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SUBJECT:  STORAGE DEVICkO IN COMPUT ING SYSTEMS, TEXT OF AN M.I,T.

E., DEPARTMENT, CO UIUM TALK

Tos J. W, Forrester
From: R. K, Everett
Date: May 3, 1950

Abstract: This memorandum contains the text of a telk given at the
E.E. Department Colloquiuvm, May 3, 1950. The talk covers
briefly: the need for storage in computation, the effect
of storage characteristics on digitel computer design,
desirable storage characteristics, end the characteristics
of existing storage devices suitable for digital computer
use.

In this talk I shall be primarily concerned with storage
devices for use in digital computers. It is by no means true, however,
that storage devices are needed only in computers of the digital type,
Storage is a necessary part of all computing systems, more generally,
of all information-processing systems. Usually such storage is concealed
by being an intrinsic part of the computing elements. Take, for example,
a simple RLC filter, which is a specialized comput system (if you
prefer, you can call a computer a specialized filter). This filter
contains several different kinds of storage:

1) There is the storage of what the filter is to do. This
storage is in the permanently selected sizes of the components and in
their physical relationships., This is essentielly storage of instruc-
tions,

2) There is the storage of input and output data and inter-
mediate or partial results, This storage is in the components themselvea,
as evidenced by the voltages and currents., Since these components are
actually doing the computing or filtering they are usually not thought
of as storage devices,

Analog computers are very similar to the filter, They are
usually thought of as assemblages of computing elements: they also con-
tain storage of data in the positions of their shafte or voltage outputs
of their amplifiere and storage of instructions in the interconnections
of the elements,
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Digital Computer

In the digital computer the storage function is distinct
from the computing function and therefore appears as a special problem
in its own right. (Slide #1)

The "“so=-called" general purpose digitel computer consists of
five elements, an arithmetic element that does the actual computing, a
storage element that stores instructions and intermediatz results, a
control that directs the carrying out of the instructions, and input
and output elements that insert data and extract results, One salient
feature of this arrangement, the separation of storage and computing,
is dictated by the high cost and high speed of the digital arithmetic
element. This element is too complicated for more than one to be
provided; at the same time it is fast enough to do all the necessary
computing on a time-sharing basis, The digital computer may be comparad
to a man with & desk calculator and a notebock. The notebook contains
the stored instructions as well as partial results, the desk calculator
is the arithmetic element, the men performs the functions of control,

{Lights.)

There are three types of data to be stored:

|
:
:

1) instructions
2) tables of functions, constents, etc.
3) partial results.

Different kinds of storage can be used, and in fact, have
been used for these three types. The greatest convenience and flexibility
is obteined, however, if there 1s but one kind of storage that can be
used interchangeably for any purpose., Not only does this allow most
efficient use of the available storage capacity - it allows the computer
to treat orders as rumberes and thus to change its procedures according
to the course of the computation., The machine obtains some measure of
judgement as well as the ability to calculate instructions, thus greatly
simplifying the coding or setup of the machine.

The storage element is uwsually about one-fourth of a digital
computer, The charscteristics of the storage, however, determine the
nature of the entire machine., Some of the questions to be asked are:

Is the storage inexpensive enough so that instructions as well as numbers
may be stored? Does the storage deliver digits serially (in time

sequence on one line) or in parallel (simultanecusly on a number of lines)?
Can the storage conveniently deliver several words at once? How fasi

will the storage operate? These and other considerstions determine the
speed of the machine, its general arrangement, the complexity of control
and erithmetic element, and the nature of the instructions,
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We can easily set up some general specifications for a digital
computer storage:

1) Extreme reliability - digital computers are peculier
in that a single error anywhere in the machine can
destroy the entire calculation, For a high=-speed com-
puter such as W1 esirsble error rate would bo one
error or less in 10" operations. Wé usually think of the
telephone as pretiy reliable. There are 130,000,000
telephone calls made per day in the United States. A
failure rete of 1 in 1 would be one wrong npumber in
2 years for the entire country - somehwat better than
standard practice,

