





























































































































































































































































































































































































































































































































































































































































































































Because of the length of time they have been in use and the large amount of experience
gained in their use, cathode-ray tubes offer great capability and flexibility in equip-
ment and systems. The capability and flexibility available through the use of cathode-
ray tube technology is illustrated by a list of typical options prepared by James and
Dittberner which is reproduced here as Table 4-8.

4.6.5 Inscribing Systems

Inscribing display techniques are ones in which a glass slide or mylar film, coated
with an opaque material , is "scratched" by some form of stylus. Light from a high-
intensity source is then projected through the glass slide, reproducing on the screen
the image cut in the opaque material by the stylus. Two basic ways of accomplishing
this have been considered. The first uses a mechanical stylus controlled by

a servo-mechanism. (See Figure 4-3). This type is in widespread use and is probably
the major method available today for achieving a real -time dynamic tracking type
display on a large-screen. The second method, which is only in the research stage
at this time, involves the use of a laser beam to evaporate the opaque material from

the glass slide.

4.6.5.1 Mechanical Inscribing Systems

A mechanical inscribing system permits the large-screen display of real -time dynamic
information at a relatively slow rate. 4 In this type of display, a glass slide or
mylar film coated with an opaque material is inserted into a projection system.

A glass plate with a transparent stylus mounted in its center is positioned parallel

to the first slide so that tipping the glass plate causes the stylus to penetrate the
opadque material. When the stylus is moved in the X and Y directions by a servo-
mechanism under the control of external signals, a trace is inscribed in the opaque
material on the face of the slide. The light from a lamp is projected through this

trace on the glass slide and focused on a projection screen. Thus, a trace that can

be drawn in real ~time will appear on the screen.
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Table 4-8. Typical Options Available with Cathode-Ray Tubes (1968-1970)

OPTIOXN DESCRIPTIOXN

ADVANTAGES

10.

Quality - Direct view - under 1,000 TV lines/

inch; Display recording - over 1,000 TV 1ines/

inch. Trade-off between elcctronics and

optics,

Mixing video with fixed graphics - integrates
or superimposes CRT images with film images.

Color (3-5) -~ practical uses up to six colors,

Hard copy of film recording,

Light pen - hand held,

Keyboard - Normally a typewriter keyboard;
can bec programmed keyboard.

Variable character sizes - 7 to 9 TV lines
required to form reasonable resolution of
character,

Simultaneous alphanumeric and video display -
two gun tube co-displays (computer-generated
data and video image).

Time sharing - one tube displays,
video or alphanumeric images;
imposed.

in secries,
can be super-

Fiber optics tube - 'Pipes' imafc to outside

surface of CRT.

Direct view trades quality for greater character
selcction; display recording trades sclection
for resolution,

Integrated, reaktime displays.

Incrcasecd information content readability and
comprehension,

Information storage,
delayecd reading,

make-up dissemination,

Permits 'sketching' or line drawing, editins
message composition. Hence facilitates computer-
aided design.

Adds gencral purposc use of keyboard where com-
puter defines functions of keys.

Permits reducing or enlarging character geometry.

Permits co-display of data where lacking system
time.

Greater writing flexibility,

Offers undistorted imatcs for photofnraphic
reproduction purposecs,
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Figure 4-3. Mechanical Inscribing System
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The use of color filters in the light path permits color traces to be generated. A
composite multi-input or multi-color display can be generated by superimposing the
images from several projection systems. Additional projectors can be used to super-
impose static information, such as maps, on the dynamic information. Since the
inscribed trace remains on the glass slide, no external memory is required for this

type of display.

With a trace width of 0.001 inches on the slide, the projected trace will be about
0. 1% of the screen size. Recent systems require approximately 50 milliseconds to
inscribe a trace across the full width of the screen. Alphanumeric characters can be

inscribed at a rate of approximately 20 characters per second.

4.6.5.2 Laser Inscribing

A laser inscribing system can permit the large-screen display of real-time dynamic
information at a fast rate. This technique is similar in concept to a mechanical
inscribing system except that in place of a mechanical stylus, a laser beam is used
to inscribe by vaporizing metallic film on the glass plate. The vaporization of the
metal on the glass plate by the laser beam permits light to shine through, projecting
the image onto the screen. The satisfactory development of this technique depends
upon the ability to deflect laser beams. Binary digital deflection by crystals has
been satisfactorily demonstrated in the laboratory for 256 positions in each direction.
For a practical display system, 210 positions in each direction (X and Y), are
desirable. Digital deflection of laser beams is discussed further in a later discussion
of laser displays. The display department of the U. S. Army Electronics Research
and Development Laboratory at Ft. Monmouth, New Jersey is quite interested in
this approach and has planned to issue a Request for Proposals for the development of
such a system. This approach may provide the first use of lasers in large-screen
display systems since it requires neither the intensity needed in a direct viewing laser
system nor the generation of an ultra-violet laser beam needed for a photochromic

system,
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4.6.6 Film Projection Systems

Large~screen display systems based on projection of film images have been used in a
number of existing command and control systems and several specific systems have

15, 16, 17

been described in the literature. In essence, these systems involve:

1) A symbol generator for converting the digital information to a

shaped symbol or character on the face of a CRT.

2)  An image generator for positioning the symbols and generating

graphical data on the face of the CRT.

3) Processing equipment for exposing film to the image on the CRT,

developing the film, and, if necessary, making prints.

4) Slide or film storage and selection equipment for storing the

film images and making them available upon call.

5) A projector and screen for projecting and displaying the

selected image.

Cathode-ray tube displays may be imaged on film in three ways - optical projection,
optical contact printing through a fiber optics face plate, and direct charge deposition
through wires embedded in the face plate. These methods and the recording media

used with them have been summarized in a table by Luxenberg which is reproduced

as Table 4-9, 18

Usually, a multiple projection system is used to permit the simultaneous projection
and superposition of multiple images to generate multi-color displays or to super-
impose multiple overlays over a map background. (See Figure 4-4) Color film could
be used, but the film cost is greater and the processing is more difficult. For additive
color, a positive image (clear symbols on an opaque background) is required. Where
the initial CRT recording is a negative, a contact print on a suitable material

(Kalvar for permanence or a photochrome for reuseability) may be made.
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Table 4-9. Methods of Recording CRT Displays for Projection

PRINTINLG
TECIIVIOUE HEDIUY PROC =SS ING COMMENTS
Optical Silver-halide Chemical (Full Permancnt
Projection color is available) Fastest
(Variable Either necative or positive
magnification)
Photoconductive Toning (Color Permanent or eraseable
plate is selectable) Either negative or positive
Photothermo- Heat Permanent or eraseable
plastic Requires Schlieren optics
for projection
Usually a positive
Contact Printing Kalvar Heat Permanent
(Fiber optics Necative only
faceplate and
p Photochromes None Eraseable

UV phosphor)

Negative only

Direct Charge
Deposition

Any dielectric,

mylar film,etc.

Toning (Color
is selectable)

Permanent or eraseable
Either positive or negative

Thermoplastic
dielectric

Heat

Permanent or heat eraseable

Requires Schlieren optics for
projection

Usually a positive
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Figure 4-4. Multicolor Film Projection Display System
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Systems that superimpose three or four independently selected images encounter
difficult registration problems in the final projected display. Other systems that
contain the multiple images on a single film chip overcome the registration problem,
but the image size is reduced and flexibility in selecting the combination of images
to be displayed simultaneously is lost. A recently revived approach involves the use
of a lenticular film in which the three separate color images are line-interlaced (at
25 line triples per millimeter) into a single frame of reversal processed silver-halide
film. This approach completely eliminates registration problems, and requires a

much simpler optical system than the triple frame methods.

Most of the film projection systems in current use employ discrete slides, but a few
use a continuous film strip to provide more rapid updating of the display and to permit
a simpler mechanical system than one in which individual slides are selected
independently. 15 The flexibility offered by random slide selection is sacrificed.

The continuous film strip type projection system is more suitable to rapid updating
(approximately 15 seconds) of pseudo-real-time displays where the same type of
information is displayed continuously but updated rapidly. It uses a much larger
amount of film if the display is updated rapidly. The individual slide approach is
more suitable to situation displays where a large number of different kinds of situations
or pictorial combinations are available, any of which may be required at a given

time and in any sequence.

4,6.6.1 Silver Halide Film

Most film projection systems use conventional silver-halide film similar to that used

in amateur and commercial photography, but Kalvar and photochromic films and
xerographic techniques have also been used. The use of silver-halide films is well
established and well understood. Handling and processing techniques are well
developed. Silver-halide films are very fast and require energy levels for exposing
that are compatible with cathode-ray tube output levels. However, they possess
several disadvantages. Three of the major drawbacks of a silver-halide film projection

system are:
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1) The logistic requirements for continual replenishment of the

film and processing materials.

2) The relative complexity of the chemical processing, as

compared to electrostatic and heat processing films.

3)  The inability of the film emulsion to withstand the heat of
projection, particulary where the projection image consists
of small areas of clear symbology on a predominantly dark

background.

