 9 - SA-50568
Figure 10 - SA=50969

'lor
(Norman Ee TaylorJJ sak

Figure 11 SA-8308-G

ces Standard Trans. Dist. (15)



Stubitizea Transistor Circuit

Ry

bs7

c= ler
Te =

Yee \

Equivalent Circuit
Tae, 2



Region in which Base Diode is closed

I + I 7 Vos

Ris

Vor Vos
R (Ry tly

bs (Ry + Tp)1-e )
R

3 -2
os bs

_-

Region in which Base Diode

is open

+

bs

r ( 1-H)
(Ry + Tht, bef)

bser

10

bs

20
bAL2

C- bs + rcr)
bs

440

Ve

Ros
-30

FIGURE 3

Four point method for showing locus of Base Diode switch



Rerion 3

0

Te +1,7- Vos

10

OTe (Rbt Tht "hare Me Per)

1

SA
SO

Ye

20
19.2

I > - Kel,

Intercepts at
bs

2

I< 0

Rbs
I,< - Ke

* -10
loints

(1) ve -

Vos (Ri+ Ty

bs

(2) V
- "os (Rie rcr

Ris
Recion 4

I< Res

-40 s

"pdr + tos

Collector
Lioce tches e € cI +1 > bs

bs

bs
Rerion 4 Me

Re: 20 "c= bs Ae1

el4

+ x
1.4 bs

/, 30

(3) Vis (R r
b )

I,+ I< Vvbs

bs (4) c- 'bs (r ef

Tos

(6) rbef
r Rbaf + "bs

Liniarized Collector Family From 7 Points
(7) { 10 be

FIGURE 4 ef



Circuit For Taking Collector Characteristics

O-3ma. O-3ma.
+

a250v
82K

1000
~45v

'o-sov
5 10

100 micro-
amp movement

The 22.5

FIGURE D
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8
I <0

7

x Ros 6

Base Diode

3

Region 1 2

14

+ Vos

2

Region 2

1,705

is Closed 4
Base Diode
is ClosedRos

1 2 3 4fi1
+ +

me Tey1
Ves2
Rus

2 2 Region 3
4

Reg on
bsI + I Z

One Point And Two Slopes For Plotting Switch Locus

bs
bs

Base Diode
8

Base Diode
is open

is open This slope is actually much steeper but is drawn
this wav to show one of the four regions

FIGURE 8
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Digital Computer Laboratory
Massachusetts Institute of Technology .

Cambridge, Massachusetts

SUBJECT: LINEARIZED CHARACTERISTICS OF A BASE F&D, GROUNDED EMITTER
TRANSISTOR

fo: Transistor Group

Fron: John F. Jacobs and We A. Klein
Date: April 3, 1952 7

Abstract: The linearized input and output characteristics of a grounded
emitter transistor are derived.

3-1 fhe grounded emitter transistor

In this note, as in M-1400, the transistor circuit is treated as a
four-terminal network and the input and output characteristics are plotted.
The input or base characteristic is a plot of input voltage, as a function
of the input current, I,, with the output current, lye as @ parameter. The

The circuit under investigation afd ite large signal equivalent are shown in
Figure l.

as aoutput or collector characteristic is a plot of the dutput voltage,
function of the output current, with the input current, I,, as a parameters

3.2 The base characteristics

The base loop equation is:
1) , =1,(z,+ R ) +1 (E,)
where r +B and, for later use, +Rer er ef efr +R

3.21 Locus of points at which the emitter diode switches

Examination of equation 1) shows that the emitter diode, r
. 48 the only two-valued resistance which must be considered when one

'geroe This leads one directly to:switching when the current through F and the voltage across Ez, are
plots the base characteristic. The emitter diode is in the act of

Za) =i,
as the locus of points on the v. plane at which the emitter diode
switches, and to

2b) 1, = -1,

for locating the particular point on this locus at which switching
occurs for a given value of I
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3022 Regions in which the emitter diode is open and closed

When:

Wir, of I 7
the voltage across must be greater than zero and the emitter
diode is open.

When:

VS I
D
r .or I, <-1,

the voltage across R mist be less than zero and the emitter diode
is closed.