2) High operating speed - the arithmetic element and control
that can be bullt using present dey vacuum tubes and
present day circuit techniques are faster than any avail-
able storage medium., The overall speed of the machine
is almost entirely dependent on storage speed. An access
time of a few microseconds is desirable,

3) Low cost - the demend for high-speed internal storage is
. insatiable. The lcwer the per digit cost of the storage

the more storage can be provided and the more flexible
and useful the computer will be., Somewhere in the order
of 25,000 binary digits are needed as a minimum,

the kind of computer he has bullt. The digital computer was first con-
ceived by Charles Babhage in England in the last century. His machines,
due to technicel difi"iculties, were never built but his conceptions ave
still basic., For storage Babbage had available mechanical counter wheels
and punched paper tape used for controlling weaving machines. His counter
wheels were expensive; he therefore planned to use them only for a high-
. speed internal memory for variables and partial results, The paper tape,
E non-erasable, was to serve for the storage of orders. Note thet his
basic inte:nal storage element and his basic computing element were the
same,

¥

1
* The nature of the storage available to the designer has detarmined
1]

i

H

The first successful large-scale digital computer was built
within the last 10 years by Professor Aiken at Harvard. For Mk I, Aiken
had availeble IBM electromegnetic counter wheels and punched paper tape.
His solution was the same as Fabbage's; the counter wheels serve as the
basic elem::t for a low capacity internal memory and for computing, the
paper tape is used for orders,.
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The next step, made in the Harvard Mk II and the Bell Telephone
Laboratory machinee, was to use relays instead of counter wheels. The
relay is faster than the counter wheel but is once agaln exmensive ard
suitable only for a limited capgcity internal memory and for comouting.
It wees again supnlemented by papcr tape orcer storage.

The final sten in this sequence wrs the ENIAC dbuilt during
the war by the University of Fennsylvania, This computer used vacuum
tubes for storsge and computation. The vacutm tube storage element, the
flip~flop or ring counter, 1s much faster then a relay but is also much
more exrensive. The resulting computer wns tlms much faster than the
earlier machines but had much less internal starage - enough for only 20
numbers. Since paper tane order input wes far %oo slov to keen up with
the vacuum tubes the ENIAC was originally set u> by cables and nlug boards
and now by selector switches.

These machines all have in common the ise of a computing
element as & storaze element, The cost is high, the quantity small -
hardly enough for variables and vpartial resulte. "his storage must be
supnlemented by a slow, non-erasable, inflexible externsl storage for
orders.

-

. Another machine of apiroximately this tyve 1s the Selective-
Seguence Electronic Calculator built by IBM and now ii New York. This
computer has 2 triple internal memory - a small amount of high-speed
electronic storaze, a larger amount of slower relmsy storage, and a larze
amount of very slow and inflexible paver tape storage. The orders are
stored on a number of paper tapes, the ability Lo selec. among the tapes
giving the machine its name.

The biz; step came with the develooment of high-sveed erasable
storages of lov cost ver digit. These new elements lost, necesearily,
their comnmuting abilities. They became storagze only.

The fundamental storage oroblem is not that of diccovering a
suitable, compact, easily written, read, and ermsed storaze t(lement;
it is the far more difficult onrotlem of switching or selectin; among
large numbers of elements. The storage elements are necess=arily in some
epatial arrangement, and it is necessary to scan this array wiih the
writing and sensing element. In the nagnetic drum the storage lement
is a magneticzed snmot on the drum surfnce (n ?-dimensional array, end
the writing and sensing element is a relatively massive magnetic head,
Selecting & given element from rest at high sneed is vrolilbitive becaune
of the very high accelerations that must be given to aporeciable masses.
The use of a head for each element is too exmensive. ™he solution is
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to wr. « the P-dimenslonal storace array into a cylinder and te rcunte
it at 1zh speed past & set of fixed heads. The required sccelerations
are only the radial ones in the rotating cyiinder ard these requirs

no enerzy. ‘The selection is now one in space (among the heads) rad

one in time {among the elements as they pass the selected head).
Physicn. questions limit the rotational speed of the drum. The aver-
age seluction time ie one~half a rotation period and is thus fairly
hib"hl

A second possibility is toc store a sequence of digits in a
delay lire. The line is of finite length; as the digits come nut the
end they ire amplified and reshaped and put back in the front. A sens-
ing ele; cut in the feedbn-k gectliui «el~r s among the digite in time as
they pvess by. & eenondé aslsciion, in spacs, =« o’ T&72 “7anr a number
of lines. The sgelecting system is very siwiiar to that in the m- vl
drum althoush the storage element is very different.