It is the third difficulty which has made the use of Kalvar so widespread as the
projection medium in the majority of current command and control projection display

systems,

4.6.6.2 Kalvar Film

The use of Kalvar is very attractive from the processing standpoint since it can be
developed simply by means of heat (approximately 120°C for 1 to 2 seconds). 19
Unfortunately, Kalvar (like the diazos and photochromes) is sensitive only to a
narrow band in the ultraviolet region and is much slower than silver-halide film.
The energy required to expose Kalvar is 2 x 106 erg/cm2 (0.2 watt-seconds) at
3850A° for Kalvar as compared with 0.2 ergs/cm2 at 4300A° for Plus-X film. This
energy level (projected to the reciprocal of "speed" in photographic terms) makes

direct photography of the face of a cathode-ray tube impractical when using Kalvar.

In some systems, silver-halide film is used first to develop a negative from the face of
a cathode-ray tube. Multiple positive copies are then printed on Kalvar using a
high-intensity xenon or mercury arc lamp. The temperature of 120°C required for
developing presents no serious problem and good resolution can be obtained from
Kalvar. In the ARTOC display subsystem, the image from the cathode-ray tube face

is recorded on silver-halide photographic film which is developed, fixed, washed, and
dried within 8 to 10 seconds. Positive prints are then made automatically from the
negative in less than one second by contact printing of the negative on the Kalvar film.

The Kalvar film is exposed by high-intensity U.V. and the image is developed by heat.
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4,6.6.3 Photochromic Film

The exposure and developing processes for both silver-halide and Kalvar film are
non-reversible. Hence, these films cannot be reused, and they cannot easily be used
in a dynamic or plotting type display. One of the most attractive features of photo-
chromic film is that the process is reversible. Hence, the film can be reused and can
be used in a dynamic or plotting type display. Since there is a finite decay rate at
normal temperatures and since some fatigue occurs, there is a limit to the number of
times the photochromic film can be used. Photochromic material will withstand the
heat of projection as well as Kalvar, and is self-developing. Its speed is comparable
to Kalvar; but since it is heat eraseable, it has not been used in command and
control systems where the permanency of Kalvar is a requirement. The reversible
process and the relative insensitivity to ambient light are special properties that also
permit photochromic film to be used in other types of display systems where silver-
halide and Kalvar cannot be used. Special types of photochromic displays are

discussed later.
4.6.6.4  Other Film Techniques

Xerographic techniques have been used for developing an image on film from an
electrostatic image. The electrostatic image can be created on the film by a cathode-
ray tube with a metal fiber face plate. Electrostatic photography and photochromic
material both offer the advantages of reuseability and simplicity of processing. In
addition, panchromatic photoconductive materials have been developed with an ASA
rating of 15 (comparable to Kodachrome I-type A ). There are a large number of
other photographic and reproductive processes that can be considered for film
projection display systems. Robillard has compared a large number of these, some

of which meet certain requirements that cannot be met by silver—halide.20 He
describes the general scheme for photographic systems consisting of exposure of a
latent image and the development of this by local energy sources resulting in the
final image. He presents one table classifying existing photo and reproduction
processes and another classifying new photographic systems for the three steps of
photosensitive system, amplification, and image formation. These tables are
reproduced here as Table 4-10 and Table 4-11 to illustrate the large number of

possible systems and the range of characteristics. The potentials of film based
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Table 4-10. Classification of Existing Photo and Repro Processes

AMPFLIFICATION
PHOTOSENSITIVE SYSTEM {Deveiopment) TMAGT FORMATION
Naturs and Bature of Image
Type of Color of the | Spectral Paenomena Materisl Phenamena Bnergy Material| Phencmena Materisl Porming
£ Resp U d, 1 .
Process ) Image spon ses Iavolved Involved Involved Added nvolved| Involve Involved Matertal | Plxation
Silver FMetography | Negative - Visible= | All Moto- Photo- Aghy Chemical } Chemical Reducing| Chemicasl AgBT A Chemical
Balide Black w graphic ape-| reduction Reactiom Agents | Reduction (Hdypo)
m plicacions saductng L)
Priat out Negative - Visible - | Recording Photo~ Agdr hoto~ Radiation None Moto- Aghr Ag Chemtcal
Smvlslons Browa uy Photocopy reduction lysis (U] 1yete (Hypo)
Diese Osalid Positive = oy Recording Photo- Diasonium Chemicsl | Chemical LA Chemical |Diazonfum Coupling -
Blue Blueprine reduction Salt + Reaction Rsaction Salt + Product
Srown Photoeopy Coupling Coupling
4 Compound Campound
Diaze Kalver Negative = uv Recording Photo~ Diszonium Chemical Reat None Chemical |Diaszonium LFY uv
Browm Microfilms | reduction Salc + Reaction Resction Salt +
Data Coupling Coupling
Procass Campound Compound
Blectroe Rlectro Positive = Visible = | Recording Photo- n0 Materisl Bleetro- Carbon Selective |Carbon Black | Carbon
static tax Black uv Photocopy |eonductivity Transpore static Black Depostit or Black Baac
Date or Dyss Dyes or Tusing
Process Dyes
Bleetro- Xerography Positive - Visidie - | Photocopy Photo~ e Material Blectro~ Carbon Selactive |Carbon Black | Carbon
static Black uvy Recording |conductivity Transport static Black Deposit or Black
Data or Dyes Dyes or
Process Dyas
Elactyo~ k] Megative - Visidble Microfils Photo- Zn0 Blectro- | Electrical | Siiver Select.ive | Matallic N, Au or None
iytie Black U | Repro. |conductivicy lysis salt Plating Salts other
Data s 3% Qtner M
Blectro- | Photo- Lighe Visible | Rxpari- Photo~ Plastic Electros~ Zlectro~
static plastic scattering uw mental conductivity film tatic defo! Reat Plastic |static de- | Plastic Plascic None
he:{:ux image formation film formation film fils
Blectro~ Negative Vieible Rxperi- Photo- Cds or None None None Rlectro- - > None
1ytic Redox or wental conductivity |CdTe, Reduction
Positive . lbzss ot
Black Oxidation
Elsctro- (z Positive - uv Experi~ Photo- InSd Blectro~ |Klectrical o Blectro- | InSb + hoz Nona
l iytic ) Black mental tpolarization oxidatiom Oxidation Kol
[R1ectro- 3 Negative - w Bxpert- Photo- AL Blectrow |Riecerical [ PO, | Blecero- | pot, + A0, None
lytie ¢ Gray wmantal polarization oxidation Oxidation AL
Moto- Photopoly« Negative o Visible Experi- Photo- . Chatn Chemical . Poly- Vinyl Heat
polymer~ |[mertzation Black w mental polymeriza- m" Reactiom | (Self Con- :::z:.“ fton 4 Palyvinyl
tzation “) tion tained) o
Prae Tree Begative - uv Experie Photo- Styryl Base | Chemical Chemical | Styryl Chemicsl | Styryl3Bass Styryl Hest
Redicals Radical Yellow mantal chemical + l:lr‘ Rasction Base Raaction + CIr‘ Hydro-
Mocto L Reaction + [bramide
System Black Clt‘ - *
(,) [Quater-
: oary
Dinec
Dichro- Photo- Posttive » Visible Experi- Photo- 0-NITRO Chain Chemical 0-NITRO | Chemical 0-NITRO 0-NITRO Xlece
tom Dichro- Brown mental Dichrolsm Benzalde- Reactiom } (Self Con-| Benzalded Senzalde- Bensotc trical
f- hyde Cained) hyde hyde Actd
$, + T10, o T10
() . 3 1
Thersal Thetno- Positive o 1t Protocopy |1k Abdotps Laad dalt Neas None Weas | Chamfesl |Llaad Bsis Py Mone
. fax Arown or tion + Thalosch~ + tulodas-
Black tamide tamide
Mechani- Negative - u Bxperi- Photo- Se Allotro- | Mechanical Se Plastic Se Se None
sal (7) Grey mssntal conductivity ple Deforma-
* Trans foem tion

XOTE: Numbers in parentheses
refer to
of Robillard Paper.