3223 Typical Base Characteristic

As an example, consider the transistor D-51, which is a GllA.
This transistor has the following large signal equivalent circuit
values, as measured by the methods outlined in E-441:

r = 120ef
5 megeer

r,=100
20,000

a = 2.4
t

and let 1,000
er

In the region where the emitter diode is closed, equation 1) becomes:

( ryttefla) v )tI (r +R )ef
Substituting the above valués in this equation, one obtains:

LA
= 1, (200#120+1000) +1 (]12041000)

lb) =

In the region where the emitter diode is open, equation 1) becomes:

1c) LA
= I(rb tB, )41 c(2, )

Substituting the typical values into 1c) one obtains:

1a) V, 71,5 x20)+I (5 x10)6 A

Using 1b) and lc) and equation 2a) one can plot the input character-
istics of the grounded emitter transistor. This plot appears in
Figure 2.
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3-24 How to plot the base characteristics
The simplest way to plot these curves is to proceed as

follows:

a) Define the factor[":
3) pededl, Ls

From equation 1) we find:

3a) r +8
When the emitter diode is open:

R
3d) er 1

er

When the emitter diode is closed:

3c) ef +k
r tr +Eef

b) Draw the locus of the points at which the emitter diode
switches (equation 2a)

c) Draw the line representing I = 0 when the emitter diode is
open. The line is almost a Vertical one.

a) Draw the line representing I 0 when the emitter diode is2closed (slope is r, + RB, + Tor)
e) Space the lines according to 3b) or 3c).

3.25 Locus of points where the collector diode closes

The collector diode closes when:

4) I

If one substitutes this equation along with the relation-
ship

5) 1, = I

into 1), one finds that:
Re

6) ,,
= 1

When the emitter diode is open this is:
6a) Ls

=
LL ry+r +2ef

er
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For our example, this is:
6I 5 x 10

When the emitter diode is closed this is:
r +R

6b) v ef e

%1

Por our example:

= 1, (~600)

3026 The actual base characteristics

200 + +20-1000
a

Actual base characteristics for D51 with R =1K are plotted in
Figure 3 and compared there with the predicted curves.

3e3 The collector characteristics

3-31 Analytical derivation
The collector loop equation is

7) 1
e [r,(1-",)*8, +1, (R,-G7,)

where 0 if I -I-1,<0
An attempt to discover regions of the plane in which the condi-

tions of the various diodes are constant proves fruitless. Instead, the
following approach is used:

For

do (1,#1, <0)

equation 7) becomes:

+1,(2ef +1,(r +R )

7a) (r +r +Ref +r +28 )er

er
case I: 1,7 0

Then 1,<0 Then

and 7a) becomes: and 7b) becomes:

V = (r,tr,ef =(r r )I,ec +R
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(1,>0)

The current through the collec-
tor diode is a Since
I =0, I= i Then I tog I

(1-«, Sincex,>1,
1 <0» Thus: (1-«)I >0
Therefore, f° and the
V -1, relation is (for 1 <0):
8a) v= Fef(1-04)+r +R

Page 5 of 9

(1, <0)

The current through the collector
diode is Ios which is)0. There-

and the V ~I relationfore, =ref
is (for I 0):

=r

8b) V=
[=cf er 1ef +r +R

CASE II: Ip>0
Then 1< -1, «0 Then I>

and 7a) is and 7b) is
y=I +Ref I (r +r +R )er

+]pitef+R +1 (r +8 )D er
The collecto r switches when:

I +al = 0
e ee

Substituting i= -I-1,
and solving:

cf when

I <0, that is when

I> ly

I=0

d

ot when 1,>0
that is whenJ +X J

when 1 0r =r whener cr
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(I> 0)

Thus the V -§c c

Page 6 of 9

(1, <0)

relation is:
Xetor I Crate!

I
[Fe

1-x jer,
+1, r +R

For(-%)*repthe

9a) V

9b)

CASE III:

for I

c+B 9c) (r +r +R )er
+b (ef +Rer

forfor >0:

94) I (vottro,+Rv=I

'Then I

The collector
pwit

ches when:

Substituting I

and solving:
Ib 0

But, in this case,

Therefore, r for 1,

(r +6r R,)

1,<0
Then I

IT=0c

when I

+I

I +Kl

Ke

sref when Ze r =r1

when I 0

But, in this case,

I> -I»> 0

when Icr cr

ne I,
Therefore, r orcf =r for..I

Thus the V rplation is:
for I -L,

10a) ref (1-% )+r +R

+1, Fef Vos]

for I> -L,
10b) ve" I (r +r +28 )ef cf er

+R - +I (r +B )



@
Memorandum M-1442 Page 7 of 9

332 A systematic procedure for plotting the collector characteristics

The expressions for all points and slopes are as follows:

Case I: 0 See Figure 3 and equations 8a) and 8b).