The storage tube has a great advantage over the other storage
systems in speed of selection. It too uses a spatial storage array,
charges on a dielectric plate. Its writing and sensing element con-
slets, however, of an electron beam which can be given the high acceler-
atione necessary to select any desired element from rest. There is

] no waiting time. It should be noted that the time required to actually
read or write is comparable in the 3 types mentioned (ot the order of
a microsecond); it is the selection time that determines the storage
epeed.

Note also that the 3 tyves mentioned all meke use of 2-dimensional
storage arrays. A one-dimensional array is of little value unless the
data is wanted in prearvanged sequence because of the scanning time.
The usual magnetic tape or wire cen be useful rs an auxiliary storage
or for input and output but not for internal storage. It would apvear
that a ?-dinensional element array with arbitrary selection in the 3
dimensions would give the greatest oromise for an economical high-speed
storage and, in fact, such a storage is under development.

The 3 storage types mentioned above - magnetic drum, acoustic
delay line, and storage tube - also determine to a large extent the
phyeical nature of the machine. The first two tend to demand a serial
machine with a multiple address order, the last a varallel machine with
A single address order.

Une interesting characteristic of most of the new machines
is that the bulk of each machine outside the storage itself is made up
of flip-flop (vacuum tube) atorase elements. Some of these compute (count)
or control computing elements (decoding matrixes, gate tubes, and such);
the bulk of them form a very short access (lusec) storace for such
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pur; ‘ses as holding the multiplicand. Even in a digital computer wo
have 1ot entirely succeeded in separsating the storage functicn from
the - mputing function.

(s1id. =#P)

Typical Maznetic Drum Storage

We will now exanine briefly the characteristics of the 3
presently most useful storage systems.

The first, the magnetic drum, consists of a cylinder with a
surface of magnetic material, rotated at high speed before a set of
masnetic h:ads. This storaje is characterized by large canacity,
moderate cost, and long access time. The density i1s high, 1000 dizite
nr rure may be stored per square inch of surface. The total storage
ray be of the order of 100,000 to 1,000,000 binary digits. A
moderat~ size drum of 170,000 binary digit capacity is shown. In
general, higher capacities are obtained by increasing the size of the
= drum and reducing its speed, thus keeping the pulse-repetition-frequency
. constant under the hend. The figures given are for a reasonable
combination of capacity, speed and cost.

‘ : The access time is determined by the sveed of rotation of the
drum. For the example shown 3600 rpm is used; 7200 rpm or higher ;
is sometimes used. The access time is largely spent in waiting for the
desired data to go by. The maximum time is one revolution period or
: 16 milliseconds; the average time will be one-half a revolution period
: or 8 milliseconds: Higher speeds or the vrovision of additional sets
of readins heals can reduce this time sorewhat,

Althouzh the vulses on any given track will be read out in
time sequence or serially, a number of tracks are available. A get
of tracks may be read out simultaneously or in parallel, The drum
thus provides a choice of data form. The access time is not affected
=~ by this chdice,

bl -

The cost shown is aporoximatzly that of vrocurable drums of
this size. There 1s no allowance for develo-ment. The bulk of the
cost is in the control and associnted circuitry which includes amplifiers
for the hends, an electronic flip-flop register to store information
during the wailting period, counters to keep track of drum position, and
switches to select between heads. Abcut 600 tubes are recuired for
these purnoses.