References at the: end
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Table 4-11. Classification of New Photographic Systems

AMPLIFICATION
PHOTOSENSITIVE SYSTEM . (DEVELOPMENT) IMACE PORMATION
Nature and . Macure of Image
Tyre of Spectral |Quantum | Color of the Phencoena Material Phenomena Energy | Material [Phenomena Material Porming
Process Process | Response | _Yield Image Involved Involved Involved Added Involved | Involved Involved Materiall Pixation
Ecnlyuc Barrier | Visibla~ xo’ Negative - Photo~ Cds or CdTe | Materisl Chemical {Cu + $10,/Catalytic |Cobalt Acetyl Co None
Leyer w Black Conductivity or Transporté & + Cobalt”| Reaction Acetonste
szs, Chain Blectrical| Complex or
Resction Others
KCatalytic | Zlectro- |Vistble- w’ Negative - Photd- Cds or CdTe | Electro- Chemicsl CuX Catalytic |Cobalt Acecyl Co None
Dissocia- v Black Conductivity or Dissocia- [ 4+ Cobalt | Resction Acetonste
tion of & shzl, cion & Blectrical| Complex or
Catalyst N Chsin Others
Compound Reaction
Catalytic | Phote- uw lo’ Negative = Photo- CuSCN Chain Chamlcal | Cobalt |Catalytic jCobalt Acectyl Co Electrical:
Dissocia- Black with |Dissociation or Reaction Complex | Resction Acetonate
tion of a Blue Back- Others . or
Catalyst ground Others
Campound ’
r Photo- Vieibdle - H)z Negative - Change in Zn$ Dielectrid ar s + Thermo- |Lead Xsnthate | Pb or None
Dielectric uw Black or Dielectric Heating Binder Sensitive or Others
Brown Constant Resction |Other Thermo-
: Sensitive
Materisls
Electro- | Two Steps | Visible - 107 Negative - Photo- c-oz Ionic Chemical |Ag + c-ﬁz Reduction caoz Ce0 None
Optical Reduction w Black Excitation Migration
in Crystald
{Zlectro- Photo- Visible 102 Negative - Photo~ noz Electron uw Ag + ‘H.Oz Raduction noz Ti0 MNone
Optical Reduction Black Conductivicy Trapping | Radiatiom
+ Iomic )
Migration
in Crystals
Color Color Visible- 10 Posftive - Quenching Kcl Return to X-tays KCl Quenching xcl Color |Electricsl
ters Centers I Various Color or Ground (previous or Color or Centers
Colors Centers CoCl States to CsCl Cencers CsCl
exposure)




systems have not been fully exploited. Processing time for all film media is
a few seconds.  Even full color film can be processed in less than a minute. It is
reported that one company will shortly announce a color film for display application

which can be processed in 15 seconds.

The film projection type systems are currently the most practical solution to large-
screen displays where continuous operation is required. However, because of the
relatively slow response time, the inability to display dynamic information, and the
mechanical equipment involved, this is not a desirable long-range solution for
shipboard tactical data systems. It is believed that film projection systems will be
obsolete for this type of application before the 1970 period and should not be con-
sidered for a 1970 system.

4.6.7 Photochromic Displays

Photochromics have been discussed briefly previously as one type of media for use
in film projection systems as an alternative to silver-halide and Kalvar. Three

properties of photochromic film that permit it to be used in other types of display
systems, where silver-halide and Kalvar cannot be used easily, were considered.

These properties are:

1) A reversible process, hence eraseable and reuseable
2) Self-developing, hence requires no processing
3) Relatively insensitive to ambient light, hence can be exposed

without light shielding (if the ambient light does not contain

significant amounts of ultraviolet or infrared)

These properties permit photochromic material to be used in real-time dynamic or

plotting type displays that offer promise for future display systems.
Photochromic materials are organic dyes which become opaque when exposed to

ultraviolet light, and return to the transparent state when exposed to heat or

infrared light. By coating a transparent film with a thin layer of photochromic
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material, a "photographic" type media can be produced in which the chemical
process is reversible. An image can be exposed with ultraviolet light and erased
with infrared light. A number of new photochromic materials with different
characteristics are in the research stage at this time. One of these can be written
upon by light in the blue range of the spectrum and is not bleached by visible light.
Another is bleached by visible light and is not bleached by heat.

The exposed image will decay at room temperature at rates depending upon the
particular chemical compound. Typical persistency times for photochromic materials
used in display systems range from approximately two seconds to 15 minutes. Faster
decay times can be obtained, but for display purposes, this requires regeneration of
the image. Longer persistence times can be achieved by cooling the image since

the decay is inhibited by low temperatures.

Photochromic materials exhibit a fatigue characteristic at present, after a few
hundred cycles of a particular spot. Red, blue, or green colors can be obtained with
a resolving power capability in excess of 1,000 lines per millimeter. The sensitivity
varies with the photochromic material but is about 1/3-watt-second per square
centimeter. The persistency of the image can be controlled by varying the tempera-

ture, the material, or the method of applying the material to the base.

Early work on photochromic display systems generated a dynamic display by focusing
an ultraviolet light through a lens system onto a photochromic film; the ultraviolet
light being mechanically positioned by a servo—mechonism.Z] This approach is
conceptually similar to inscribing systems discussed previously, but it generates a
reverse image (i.e., a dark trace on a light background). Since the photochromic
material becomes opaque at the point at which the ultraviolet strikes, projection
type displays can be generated by inserting the photochromic material between the
lamp and the lens of a projection system. Moving the lens through which the ultra-
violet light is focused causes the opaque spot on the photochromic film to move,
generating a dynamic display on the screen. Shining an ultraviolet light beam
through a character-matrix mask can generate alphanumeric characters or special

symbols on the display screen. This type of display is interesting for tracking a
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limited number of targets or for generating displays that change relatively slowly.
However, the speed of the photochromic material and the mechanical motions in-

volved in deflecting the ultraviolet light limit the useful speed.

In a newer development, a cathode-ray tube is combined with the photochromic
film to permit the electronic generation of an image (See Figure 4-5). In this
approach, a fiber-optic face plate cathode-ray tube i< used tc geneiaie an image on
2,28 g,

ultraviciet light from the phosphor on the inner surface of the face of the cathode-

the outer surface of the face of the tube by conventional techniques.

ray tube is transmitted through the fiber-optic face plate to generate an opaque
image on the photochromic film. A dichroic mirror that transmits ultraviolet light
and reflects visual light is sandwiched between the fiber-optic face plate and the
photochromic film. Visual light from an external source is projected through the
photochromic film onto the dichroic mirror which reflects it back to a viewing
screen. The opaque image on the photochromic film prevents the light from the
projector from striking the dichroic mirror. Hence, this iinage is reflected onto the
screen. Since the light passes through the photochromic film twice, the optical
density is effectively doubled. For target track type applications, this technique
not only provides a real -time target track, but also provides target track history in
the form of a trace with "intensity" decreasing with time. The time period covered
by the visible target track history can be changed by replacing the photochromic
film with another of a different persistence photochrome. For example, a long
persistence material used for an ASW operation could be replaced with a short
persistence one for an AA operation. It should be noted that this approach provides
a dynamic real -time display where the photochromic material is reused. This is in
contrast to the film projection systems discussed previously which are not dynamic

and where film is continuously processed and expended.

At the present time, the speed of photochromic materials limits the character genera-
tion rate to 20 to 50 characters per second in this type of display. If work on faster
photochromic materials is successful, this approach could provide an attractive

electro-optical large-screen display with no nechanically moving parts.
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Figure 4-5. Photochromic/CRT Large Screen Display
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The Army and the Navy have supported similar photochromic display system develop-
ments at two different companies using photochromic materials with different persisten-
cies. The development effort supported by the Navy, uses a photochromic material
that has a shorter persistence which is further accelerated by permitting the infrared
in the visual light to strike the film rather than filtering out the infrared. The
computer is expected to regenerate the display periodically to compensate for the
short persistence. The development effort supported by the Army, on the other hand,
uses a longer persistence material and filters out the infrared in the visual light. The
appropriate light colors must then be recombined to get white light on the screen
without infrared. This approach gives a longer persistence picture with less require-
ment for computer regeneration, but the picture cannot be changed as rapidly unless

infrared is used to erase the previous image.

A more advanced, but somewhat similar, photochromic display has been proposed
that may be feasible in three to four years. This is a combination photochromic-
laser display in which an ultraviolet laser beam is digitally deflected to write on the
photochromic material. This combination can provide a very high resolution since a
10 to 20 micron spot size can be obtained with a laser beam compared to a one mil

spot size for a cathode-ray tube.

Photochromic display systems combining electronic, photochromic, and projection
techniques are promising for future display systems but, in the long run, will probably
be superseded by other techniques such as electroluminescent, magneto-optic, or
laser displays. Photochromic displays are more attractive as an interim large-screen
display technique that can be operational within the next two to four years. Their
use is more questionable for systems to become operational during the 1970's.
Photochromic displays using cathode-ray tube writing and optical projection, similar
to the ones discussed in this section, are being developed. This appears to be a
feasible technique for the next generation of large-screen displays if development

efforts are adequately supported.
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4.6.8 Light-Valve Systems

The term "light valve" in a generic sense refers to any system in which light passing
through the system is modulated. The CRT/photochromic system discussed in the
preceding subsection is a light valve in that sense. However, the term is usually
used in a narrower sense to refer to a cathode-ray tube projection display system

using aschlieren optical system or to certain types of liquid or solid crystal devices.

4.6.8.1 Qil-Film Light Valves

The most common example is the "oil -film" light valve used in theatre projection

TV systems. In a typical system of this type, a metallic mirror-like surface covered
with a thin film of oil is placed inside an evacuated cathode-ray tube type device.
The oil film is scanned with an electron beam to generate a television type image,
(raster scan), on the oil film. This is similar to the operation of a normal cathode-ray
tube except that the image is éenerofed on the oil film rather than on a phosphor face.
The electrons impinging on the oil film create electrostatic forces that cause a
temporary deformation of the oil film. When a high intensif} light source is focused
on the oil film, the light is reflected at a different angle for those areas that have
been deformed by the electron beam than for the remainder of the oil film. Passing
the reflected image through a ladder-like grating (a schlieren optical system) permits
selective passing of the light, depending upon whether it was reflected from a deformed
area or a non-deformed area of the oil film. Hence, the desired image is displayed

on the viewing screen.