RBSlopes: > 0: Rer cf er

R&ef "ef e

Case II: 1,20 See Figure 4 and equations 9a), b), c), a).
Slopes: (0)+(1) r +R =

(1)-(2)

Points:

cf er er
+Rcr er

(2)-(3) Ref cr
(3)~(4) ef ef

(1) cl 0, vcl erI R

(2) c2 The vc2 b cr
R

(3)
ef

Case III: 1 <0 See Figure 5 and equations 10a) and 10d).

Slopes: (0)-(1) =kef er+R er
(1)-(2) Ref cf

Point: (1) -I,» vo OEel

For cases I and III, the indicated slopes and point are necessary for the

plot. For case I1, all slopes and points need not be calculated for making
a plot. Generally will be of no interest and, furthermore, 80 large that
it will not be the scale range used. Also, line (0)-(1) is of no

particular interest, while the slope of line (2)-(3) need not be calculated
if points (2) and (3) have been found. Thus, in case II, all that is needed

is: slopes of (1)-(2) and (3)-(4), and points (2) and (3).

3033 Loci of switching points

Case II: 0 See figure 4 and section 3-32, Case Il.I >

Locus of point (1): (collector switching)

I=0c
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3+34

Locus

Locus

Case III: 1 <0

Locus

Predicted and ac tual collector characteristics:

The predicted characteristics:

As in sectioN 3023, some collector characteristics are calculated
and displayed for transistor #D51. The procedure of 3.32 is used. The

Page 8 of 9

of point (2): (emitter switching)
Vyslope =
C2

oem
t 1

ny a cr

of point (3): (collector switching)
v R

slope =
1
C3 ef

aX
c3 6

See Figure 5 and section 3.32, Case III.
4 of point (1): (emitter switching)

slope = el =rI efel

results are displayed graphically as dotted lines in Figure 7.

Case I: I,
Slopes:

= 0

03 R = Rotr,, = SM+1K 5 Megohms

I <0: R, = 1K

er

Case II: I 0

Point (1) (2
or

b lope el e2 c2 c3 C3V I (1)~(2) (3)-(4)
ma 1.7 1K5000 ~20 --8 5MJL

volt vs ma vts

Case III: 1,

Point (1)
or (0)-(2) (1)-(2)

Ib lope cl Vou

-1 ma ma 0.1 vt} 5 ML 1K

The actual characteristics:

The results of a dynamic plot of some collector characteristics
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for transistor D-51 with RL=1K also appear in Figure 7. The discrepancy
between the predicted and observed results in the steep positive slope
portion of the I,=lma curve is very likely due to the 1, Supply not acting
as a constant current source.

Signed -
hn F. Jacob

Signed
William A. Klein

Approve
Norman ylor

JFJ :WAK/ jk

Drawings Attached:
Fige 1 = A-51133
Figs 2 - A~51134
Fig. 3 - A-51176
Figs. 4 & 5 - A=-51135
Fig. 6. A-51136
Fige 7 = A-51177

Standard Trans. Dist. (32)
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Digital Computer Laboratory
Massachusetts Institute of Tachnology

Cambridge, Massachusetts

SUBJECT: PROCEDURE FOR RECEIVING MAGNETIC CORES

To: Group 63

Tron: David R. Brown

Date: May 16, 1952
Abstract: Two procedures are outlined. The first is for the receipt of

one or a number of cores submitted for evaluation. The
second is for the case of a lot of cores where the particular
body has previously been evaluatede

BVALUATION

le Enter information in receiving record, sagnatic--materialslooseleaf notebooke

Ze Tag each coree If more than one core with the same composi-tion ami processing is received, serial number the cores with color coding

3e Kabel a container for core Noe le This is to be used for
the hysteresia teste Place the other cores in a separate, labeled con
tainere

4. Make the hysteresis test on core No. 1, filling out form
as completely as possible. Be sure to measure the core before it

is wounde Keep the tag on the coree

Se If the core looks promising and is suitable for pulse tests,
make the pulse test. Use core Noe 2, unless only one core has been re~
ceived. For coincident-current memory application, use forms DE-435 ani

6e Place all data ani curves in the magnetic-materials leose~
leaf notebooke

7e Place the cores, in containers, in the magnetic-materials
storage cabinet.