The 5-year cost includes an allowance for maintaining the
equipment. The life of the equivment is hard to estimate. After 5 years
the drum will orobably be overable but obsolete.
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(silide #3)

Typical Delay Line Storace

The delay line is most commonly an acoustic mercury delay line
although electrical delay lines are sormetimes used for low capncity
storage (a few digits only). In the storaze shown, a number of delay
lines are provided in one large tank of mercury, although a separate tank
can be provided for each line. An input crystal when pulsed, sends an
acoustical shock wave travelling through the mercury which is detected by
the output crystal and the resulting nulse amplified, reshaped, and out
back into the linc. The line capacity equals its time delay divided by
the nulse interval. A 500 microsecond line is about three feet long and
wiil Lold 500-1 megacycle nulses, 1000-? megacycle nulses, etc. Since the
stored pulses appear in time sequence at the input, the access time will
averaze one-half the delay. The cost of each line is nearly independent
of the length of the line since the crystals, amplifiers, etc. are still
needed. The design length is then a balance between access time and
storage capacity - a condition that also exists in the magnetic drun.

- ' The example given is of a typical modern design. Four-megacycle
pulses are used (actually rf modulated at the crystal), and the lines are
about 150 microseconds long and store about 600 digite. 64 lines are

k] provided for a total copacity of 43,000 binary digits. The nccess time
is asgsumed equal to the line length for purnoses of checking: the data
comes out in serial form at 4 megacycles.

) The cost given is an estimate and once again is largely the
: cost of the control and auxiliary circuitry. The tenk itself is probably
worth about $2000.

(s1ide gk)

Electrostatic Tube Storage

WM s

- There are a number of electrostatic storage tubes ranging from
commercial cathode ray tubes to very special types. The example ghown
uses the special storage tube developed by Project Whirlwind. Data as
to the costs and performance of the various electrostatic storage devices
is not as readily avallable as data on other storages since electrostatic
storage 1s in an earlier stage of development.

The tubes shown in the example are assumed to have a capacity
of 1000 binary digits each, with an access time of 10 microseconds.
Whirlwind's present tubes store about L00 voints with an access time of
about P3isec, but development is proceeding toward tubes of the snecifica-
tions shown. These tubes can be made using Froject faci.ities for about
51200 each. They have a life of about 2000 hours. They can then be re-
processed at a cost of about $200 to glve another 2000 hours life. The
net result is a $1400 tube with a LOOO-hour life.

=




o

el S, '.‘ - ‘V ._-I_. 4\_ PR Y e —.;-.‘—-—‘—/

APPROVED FOR PUBLIC RELEASE. CASE 06-1104.

Engineering lote 1-362
£345 soge 8

The storage caoacity shown is thet of “WI. 16 tubes in
rarallel make up one bank of storage, and two banks are vnrovided for,
The total of 32,000 binary digits is in the form of 2000 words oP 16
binary digits each although this arrangement does not affect the cost
or performance fizures.

The 10 microseconds access time includes deflection setup,
readout, and auxiliary operations. The control, deflection equinment,
and auxiliary circuitry for this storage is only about 50% greater than
the auxiliary ecuinment of the other 7 storazes. The much higher cost
reopresents our detailed "nowled_e of the cost of building this eaquipment
to VW1 standards. kore realistically, the control coste should be
comparable.

Assuming 10,000 hours of computer oneration in 5 years, 8C
original and revlecement tubes will be needed for 2 total cost of $112,000.

(Slide #%)

:
1

Storaze Ficure of kerit

It is difficult to evaluate different storage systems on a
a fixed bagis. The high-nerformance systems are more expensive than the
low-performance ones. The best solution when a large smount of storage
1s required or when low cost is desirable will be different from the
solution when high operating speed is of first importance. A useful
fire of merit for storage elements 1s a nerformance-unit.

Perfornance unit = Diglt Capacit
Access Time

The digit capacity can be measured in ﬁinary digits. Access time can
be measured in microseconds. Kither a higher storage canacity or a
shorter access time increrses the verformance-unit rating of the storage.

1 On the basis of cost per digit the magnetic drum is best. On
the basis of cost per nerformance-unit the clectrostatic stora:e is
best desnite its high ner-digit cost. Incidentelly, on this same basis
flip-flop storage costs about 3500 per digit. 1Its access time is about
¢ microseconds glving it a coet per performance-unit of $1000.