At present, oil -film light valves suffer from the severe disadvantage of a short cathode
life (20 to 200 hours MTBF). Since it is necessary to have an oil film inside the
vacuum, it is difficult to maintain a good vacuum. As a result, there is a tendency
for the cathode to be poisoned by evaporated oil. Light-valve systems of this type
are in common use in large-screen theatre-television systems. However, these
systems are operated for short periods of time for special events, and considerable

time can be allotted prior to the event for bringing the system up to proper operation.
Unfortunately, in the military command and control environment, the system is

required to be in almost continuous operation.
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Another disadvantage is that multi-color displays require multiple projection units
with consequent cost and registration problems. One company has combined
several colors in one frame by using two scan rasters at right angles to each other

with a dual schlieren optical system.

Considerable development efforts are being expended toward improving the perfor-
mance, reliability, and life of light-valve systems. The Rome Air Development
Center, in particular, is sponsoring extensive efforts toward improving light-valve
systems. It is their belief that light-valve projection systems will constitute the
next generation of large-screen display systems. Although oil-film light valves are
promising for future display systems, size, reliability, and maintainability considera-
tions are likely to restrict their applications to fixed-site land-based strategic
command and control systems. Their use in mobile tactical systems, such as those
required for Navy shipboard and Marine ground applications, is not promising. In
any event, they offer only an interim solution. However, it will be a number of
years before some of the other newer display techniques (e.g. electroluminescence)
can provide the same brightness, resolution, and gray scale capability. These
factors must be balanced against other factors such as size, cost, reliability, and
maintainability. Although oil-film light valves will be used for a number of years
for TV presentations wherever group viewing of TV is required, such systems will be

surpassed by other techniques by 1970.
4.6.8.2  Thermoplastic Light Valves

The problems of cathode contamination caused by the presence of an oil film in the
vacuum system can be avoided by the use of thermoplastic and photoplastic media in

somewhat similar light-valve systems.

The thermoplastic media is used in a manner almost identical to the oil film. An
electron beam in an evacuated cathode-ray tube type device is used to write on the
thermoplastic media by depositing electrons on the surface. (See Figure 4-6). If
the film has been heated to the softening point, the electrostatic forces cause the
surface of the film to become distorted in a pattern corresponding to the image. This

image is projected with a schlieren optical system, as in the case of the oil -film
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light valve. In a thermoplastic system, a permanent record could be retained by
permitting the surface of the media to cool and harden while holding the distorted
pattern. However, this is not desirable in a light valve since it would require the

ability to remove the thermoplastic media from the evacuated chamber.

Other thermoplastic techniques have been investigated. One is the use of a tube
with a wire matrix face plate to place the electrostatic charge on the thermoplastic
medium external to the tube. Another is the use of a crossed matrix of conducting

lines which deposit charges at the line intersections.

Thermoplastics can also be used as the medium in a film projection system by using
powder-dust toning to produce a visual image that can be projected like silver-
halide or Kalvar film. Some advanced work in this area indicates the possibility of

a single frame multi-color picture using different colored powders for dusting.

4.6.8.3 Photoplastic Light Valves

A photoplastic medium is a combination of photoconductive and thermoplastic
techniques in which a conducting layer, a photoconductive layer, and a thermo-
plastic layer are combined. If the thermoplastic layer is transparent and the medium
is exposed to a light pattern in the form of an image, the charge from the conducting
layer can move through the photoconductor in the areas corresponding to the light
pattern. If the surface of the thermoplastic layer is first charged with respect to the
conducting layer prior to the exposure to the light image and then discharged to the
conducting layer after exposure, a charge pattern is retained on the surface of the
thermoplastic film. This charge pattern on the thermoplastic film corresponds to the
light image as a result of the charge pattern in the photoconductive layer. Briefly
heating the plastic permits the electrostatic forces to deform the thermoplastic

surface. This deformation can be retained by cooling (hardening) the plastic if

desired.
This image can be projected by a schlieren optical system also, but it has an

advantage over the straight thermoplastic medium in that the recording is by light

rather than by electron beam. Hence, it is not necessary to place the photoplastic
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medium inside the vacuum chamber, nor to use the lower density of matrix techniques
such as a wire mesh face plate tube. This permits an "open-air" light-valve system

that avoids many of the disadvantages of the oil-film and thermoplastic light valves.

Using the light from the face of a cathode-ray tube to write on a photoplastic medium,
when combined with a schlieren optical system for projection, provides a dynamic,
real -time, large-screen display with a sealed vacuum system. The medium is reuseable
and heat is utilized for both instantaneous devel opment and for erasure. Resolving power

of 360 line pairs per millimeter, spot size of approximately one millimeter, and

contrast ratios of 30:1 have been achieved with photoplastic light valves.

Although photoplastic light valves are not as far along in the development cycle at
this time as oil -film light valves, they offer more promise for use in tactical display
systems because of the use of more conventional cathode-ray tubes and the fact that
it is not necessary to place the medium inside the evacuated chamber. Asealedlight
valve is achieved that avoids problems of maintaining the vacuum, re-evacuating
the chamber after maintenance, and low reliability and poor maintainability due to
cathode contamination. Many display experts and users believe that photoplastic
sealed light valves are the most important current display development from the

standpoint of feasibility in the near future.

Many of the adverse comments made about oil -film and thermoplastic light valves
will not be applicable to photoplastic light valves. As a result, if light valves of
this type are satisfactorily developed, they will be competitive with, and probably

faster than, the dynamic real-time photochromic displays discussed previously.

Photoplastic light valves should be considered one of the major competitors for the
next generation large-screen display systems and for use in systems during the early
1970's if other techniques, such as electroluminescent, magneto-optic, or laser

disp'ays, are not perfected as rapidly as might be expected.

V- 4-63



4.6.8.4 Solid State Light Valves

Solid state light valves are an interesting and promising technique for long-range
consideration since many of the problems associated with oil -film, thermoplastic,
and even photoplastic light valves, are avoided. In some approaches, even

a cathode-ray tube may be unnecessary.

One approach that has been proposed uses a solid-state crystal for light modulation,
but it is not really an all-solid-state device since an electron beam is used to control
the crysta|.24 In this approach, as illustrated in Figure 4-7, an electron beam in a
cathode-ray tube is used to control the passage of light through a birefringent KDP
crystal in the face of the tube. A polarized light is projected through a rear window
in the cathode-ray tube, through the crystal modulating element in the face of the
tube, and onto a screen. The electron gun in the cathode-ray tube generates an
image on the crystal modulator; the polarized light passing through the modulator
then projects this image onto the screen. The electron gun serves as a control

element but is not required to supply the light output.
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Figure 4-7. Solid State Light Valve
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The crystal light modulator is but one example of a class of light modulators where
electrical or magnetic fields are used to modify the optical properties of an electro-
optically active crystal (or liquid in some approaches) - to modify its transparency,
index of refraction, plane of polarization, color, etc. Such crystals can be used to

modulate laser beams in both direction and intensity.

Although the medium controlling the light is solid state, the medium must be controlled
by some method to generate the image. Unfortunately, the most practical method

of accomplishing this at present is with a cathode-ray tube. In the more distant
future, a practical solid-state combination may use a low-power laser to control

the crystal, which in turn controls the light from a high power optical projection

system.

These approaches are being followed with interest, but there is no indication at this

time that they will be feasible for use by 1970.

4.6.9 Electroluminescent Displays

Electroluminescent displays offer the advantages of an all-solid-state display without
moving parts or projection optics, a flat display requiring very little depth, and
sufficient brightness for viewing under properly controlled room lighting conditions.
An electroluminescent element (See Figure 4-8) consists of a thin layer of phosphor
powder that is embedded in a dielectric medium and sandwiched between two parallel
plate electrodes, one of which is frcnsporenf.25’26 The application of an alternating

voltage to the electrodes causes the phosphor to emit light.
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Figure 4-8. Electroluminescent Element
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4,6.9.1  Alphanumeric and Symbol Lamps

The major applications of electroluminescent materials in display equipment so far

! In these

have been in the form of individual character or symbol indicators.
devices, each character position in an alphanumeric display is represented by an
electroluminescent panel which can be caused to display any one of a predetermined
set of characters depending upon the electrical signals applied to the device.
However, extensive research and development efforts have been devoted to the use
of electroluminescent materials to fabricate a complete display screen capable of

displaying graphical data as well as alphanumeric characters.
4.6.9.2  Crossed-Grid Display Panel

Aside from the discrete character display, the electroluminescent display which has
been developed further than others to date has been the electroluminescent cross-

grid display.27’28

This display uses a continuous electroluminescent sheet with the
electrodes on one surface subdivided into parallel strips in the X direction and with
the electrodes on the other surface subdivided into parallel strips in the Y direction.
Applying excitation to an X and a Y strip causes the electroluminescent material

to emit light at the intersection, and, to a lesser degree, along each strip. The
contrast ratio between the light output at the intersection and that along each line

is approximately ten to one. To reduce this "cross-effect," a continuous sheet of
non-linear resistor material is coated on the electroluminescent material between the
two sets of electrodes. This results in an increase to 10,000 to 1 in the contrast
ratio between the light output at the intersection and that along each line. The
non-linear resistor material also reduces the capacitance and hence the driving power

required.