ACCBPLANCE

le Enter information in receiving record, mgnotic-materials
looseleaf notebooke

2e Label a container and place the lot in ite Select samples
from the lot, tag ani serial number theme
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30. Pulee test the. samples. Yor coincident-current mnenoryapplication, use forms DL-435 ani De

ke Accept or reject the lote

Page

Signed
David R. Brown

DRB/fes
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Digital Computer Laboratory
Massachusetts Institute of Technology

Cambridge, Massachusetts

Subjects SIGNED TERNARY ARITHMETIC

Tos J. W. Forrester

Froms H. R. ds Grosch

Dates May 22, 1952

Introduction

Large digital calculating machines have been built to exploit
the various advantages of pure decimal, binary-coded decimal, biquinary,
and pure binary arithmetics. The availability of high-speed electro=
mechanical and electronic elements having two stable states has been
largely responsible for the swing away from the decimal number system.

Now we find ourselves increasingly interested in ferromagnetic
and ferroelectric storage elements, There is a good possibility that
these can be jockeyed into more than two stable, or better, "insensitive",
states. Papian has shown me some BeH curves having the general forms

or

Such a material may be thought of as having three stable states.
I have been interested for some years in the possibilities of a rather
special sort of ternary arithmetic. This report is intended to give a

resumé of its properties, and to advocate detailed consideration of its
use in Whirlwind II.
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Definitions

A real number is conventionally represented by a sequence of
symbols.

sigh,As, * A A A

This is defined as having the value

3 3 2+ ta =-3 34

where the n's are the radices of the system. A convenient arithmetic
requires that the A's and n's be rational numbers and that the represen-
tation possible therewith be both complete and unique over the real number
fields that is, that every real number give rise to one and only one

sequence of A's (not necessarily closed at the right, of course). 'The

term "convenient" should be understood as referring to use on digital
machines, which have a builtein prejudice in favor of the rational munbers.
Unless at least one of the A's or n's is negative, it will be necessary
to prefix the sequence with a minus sign to get over into the left half
of the real number axis. No complementation convention can be adopted
to get around this if a long repetition of arithmetic operations such as
multiplication is required to yield answers consistent with the system.

The simplest forms of representation arise when all the Ats
are integers, and when the n'g are monotonic non=decreasing. The radix
point is placed to the right of an A (called A.) whose corresponding
base number np is 1. Still more simplicity is gained when the n's are
products of powers of.a few integers. The abacus uses powers of two and
fives

ny = 1

n, = 5

ny = 2.5

ny = 2.5° ® 2

2 2° 45° 5?
etce ObCe

121

-15-12
2

n 52 -1
3

2
-2

4

This is also used in Bell and IBM relay calculators; it is called biquinary
arithmetic. The A, are either 0 or $1 for odd i, or from 0 to 4 for
even i. 1

Finally, one may adopt a single positive integer radix ry 50
10 givethat n. and A. = 0, rel. The values r 2 2 andr
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rise to the conventional binary and decimal systems, and r = 8 is familiar
as an output system for "base two" machines. The unit base r = 1 is a
degenerate counting system which cannot represent fractional numbers be~
tween -1 and #1, and in which many other features of the positional notation,
Such as rounding, become meaningless.

In conventional ternary arithmetic r = 3, n- « st, A.4 2 9, 1,
or 2, There are interesting possibilities, however, in using Ay -1, 0, and
#1; this "signed ternary" system fulfills the conditions of couwpleteness
and uniqueness, and possesses several properties which can be very useful in
a large computer and which are not present in conventional positive-symbol
arithmetics.

To simplify the writing of signed ternary numbers, special symbols
can be helpful:

A ("lem") = #12

0 ("oh") = 0

V ("vee") =~ 1

Thus AVVO.0V = $27-9-3-1/9 = $14 8/a (decimal),

and VO.OVWAVVVA000 = ~3-1/9-1/27 # 1/81 = 1/243 1/729 = 1/2187 + 1/6561
FZ =5.14159.s000.