(slide #6)

AWl Operating Speed vs. Storage Access Time

The verformance unit rating is mctually unfair to the higher
speed storage units when they are considered for heaving computing londs
such as occur in simulation and contrnl or other real-time work. Storage
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access time is the primary factor limiting machine snecd in oresent
machine designs. This curve shows the opersting soneed oi NI as a
function of store e access time. Cutting accees tine by » fector of
two will increree machine sveed by almost the =are fretor. The enst
of the storage is less than one-querter the cost of the machine. The
cost of the storrge could thus be rultivlied by & and retain the seme

computer cost on the basis of ooeratione ner second.
(slide #7)

Computer ¥Fioure of lierit

This slide shows a rough estimate of the cost and ovnerrting
sveed of computers using d@ifferent storagze elements. A very generolus
allowance is mnde for the economy in the rest of the comnuter fue to
reduced onersting sveed. The ;reater stora;e csnacity of the magnetic
drum machine hrs not heen taken into account in these figures.

If the computer is used for onroblems where a large amount of
storaje is required (such as partial differential eguations) the
magnetic drum machine may hold ite own, the omernting sneed of the
faster machines being rcduced by the necessgity for continually referring
to a low-speed auxiliary memory. For real-time work comnuter speed may
be of more than linerr imoortance. When the noint is renched vhere the
comnuter speed is insufficient to sonlve the nroblem in reerl tipe, then
a gecond commater rmust be nrovided and the nroblem divided between them.
This ie usually nossible with more or less efficiency, but it is undesir-
able, In this instance, digital comouters are ruch like neople. ‘/hen
the Jjob gets too big for one man, an assietant can be provided. This
is seldom as good ms doubling the working caoecity of the firet man.
“hen you have more than one nerson or one machine working together you %
have the nroblen of communication and, with ell due resnect to lr. Lephakis,
the best solution to the communicntion oroblem ies to avoid it.

* Co-speaker on Storage Devices in Communicrtion Systeme.

o TR T

Robert R. Hverett
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TYPICAL MAGNETIC DRUM STORAGE ‘(
MAGNETIC % 6 & -
HEAD — r;(
| I : ! : I
Lo 1 L]
RPM
STORAGE GAPAGITY 120,000 BINARY DIGITS |
AGGESS TIME 8000 MIGROSEGONDS (AVERAGE) E
FORM OF DATA SERIAL OR PARALLEL ‘
ORIGINAL COST (EST) $25,000
YEARLY MAINTENANCE (EST) $3,000

TOTAL COST FOR 5 YEARS $40,000
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TYPICAL DELAY LINE STORAGE T_
E
3 MERCURY |
INPUT ' OQUTPUT
CRYSTALS TANK CRYSTALS
AMP [e———
-
STORAGE CAPACITY 43000 BINARY DIGITS Il
ACCESS TIME I50 MICROSECONDS h
FORM OF DATA SERIAL
ORIGINAL COST (EST) $ 30,000
YEARLY MAINTENANCE (EST) $ 3,000
TOTAL COST FOR 5 YEARS $ 45,000
é
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} !
LR
TUBE COST 81400 |
LIFE 4000 HOURS
mTe YA\ |

STORAGE CAPACITY 32000 BINARY DICiTS

ACCESS TIME 10 MICROSECONDS (PARALLEL) 3
FORM OF DATA PARALLEL C
ORIGINAL COST OF GONTROL $1i5,000

YEAFLY MAINTENANCE OF GONTROL $5,000

5-YEAR COST OF ORIGINAL '
AND REPLACEMENT STORAGE TUBES $112,000

TOTAL GCOST FOR 5 YEARS $252,000
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OF MACHINE COST
MAGNETIC DRUM $ 100,000
ACOUSTIC DELAY LINE $ 300,000

FLECTROSTATIC STORAGE $ 1,000,000

OPERAT e Ao
JM}ONE OPERATION
PER SECON PER SECOND
100 4 1000
2000 $ 150
30,000 $ 33
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