This approach is useful for both large-screen and console type displays. Real-time
dynamic displays, such as target tracks, can be generated by properly sequencing
the selection of X and Y grids. Alphanumeric characters and symbols can be drawn
on the same display. However, it is necessary to regenerate each spot on the display
periodically since it has no storage characteristic. As a result, this type of display
requires either an external storage or computer controlled regeneration. To avoid

noticeable flicker, the picture must be regenerated more than 30 times per second.
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The frame rate of 30 per second and the fact that approximately 5 microseconds are
required to energize each spot on the display limit the total number of positions that
can be activated. If many spots are to be energized, it may not be possible to re-
generate each spot for a long enough period to maintain the desired level of light
output. This will decrease if each spot is not energized for a long enough period and
sufficiently frequently. Periodic action is required for active spots that remain static
as well as for those that are changing. A typical mosaic panel operated at 250 v,

10 kes with pulses of 20 psec duration repeated thirty times per second (to avoid

flicker) provides an average 20 foot-lamberts of luminance.

One display of this type that is being built provides a 256 x 256 matrix in a 16 x 16
inch display panel. This display panel is 3.5 inches thick. The spot size is approx-
imately 0. 1 inch. It is expected that spot sizes of 0.025 to 0.020 inch are realizable

in the near future, and that 0.01 inch is feasible.
4.6.9.3  Analog Display Panel

In another type of electroluminescent display, a continuous sheet of electroluminescent
material is deposited over a sheet of piezo-electric ceramic.29 With the proper
voltage applied to the electroluminescent material, a mechanical shock wave traveling
through the piezo-electric ceramic can generate sufficient voltage to energize the

electroluminescent material in the vicinity of the shock wave.

Introducing a shock wave to one edge of the ceramic causes a light signal to propagate
across the electroluminescent material as the shock wave propagates across the ceramic
beneath it. A reduced shock wave on one edge, combined with a shock wave on a
perpendicular edge, can cause a point of light corresponding to the intersection of the
two wave motions to propagate across the display. A non-linear resistor material is
again used to suppress partial excitation. Controlling the timing of the two shock waves

provides the ability to position the spot of light as it moves.
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4.6.9.4  Electroluminescent/Storage Panels

In a crossed-grid electroluminescent display, the necessity to regenerate the entire
display periodically limits the number of spots that can be energized and may
decrease the light output. To overcome these problems, considerable attention has
been given to the development of matrix addressed electroluminescent display panels
that include a storage capability for each spot on the display. Providing an external
storage such as a core matrix is not satisfactory since it does not eliminate the
necessity for scanning through the display periodically. A method is required that
provides separate storage directly coupled to each spot or position so that individual

spots can be turned on and will remain on until intentionally turned off.

Two different approaches have been taken to this problem. The first is to fabricate
a display panel with a matrix of discrete electroluminescent elements, each having
an associated semiconductor storage circuit. An XY selection matrix is used to turn
on the storage element that energizes a specific electroluminescent element. This
storage element then maintains the electroluminescent element in that state until it
is cut off by another XY selection operation. At present, the addressing rate is
limited to a switch-on time of approximately 10 microseconds per element. The
switch-off time is approximately 30 microseconds, but it is not necessary to maintain
the electrical signal for this length of time. It is anticipated that the switch-on
time can be reduced to 5 microseconds in the near future. Resolving powers of 0.4

lines per mm. can be realized now with 0.6 - 0.8 lines per mm. considered feasible

by 1970.

This approach provides a true dynamic large-screen display with exact registration
and positioning, without mechanically moving parts, and without an optical projec-
tion system. Since the individual storage elements eliminate the necessity for

periodically regenerating the picture, only those elements that change must be

activated and energized or de-energized.
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This type of display is quite expensive due to the electronic selection of individual
elements and the electronic storage associated with each element. However, it is a
practical display in that a dynamic large-screen display of this type can be built in

a relatively short time with a high assurance of success. Development of an integrated
circuit storage array may lower the cost of the electronic elements, but it would still
be necessary to make physical connections between each bit of storage on the semi-

conductor chip and the corresponding electroluminescent element.

The major fabrication and cost problems associated with the type of electroluminescent
storage panel discussed above result from the fabrication of a semiconductor storage
circuit for each spot on the display. A more desirable solution is one in which the
storage is provided by overlaying a sheet of electroluminescent material with another
sheet of material that provides storage in conjunction with the electroluminescent
material. Electroluminescent elements and photoconductive elements have been
combined for this purpose. The electroluminescent element provides sufficient light
to keep the photoconductive element in the conducting state, while the photoconduc-
tive element provides a path for keeping the electroluminescent element energized.
The result is an EL-PC storage element with both electrical and optical feedback.
Electroluminescent panels with this type of storage have been built with a resolution
of 0.2 lines per mm. Approximately 1 line per mm. resolving power is anticipated in

future devices.

One company has placed over the layer of electroluminescent material a layer of
cadmium selenide (CdSe) that provides two stable states with an 8-1 change in
resistance between the two states. With a layer of CdSe in series with the layer of
electroluminescent material , the hysteresis, effect in the CdSe can be used to provide
both switching and storage for an array of electroluminescent cells. It is said that
this approach can produce 100 foot-lamberts for approximately 1500 hours with a turn

on time of five microseconds.
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It is too early to determine whether the technical problems in this approach can be
overcome, but it is particularly attractive if it proves feasible. It may provide a
means of batch-fabricating a complete electroluminescent display panel with associated
storage. The ability to fabricate the storage medium directly on the electroluminescent
panel without the necessity for making connections between each spot and its storage

element is very advantageous.

Matrix addressed electroluminescent display panels with semiconductor integrated
circuit storage for each spot or position on the display definitely will be feasible for
use in a 1970 system, but the cost may be prohibitive for a large display screen.
Electroluminescent display panels with storage material fabricated on the panel itself
are attractive and will be economic if the techniques prove feasible. However, it

cannot be stated with certainty at this time that this will prove feasible by 1970.
4.6.9.5  Multi-Colored Electroluminescent Displays

A multi-colored electroluminescent display is difficult but can be achieved by seg-
menting each element of the display into three elements corresponding to a three
color system. Green, blue, yellow, and white electroluminescent phosphors are
available, but the green has approximately twice the light output level of the other

colors.

4.6.10 Opto-Magnetic Displays

A different approach to solid-state displays is based on the mognetic properties of
certain thin-film materials that affect their reflection of light. If a thin-film of
magnetic material of this type is deposited on a substrate, areas that have been
magnetized will reflect light in a different way than other areas of the film. An XY
matrix selection can be used to generate a magnetic image on the surface. If a high
intensity light is projected on the magnetic film, a visual image will appear as the

result of the effect of the magnetic image on the reflection of the light.
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I" room ambient light conditions have been

Contrast ratios of 75 to 1 under "norma
obtained. Only a few percent of the incident light is reflected. Resolving powers
of about 8 lines/mm. have been obtained in the laboratory. The intensity varies
with the viewing angle in one axis and color varies with viewing angles in the other

axis. There is very little intensity variation within angles of approximately 90°.

The U.S. Navy Bureau of Ships has awarded a study contract for a display of this
type. This is an interesting approach to a dynamic large-screen display, but it is
too early in the development stage to determine with confidence whether it will be

available and feasible for a 1970 system.

4.6.11 Electrochemical Displays

A number of display techniques based on electrochemical phenomena have been
investigated. Several electrochemical devices are available in which the color,
the opacity, or the reflectivity of liquids or solids are changed by the application

of local voltage or current signals.

One approach uses reversible electroplating techniques. Each cell or spot on the
display panel consists of an electrode in a silver solution. The silver can be plated or
deplated on the surface of the electrode under the control of an electrical signal to
give a reflective type of display. Another approach uses a liquid in a honeycomb-like
structure where the pH of the liquid can be changed chemically by an electrical

signal to provide selective color. Most of the devices of this type are ambient light

viewing devices although some self-luminance devices are experimentally available.

One type of electrochemical display that has been under development for several

years is Elecfroflors.30 Electroflors use liquid phase materials that either exhibit
fluorescence or change color when activated by electrical signals. Three elements
comprise Electroflor liquids - carriers, indicators, and activators. Basically, an electric
potential across two electrodes emersed in an Electroflor liquid setsup an ion unbalance
that causes color change. The ions represent a localized increase in pH of the solu-

tion that results in a color change in the pH sensitive indicator. A reverse polarity
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current can be used to neutralize the color. This action is relatively slow requiring
approximately one millisecond to provide a useable color change. Such cells have
inherent storage. It takes several minutes for diffusion effects to dissipate the color

indication.