In the signed ternary system defined above, there are exactly 3P
different combinations of symbols A A demonstration
that the system is wique will prove or vice versa,
By ordering all possible sequences of symbols, and by noticing that

pol

AANAR = ~ gt 1/2(3? = 1), either one of these proofs can

4=0

be carried out.

Finally, it may prove amusing to recall the old mathematical
recreation of finding the minimm number of (integer) weights which, when.

placed in either pan; of a balance, will weigh any (integer) unknown up
to a certain limit. 'There is a perfect correspondence with signed ternary
arithmetic!

Arithmetic

For practical two-quantity addition the following tables are réquireds
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1. If there is a carry A from previous position,

ADDEND

Al
A A 0 AY OA

AV OA 00
V OA 00 OV

A 0

U
G
E
N
D

Right-hand symbol is digit of sum.
Left-hand symbol is carry to left position.
2. If the carry from previous position is 0,

V

A AV OA 00
OA 00 Ov

V 00 OV VA

3. If the carry is V,

0

A OA 00 O\V

00 ov VA
V OV VA vo

A practical addition exemple looks like this:

VO OVVAVWA (mB ,1416. 206)
AAAMAANAA . (44,4999...)

(41.3583

Subtraction will almost always be accomplished by omplementing
the subtrahend and adding. Complementation is performed by changing all
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A's to V's and vice versa.

Multiplication is accomplished by shifting, complementation,
and addition. in a way very similar to miltiplication in pure binary. No
over~and-over addition is required. If the current digit of the miltiplieris A, the miltiplicand is added; if 0, ignored; if V, subtracted (com-
plemented and then added); the partial product is then shifted one position
to the right and the next digit of the multiplier examined in like manner.

AVOAc #19
VOAY 2,78....
AOV

AVOK
0000

VAOV
OA 52.78

In case single-digit multiplication is required, the table is
as follows:

AxA=VxVeA

AxV=VxA=YV
The arithmetic of division is by no means so easy. In fact, it

probably would not be too pessimistic to say that the introduction of
Signed symbols makes most arithmetic operations simpler at the expense
of more complicated division. Since division occurs so infrequently, there
is a temptation not to build it into a machine; this temptation is very
strong in the present signed ternary case.

One elementary but wasteful method of division is to start at
the extreme left quotient position (assuming as usual that the dividend
and divisor have been suitably positioned). This exposes the fundamental
difficulty of signed-symbol division clearly: is the divisor to be added
or subtracted? Once the process has started correctly, so that the re=
mainder tends toward zero, an alternation of adding and subtracting will
be sufficient; the catch is to choose the first "direction" correctly.

In order to transform signed ternary to conventional binary or
decimal output, some sort of sign determination is required. In a fast
machine this determination should be parallel, and by determining success-
ively the signs of the dividend and division we can set up the start of
the division process. One diode network capable of doing the sign deter~
mination requires four diodes per digit, but this can probably be reduced
to three cores if a long string of cores can be made to flip domino-fashion.
The diode array for three digits is
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A--
OonOA

00- 600

OV=-< la Q iv
] <

A
ores

In a two= , three- , or four-address machine two of these networks would
be required.

Given the sign of the dividend and of the division, a simple
logical combination embodies the rule: if the two signs agree, start by
subtracting (complementing and adding) the divisor; if they disagree, start
by adding. Shift the divisor one position to the right and "reverse"
(add instead of subtract, or subtract instead of add) whenever the remainder
changes sign. In detail, then,

VAY) = VO.AV (-2%)
(+19) AVOA. VAOON. AV (-52%)

AVOA
OOOAN.AV (+ 4%)
OVANOAV

AVOA + 6%)
OOVOA.VV (-8%)
000 VA. OV C2%)
OOONA.AV (t 4%)VA OV G /9)
OOOKV.OA 2%)VA OV
00000.90

VAOV +

1+%)

AVOA (+6

AVON (+ 6's)
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It will be evident that for randomly distributed n=digit quotients en

additions and subtractions will be required, three times as many as the

irreducible minimm Undoubtedly much simpler processes can be

evolved.

Given the arithmetic operations and a sign-determining network,
and reserving three ternary digits to represent a decimal digit, trans-
formation into and out of the conventional decimal system poses no special
problems. After the sign of the number is determined and stored, the
number is complemented to positive form if necessary. Three signed ternary
digits cover the range ~13 to $13 decimal, and only 0 to 49 decimal is
required.