Individual Electrofior cells have been built but the most promising approach from the
standpoint of large screen displays is a matrix selection technique in which a matrix
of horizontal and vertical electrodes is used with each crossover corresponding to a
spot or display element. An experimental display with 120 lines in each direction

of the matrix has been constructed under an Air Force contract. This experimental
project uncovered problems with smearing of the image by spurious side currents from
surrounding electrodes. Further investigation revealed that these effects can be over-
come by the use of anodic electrodes which act as rectifiers. However, the use of
anodic electrodes made it impossible to erase the image electrically. The image will
decay and fade with time, but this seriously affects the speed of the display if it is
necessary to change the image frequently. Selective colors can be produced that are

visible under bright ambient light.

Electroflors and other electrochemical displays are of interest for the long-range
future, but it is unlikely that they will be developed sufficiently for use in a
1970 system.

4.6.1.2 Laser Display Systems

The use of lasers to evaporate opaque material on a glass slide in an inscribing type
display, and the use of ultraviolet lasers to write on photochromic material have been
covered in previous discussions. However, lasers have the potential of being used

31,32,33 For

example, a laser beam may be used to write directly on a large luminescent screen.

in other ways that offer promise for future large-screen displays.

This is somewhat equivalent to an "outdoor" cathode-ray tube in which the laser
beam replaces the electron beam and the luminescent screen replaces the phosphor
coating on the face plate of the tube. This offers advantages over a CRT in that a

vacuum is not required and a large-screen image can be generated directly.
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The major development problems associated with laser displays are:

1)  Obtaining sufficient power at the desired wave length to provide

adequate luminance at the desired color, and

2) Obtaining deflection and intensity modulation devices with

sufficiently fast response to provide the necessary resolution.

The nature of these development problems can be illustrated by considering the
raster scan type of presentation (the random positioning method offers higher lumin-
ance but requires equally fast modulation response). The luminance L on a screen
of area A and gain G provided by a laser of output power P \, at wave length \

for which the luminous efficiency is E X, is given by

L= 680P\ E X G.
’ A

L is in foot-lamberts if A is in square feet. Assuming a screen of G =2 and A = 100
square feet, a laser for which P X = 1 watt, N =550 mu ( for which E A = 1) the
luminance L is 13.6 foot-lamberts. While this luminance is comparable with the

open gate screen brightness of the average motion picture theatre, it should be re-
called that the most powerful laser available today, operating at X = 633 mu (for
which E N = 0.26) has a power output of about 0.05 watts rather than 1 watt.

With these values of PX and E X , and with A = 100 square feet and G = 2 as before,

the luminance is only 0. 18 foot-lambe rts.

To provide a resolution of one part in 1000 along each of the two axes of the screen
at a flicker-free rate of about 30 cycles requires a horizontal deflection saw-
tooth frequency of 30 kc for deflection and an intensity modulation square wave
response of 30 mc. These requirements are not believed to be within the current
state-of ~the-art in lasers. Hence, improvements in power and efficiency available
from lasers at the desired wave lengths (particularly ultraviolet) and adequate laser
deflection techniques must be developed before laser-controlled luminescent screen

displays will be feasible.
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Binary digital deflection of lasers by crystals has been satisfactorily demonstrated
for 256 positions in each direction, but 1024 positions in each direction are needed
for a practical display sysfem.34 The results accomplished to date indicate an 85%
to 90% transmissivity of light through the deflectors. Calcite and sodium nitrate

are the two crystal materials that have been used for deflecting laser beams. Deflec-

tion angles are about 6% to 8% for each crystal.

A recently-developed display panel appears very attractive for use with an ultraviolet
laser in a system similar to that described above. This panel provides an electro-
luminescent screen controlled by a variable impedance dielectric material. The
exact nature of this material is proprietary and has not been disclosed in detail. This
variable impedance material is used in series with the electroluminescent material
between the plates of a capacitor formed by two thin-film electrodes. The result is

a four layer panel (a thin-film electrode, the variable impedance material, the
electroluminescent material, and another thin-film electrode) in which the impedance
material layer controls the voltage across the electroluminescent layer. Hence, the
energizing of the electroluminescent layer can be controlled by changes in the
impedance layer since the energizing voltage is applied across the series combination
of impedance layer material and electroluminescent material. The impedance of the
material is changed by ultraviolet and infrared light. An image can be written with

an uvltraviolet light and erased with an infrared light.

The variable impedance material does not provide an on-off type storage but has a
finite decay time -- up to approximately two hours. A very interesting property of
this display panel is that the decay time is a function of the frequency of the supply
voltage across the electrodes. The image is actually stored in the impedance layer
which controls the electroluminescent layer. Changing the excitation frequency does
not change the stored image but rather changes the effect of the impedance layer on
the electroluminescent layer. This type of display media has some interesting
possibilities from the standpoint of Navy applications. For example, a display could
be viewed showing only the immediate real-time image, but historical data such as

target track history could be recaptured by changing a switch setting to change the
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frequency. A dial controlling a continuous frequency range could permit varying
the time period covered by the historical data linearly. The persistence can be

varied from five or ten seconds to one or two hours.

This display panel is a proprietary development by one company and very little infor-
mation has been released on it to date. Apparently, effort has been concentrated on
the panel itself with little work yet on the development of a display system using the
panel. It is necessary to develop methods of addressing, writing, and erasing. One
possibility is the use of an ultraviolet laser beam for writing and an infrared laser for
selective erasure. The screen could be flooded with infrared for complete erasure.

It appears that the display panel can be developed satisfactorily, but that the
feasibility and the timing of its use in a high-speed real -time display system depends
upon developing ultraviolet lasers and the ability to adequately control the deflection
of a laser beam. Addressing and writing could be accomplished with a servo-controlled
ultraviolet optical system, but this would limit the speed to approximately that of

mechanical inscribers discussed previously.

4.6.13 Three Dimensional Displays

Some types of applications have lead to an interest in the development of a three-
dimensional display. There are two major types of three-dimensional displays. The
first is volumetric displays that use intersections ( e.g., of light beams, of fine
wires, etc. ) in three-dimensional space to produce light at the intersection points.
The second is illusory displays in which the illusion of three dimensions is produced
on a two-dimensional screen by techniques such as the viewing of steroscopic pairs.

Approaches that have been investigated include:

1)  The use of a three-dimensional wire matrix grid in a gas-filled tube

to produce localized glow discharges at selected grid infersecfions.36

2) A "fish-bowl" tank of clear, colorless Electroflor liquid with a fine
mechanically-controlled electrode (probe) moving through the liquid

forming a colored trajectory.

3) A cathode -ray tube mechanically oscillated in the axial direction

with axial position information synchronized with the axial displacement.

V- 4-75



4) A projection cathode-ray tube optically projecting an image onto a
rotating or oscillating screen with the im age position synchronized

with the screen motion.

5)  Steroscopic viewing of two direct-view storage tubes presenting

steroscopic pairs.

6)  Holograms in which a gas laser is used to illuminate a specially-

prepared photographic plate. 37

In general, the techniques listed above are limited to relatively small displays, have
poor resolution, have poor light intensity, and are relatively slow. None of them
are currently suitable for large-screen displays, nor have they beenproved feasible

on other than an experimental basis.

The hologram deserves special mention because it is a new and significantly different
technology. 7 In preparing the photographic plate, a laser beam is used to illumin-
ate the subject directly. The beam is also reflected onto the photographic plate by
mirror to establish a reference. The coherent light establishes an interference pattern
on the photographic plate which bears no visual resemblance to the subject. However,
if the developed photographic plate is illuminated by a laser beam, a three-dimensional
image of the subject is created. The laser beam passing through the hologram on the
photographic plate creates the illusion of a three-dimensional reproduction -- even

to the extent that the viewing point permits seeing around corners. No lens or optical

system is required.

Holography is very interesting from the standpoing of long-range potential for three-
dimensional displays. However, it has several disadvantages: long exposure time
(e.g. 5 to 20 minutes), light inefficiency, and power requirements. Although
holography is discussed here because of its potential long-range value, it is not

expected to be feasible for use in display systems in the early 1970's.
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4.6.14 Other Potential Display Techniques

There are a number of other possible techniques for achieving large-screen displays.38
One of these isexemplified in aresearch contract sponsored by the U.S. Navy Bureau of
Shipstodevelop alow-voltage, high-resolution solidstate display panel using electro-
luminescent diodes (injection electroluminescence). In this approach, the display
panel would consist of an array of gallium-arsenide-phosphide electroluminescent
diodes controlled by an array of silicon integrated circuit fl ip—ﬂops.39 Another
approach uses a self-luminous gas matrix discharge panel with external storage.
Other approaches that have been considered or investigated include gas-discharge
matrices and matrices of magnetically-controlled moving elements. Of these
approaches, only the use of a matrix of electroluminescent diodes controlled by a
semi-conductor integrated circuit array is believed to offer promise for large-screen
displays in the 1970 era. At present, it is too early in the development cycle to
determine with confidence whether even this one will be feasible or economically

competitive with other technologies discussed previously.
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4.7 CONCLUSIONS AND RECOMMENDATIONS FOR DISPLAY
TECHNOLOGY

Existing cathode-ray tube technology and continuing engineering improvements that
can be anticipated will be adequate for console type displays and for image genera-
tion in the 1970's. Although some breakthrough may occur that will provide a better

method of mechanizing consoles, there is no strong requirement for a new technology.