Advantages

It may be easily shown that three is the most economical radix
of all single-integer=radix systems. If two elements can store a binary
digit, and three a ternary digit, the ratio of equipment is 1.500 and
the ratio of information stored is log, 3 or 1.585. Comparing quaternary
and ternary on the same basis, one finds an equipment ratio of 1.333 and

an information ratio of log 4 or 1.262. This argument of.economy applies
to components such as tubes, diodes, and electromechanical gadgets. If
core materials with three "insensitive" states are feasible, the gain of
1.585 in information stored compares with an equipment ratio not much over
1.000 for a large memory.

Is it really true that the outside world is best represented by
dichotomies? Computing machines are basically logical, the argument runs,
end the logic of the real universe is two-valued. My idea, on the contrary,
is that computing machines operate on the basis of a logic concerned not
with the real world, but rather with a special represeritation of the world
by rational real numbers, And there are three relationships between pairs
of rational numbers X less than Y, X greater than Y, and X equal to Y.
Putting it another way, zero is a member of the class of rational real
mimbers but is not a member of either the positive or negative subclass.
Thus there is some real support for the theory that, while computer arith-
metic may be done in any radix system, computer is basically ternary.

In real-time control applications the original conversion from
continuous to digital representation is the place where the special repre~
sentation by rational real numbers is introduced. There is of course no
reason why the fundamental counters or other transformation devices cannot
be ternary, with the same favorable equipment ratio as the central computer.
As for the transmission of digital information, there is little doubt that
more data can be transmitted over a given channel, Consider the old 'systemof transmitting sixteen binary digits, frequency multiplexed, over a single
phone line. If a single frequency is reserved for a fundamental continuous
reference sine wave, the other fifteen frequencies can be phase=compared
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with this reference to give signed ternary digits in phase represents
A, 180 out of phase represents V, absence of signal represents 0. These
fifteen ternary digits are equivalent to 25.77 bits, a gain of 48.6 per
cent. It may be useful here to give the following tabulations

1 binary digit (bit) « 0.631 stits 0,301 dits
1 signed ternary digit (stit) = 1.585 bits = 0.477 dits

1 decimal digit (dit) - 3.322 bits = 2.096 stits
So much for what might be called the philosophical advantages

of the signed ternary system, There are even more attractive arithmetical
advantages, One, which has been mentioned earlier, is the elimination
of a special "sign" representation. This makes it umnecessary to decide
whether to shift the sign when shifting the rest of the number. In a
sense, the left non-zero digit may be thought of as the sign, and this
is convenient for the operator or customer. There is no longer any differ-
ence between a "negative" number (that is, a positive number with minus
sign prefixed) and a complement: also there is no such thing as an end=
around carry, and no difference between "nines"and "tens" (or rather,
twos and: threes) complements,

These advantages would accrue to any practicable signed radix
system where zero is near the center of the ordered set of symbols A.
Signed ternary, however, is the largest radix which will permit multipli-
cation to be done without over-and-over addition.

Since the base of the system is an odd number, the representation
of 1/2 is a repeating ternary - that is, 1/2 is not one of the class of
rational real numbers representable by a finite computer. This has incon=
veniences, but it eliminates the problem of ambiguous rounding. In the
decimal system, for instance, one rounds 6.49 to 6 and 6.51 to 7, but what
does one do with 6.507 Adding 0,50 will often introduce a statistical
bias and render error estimates based on random rounding errors unsatis-
factorily optimistic.

In fact, signed ternary arithmetic completely eliminates the
operation of rounding: rounding and dropping are identical operations.
Thus AA.WV($# 3 5/9) rounds to AA (+ 4) by dropping the last two digits;
AO.AA (# 3 4/9) rounds toAO (# 3) similarly. Any leftmost portion
of a number is therefore the correctly rounded less-accurate representation
of that number, a profound-adventage in floating-point calculations.

Conclusion

This short introduction to the features of signed ternary arith-
metic glosses over many points of interest. There has been no attempt to
tie in three-valued hogic, nor has there been any attempt to point out the

possible advantages of ternary~coded.decimal, nonary, or other bastard form
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The next stage is obviously a discussion of hardwares core circuitry,
ring-of~three counter elements (flip-o-flops?), magnetic tape storage,

so one
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