On the other hand, present approaches to large-screen displays are not satisfactory
for naval tactical use, and a new approach is needed for the mechanization of
large-screen displays during the 1970's. Several technologies now under investiga-
tion and development offer promise of meeting these needs. Present approaches to
large-screen displays are primarily electromechanical and photographic in nature.
Such approaches may meet performance requirements, but they are not well suited to
meeting the operating conditions for naval tactical equipment -~ particularly environ-
mental conditions, and the need for ruggedness, reliability, maintainability, and to
logistics requirements. Approaches are needed that offer relatively long life, that
involve a minimum of mechanical parts and motions, that are easy to maintain, and
that do not require the use of expendable media or processing chemicals that pose

difficult logistics problems.

Several technologies offer promise for new large-screen displays meeting the require-
ments of naval tactical applications. The following are the most promising that are
believed to be feasible by 1970:

1) Photochromic displays with cathode-ray tube or laser image generation

2)  Thermoplastic and photoplastic light valves with cathode-ray tube or

laser image generation
3)  Crossed-grid electroluminescent displays with integrated storage

4) Laser inscribing systems.
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Several additional technologies under investigation offer promise, but at this time
it is too early in their development to predict whether or when they will be feasible.

These include:
1)  Solid-state light valves
2)  Opto-magnetic displays
3)  Electrochemical displays

4) Laser/luminescent (or electroluminescent) displays.

Of this latter group, laser/luminescent displays are particularly attractive, but their
feasibility depends upon the development of adequate power lasers in the proper
frequency range and the ability to deflect laser beams cheaply with high resolution.
These abilities will be developed but it is not certain that this will occur by 1970.
Injection electroluminescent matrix displays using light-emitting diodes also appear
promising for some time after 1970. These approaches should be followed closely if
further research and development proves that any of them will be feasible for 1970

era systems.

Some of the technologies recommended for large-screen displays may prove applicable
to console displays as well. Although there is less pressure for a new technology for
consoles since present cathode-ray tube technology can provide the necessary charac-
teristics, other approaches should be followed carefully if any develop to the point

of being more desirable or advantageous than cathode-ray tubes for console displays.
For example, crossed-grid electroluminescent displays with integrated storage offer
promise for large-screen displays. Since this is an all-solid-state approach that pro-
vides image generation inherent in the display itself, smaller, higher resolution panels
might also be useful for console displays. There is probably little reason for consider-
ing any of the technologies that require a cathode-ray tube for image generation for

use in consoles since the cathode-ray tube can be viewed directly.
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In considering future large-screen displays, it is necessary to consider not only the
display presentation viewed by the user, but also the method of image generation
required, the method of addressing and selecting individual positions on the display
screen, and the required interface with the computer. For example, systems based

on cathode-ray tube image generation are basically analog in nature while other
techniques, such as crossed-grid electroluminescent display panels, are strictly
digital. An approach that is basically digital in nature will be more desirable from
the standpoint of computer interface, reproducibility, and maintainability. However,
this is not an over-riding consideration since some of the analog approaches may be

more desirable in terms of cost or complexity.

It is essential that the final selection of a display technology be closely coordinated

with the determimation of user functions and software implementation.
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Section 5
COMPONENTS AND PACKAGING

5.1 INTRODUCTION

Developments now underway in component and packaging technology will permit
revolutionary changes in the design, fabrication, and capability of the logical portions
of computers and digital equipment even prior to 1970. This will be particularly true
for tactical equipment where high reliability, easier maintainability, small size and
weight, and low power are important considerations. A 1970 era naval tactical system
can realize all these advantages, plus achieving increased performance and

capability as a result of advances in integrated circuits and other batch-fabrication

techniques.

The development of monolithic silicon integrated circuits with improved techniques

for component isolation is the major factor. However, developments in hybrid circuits,
metal-oxide~-semiconductor circuits, and active thin-film circuits are also playing
important roles in the changes in computer technology. Other methods of mechanizing
logical functions have been investigated and some of these may offer advantages in
certain applications or under certain conditions. However, integrated circuits are by
far the most significant component development with respect to the impact on the
logical circuitry in a 1970 system. Integrated circuit techniques are also applicable

to a large percentage of the other types of circuits in the system such as the memory

electronics.

Consequent to and concurrent with these component developments are increasing
efforts in the development of new packaging concepts and techniques. Components
and packaging techniques have been investigated and are discussed together as
intimately interrelated topics. The method of packaging arrays of components cannot
be considered independently of the nature of the component itself. The selection of

specific types of components also imposes unique requirements on the packaging

techniques. The ultimate goal is the maximum degree of batch-fabrication possibie to
permit relatively large segments of a computer, or other digital equipment, to be

fabricated as a unit in asingle set of processing operations.
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Until recently, it has been necessary to package individual discrete components
(e.g., transistors, diodes, resistors, capacitors, etc.) info circuit arrays by
techniques such as printed circuits or welded connections, and to further interconnect
groups of these modules into subassemblies. Frequently, cables and cable connectors
interconnect such subassemblies into units of equipment. With integrated circuits, it
is no longer necessary to interconnect physically discrete individual components into
a circuit module. Some work is also underway toward developing techniques for
fabricating combinations of circuit functions without requiring separate packaging
and interconnection operations. Ultimately major subassemblies will be made as a

single unit by batch-fabrication processes.

If the full potential of integrated circuits is to be used, significant changes in
methods of packaging components into an overall computer will be required. To
realize many of the advantages that can accrue from the use of integrated circuits,

it is desirable to place as many of these circuits as possible in a single package and
to place as many of these packages as possible on a single plug-in or other replace-
able unit so that the interconnections, wiring, and connectors will be minimized.
With the increased reliability obtainable with integrated circuits, the major sources
of failures will be in the connectors and wiring unless new methods of interconnection
and packaging are developed. This is one of the most difficult problems in the
widespread application of integrated circuits. Questions such as the maximum size of
a "throw away" unit, spares and logistics, maintenance, and flexibility are involved.
For example, is it advantageous to have a computer fabricated with a few hundred
modules or packages, each of which is unique, to minimize the total amount of
equipment and cost? Or, is it desirable to use five or ten times as many modules or
packages, of perhaps 20 - 50 different types, to permit stocking fewer spares? These
types of questions will have to be answered in designing 1970 era systems for tactical

applications.

5.1.1 Batch Fabrication

The key concept in considering components and packaging for 1970 era systems is
vatch fabrication. The batch fabrication of storage devices, discussed in another
section of this report, coupled with the batch fabrication of logical components and

other electronic circuits by integrated circuit techniques will result in dramatic
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improvements in future computers. These will include improvements in capability,
speed, cost, reliability, size, weight, power requirements, and susceptibility to
environmental conditions. In the long run, lower costs and increased reliability will
be the most significant improvements in future systems. However, the lower costs may
be offset by additional functions and greater performance requirements. From the
overall systems standpoint, the improvement will appear as increased capability rather

than as lower cost.

Batch fabrication of individual circuits is not an expectation for the future but some-
thing that has already been realized in existing computers. The expectations for the
future are not that they can be used, but that the cost of these circuits will be reduced.
In addition, the reliability and performance will be increased , and multiple rather than
single circuits will be fabricated on a single silicon chip. Batch fabrication of
interconnections on a large scale will also be feasible. This latter point is discussed

later in this section.

In the remainder of this section, the classification and uses of different types of logical
circuitry is discussed. The major types of components that have been proposed

for the mechanization of logical functions for future systems will also be discussed.
Particular emphasis will be placed on several types of integrated circuits. Require-
ments for logical circuitry in future naval tactical systems will be considered and
related to the potential characteristics of integrated circuits that will be feasible and
readily available prior to 1970. Technical problems and considerations such as cost,
yield, speed, reliability, maintainability, and packaging will be discussed.
Conclusions and recommendations for specific developments and additional investiga-
tions needed in the areas of components and packaging will be made. Particular
consideration will be given to Navy problems of reliability, logistics, and maintain-

ability.
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5.2 CLASSIFICATION AND FUNCTIONAL USES OF COMPONENTS

Components discussed in this study are the logical components used in mechanizing
the control, arithmetic, and other logical functions in a digital system. Memories
and peripheral equipment are not considered components in the context of this
discussion. Components considered here are those necessary for performing logical
operations, providing temporary storage of the results of logical operations, and
amplifying or shaping signals. Examples are diode gates, flip-flops, and transistor

amplifiers respectively.
5.2.1 Classification

These components can be classified by the following: whether they are active or
passive; the method of fabrication; whether they are electronic, magnetic or optical;
by what circuit or logical function they perform; and by certain characteristics, such
as speed or cost. In this report, logical components will be classified in general

categories by the basic technology involved:

1) Electronic
2) Magnetic
3)  Optical
4) Cryogenic
5) Fluid.

Most of the discussion is devoted to electronic components classified by their method
of fabrication. One method of fabrication is by the use of discrete components such
as individual transistors, diodes, resistors, and capacitors. Several other methods of

fabrication are classed under the general category of "integrated circuits".

Particular consideration is given to integrated semiconductor circuits which are
further classified as:

1) Hybrid

2) Monolithic

3)  Hybrid/monolithic

4)  Active thin-film

5) Metal oxide semiconductor .
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Hybrid circuits are those in which passive elements are deposited on a ceramic or glass

substrate, and discrete (but unpackaged) active components are connected to printed
or deposited interconnections on the same substrate. This combination is then packaged
as a single unit. (One example of this method of fabrication used in a new commercial

computer system is called SLT - Solid Logic Technology.)

Monolithic integrated circuits are circuits in which there are anumber of active elements (e.g. ,

transistors and diodes). These include associated passive elements and interconnections
to perform a specific circuit function (or set of circuit functions). They are fabricated
by a series of vacuum deposition, etching, and diffusion processes in a single silicon

chip. Both active and passive elements are the result of diffusion in the silicon chip.

Hybrid monolithic/thin-film circuits are those in which active elements, and possibly

certain passive elements, are diffused into a silicon chip. Additional thin-film
passive elements are fabricated on top of the same silicon chip by vacuum deposition

processes.

Active thin-film circuits are those in which the active components and the passive

components are fabricated by vacuum deposition of thin-film elements on a substrate
such as glass or ceramic. This approach at present appears to offer more promise for

field-effect devices then for bipolar transistor devices.

Metal-oxide-semiconductors (MOS) are also field-effect devices. However, in

fabrication a semiconductor (usually silicon) substrate is used and a single diffusion

process is required.

Integrated circuits can also be classified by the type of logical configuration. The
major types are:

1)  Direct coupled transistor logic (DCTL)

2) Diode transistor logic (DTL)

3)  Resistor transistor logic (RTL)

4) Resistor capacitor transistor logic (RCTL)

5) Transistor coupled transistor logic (TTL)

6) Emitter coupled transistor logic (ECTL) also referred to as current

mode logic (CML or MECL)

V-5-5



The choice between these different types of logical circuits depends both upon the

function for which the circuit is chosen and the method of fabrication of the integrated
circuit itself. The relative importance of speed, cost, power, size, and reliability

will vary with different applications and different circuit fabrication techniques.

5.2.2 Functional Uses

Although it is anticipated that monolithic integrated circuits will comprise the
majority of logical circuitry in a 1970 digital system the requirements of some functions
may be such that all magnetic logic or other techniques may be more advantageous

for specific functions. In any event, the type of integrated circuit, the type of
logical configuration, the cost/performance trade offs, and the packaging and inter-
connection considerations may differ depending upon the function for which the
circuitry is used. The following list illustrates the functional uses of logical

circuitry that may be required in a 1970 era ACDS.

In Central Processors:

1) Internal control logic
2) Input/output control and synchronizing logic

3) Arithmetic logic

4) Timing and synchronizing circuitry
5) Parallel memory selection and addressing logic
6) Serial memory selection and addressing logic .

In Peripheral and Auxiliary Equipment:

1) Control and synchronizing logic
2) Selection and addressing logic
3) Timing and sequencing circuitry

4)  Electromechanical interface circuitry
5) Communications control and driving circuitry

6) Analog-to-digital and digital-tc-analog converters.
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The same type of circuitry might conceivably serve most of these functional uses, but
it is unlikely that a single type of circuitry will be optimum for all of the functions.
For example, the internal control logic in the central processor will require higher
speed circuitry than will the control functions in the peripheral equipment. Arithmetic
logic tends to be highly repetitive, while the control logic tends to be more unique
and non-repetitive. This has direct implications on the type of integrated circuitry
used and, particularly, on the packaging and interconnections for these circuits. For
example, it is possible to package an entire shift register or several stages of a
parallel adder in a single module because of the repetitive nature of these circuits.
On the other hand, most of the control logic is unique rather than repetitive; hence,
many fewer logical functions can be packaged in a single module without adversely

affecting the flexibility of the module and the frequency of its usage .

In other cases, the type of logical circuitry used may be dependent upon the choice
or selection of other components or devices. For example, the choice of a type of
memory will certainly affect the choice of memory selection and addressing logic
circuits. The same is true for the logical circuitry for buffering and synchronizing

input/output equipment .

The use of at least two different sets of logical circuitry with significantly different
operating speeds may be justified. Much of the internal logic of the machine should
be mechanized by high-speed logical circuitry,while circuits with an order of
magnitude less speed capability will be adequate for much of the peripheral equipment.
The slower circuits may also be used in central processor input/output control and
buffering functions. The trade-off between the cost saving for the lower speed
circuitry and the increased maintenance and logistics problems imposed by having

two different sets of circuitry will influence the decision as to whether different types
of circuitry should be used. The extent to which logical circuitry is grouped function-
ally to reduce interconnections and minimize packaging problems will also influence
this decision. If functional grouping of circuits into modules is employed to a large
extent, the circuits used in internal logic would not be interchangeable with those
used in the peripheral equipment in any event; and hence, basically different circuits
might be used to achieve a cost advantage. For naval tactical systems, spares and
logistics considerations may override questions of cost and lead to a decision in favor

of a single set of circuit types.
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Although this section on components and packaging is limited primarily to components
for logical functions, many of the considerations are also applicable to other types of
circuits in the data system. Primary among these are the memory addressing, selecting,
driving and sensing circuits discussed in the memory section of this report. Integrated
circuit techngives will be used for memory electronics, but this is somewhat more
difficult than for the digital circuits discussed in this section. Other application: ot
integrated circuit techniques will be found in linear and analog type circuits used in

other areas of shipboard electronics such as radar or fire control systems.

5.3 REQUIREMENTS FOR COMPONENT AND PACKAGING TECHNOLOGY

IN A [970 ACDS
Requirements for component and packaging technology in a 1970 ACDS will exist in
the central processor, displays, and auxiliary and peripheral equipment. The
component and packaging requirements associated with the memory are discussed in
the report on memory technology. Aside from the memory electronics, all of the
requirements for components and packaging technologies within the central processor
will be for relatively low power logic circuits that can be realized easily with
integrated circuit technology. The displays and peripheral equipment will require
logic circuits in addition to some relatively low-voltage, low-power linear circuits
that can be mechanized by integrated circuit technology similar to that emphasized
for the central processor. However, in the displays and peripheral equipment,
requirements will also exist for linear integrated circuits providing either high
precision, high power, or high voltage. High precision linear circuits will be
required in analog and digital conversion equipment and in the display equipment;
high power circuits will be required in the control of electromechanical equipment
and in some types of displays; high voltage circuits will be required in cathode-ray
tube consoles and possibly other display applications. High precision is difficult,
high power very difficult, and high voltage all but impossible with present integrated

circuit technology .

For the logical components in the central processor and peripheral equipment, no
requirement is anticipated for either high power or extremely high speeds. Power
dissipation should not exceed 25 milliwatts per gate. Propagation delays in the order

of 20 nanoseconds per gate and flip-flop cycle times in the order of 100 to 200
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nanoseconds should be adequate. However, to a very large extent, the basic circuit
speeds required are a function of the machine organization and logical design techniques
used. As an extreme example, much higher basic speeds will be required for a serial
computer than for a parallel computer for equivalent system operational speed. The
estimated requirements cited above are based on the assumption of a parallel machine

organization.

With respect to components and packaging technology, the greatest need for improve-
ment for a 1970 ACDS is in packaging and interconnection techniques. Improvements
in speed, as well as in size, weight, power, and cost, are desirable and will be
achieved without difficulty. However, improvements in reliability and maintainability

are mandatory if the design of a new system is to be justified.

Present methods of interconnecting discrete semiconductor circuits and packaging these
in computers and other types of digital equipment will not permit full realization of
the advantages offered by integrated circuits. Interconnections, including wiring,
solder joints, and connectors, represent major sources of failures and malfunctions in
present systems. This will be even more true when the basic component and circuit
reliability afforded by integrated circuits is realized in a system. Therefore, in the
design of a new naval tactical system for the 1970 era, the deve lopment of improved
packaging and interconnection concepts is a most important requirement. These

concepts should:

1) Permit the interconnecting of a number of circuits in an array on a
single silicon chip in a single package;
2) Reduce the number of interconnections external to the package;

3) Give proper consideration to the trade-off between the cost and

the failure rate of throw-away packages;

4) Give proper consideration to the trace-off between package size

and spares requirements;

5) Base the maintainability requirements (particularly with respect
to personnel and training) by techniques such as functional
grouping of logical circuitry in a package to aid fault location

and diagnostic programming .
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5.4 COMPARISON OF COMPONENT TECHNOLOGIES

In evaluating and comparing different component and packaging technologies, a
relatively large number of characteristics and parameters should be considered.
However, a few of these are of primary importance in selecting technologies for

use in a 1970 ACDS. For example, any technology under consideration should meet

certain minimum specifications (e.g., environment) for tactical applications.

The component technologies recommended are applicable to all types of naval
tactical applications including shipboard, airborne, and mobile ground based systems.
However, the systems planner may give greater weight to some characteristics for
certain types of applications. For example, the power requirements for a particular
type of component or circuit is a more important consideration for airborne systems
than for shipboard systems. As another example, for mobile ground based systems for
the Marine Corps, the need for portability and rapid setup may require a higher
degree of modularity and hence different packaging techniques between sub-modules.
In selecting particular component and packaging techniques, the systems planner
must consider the advantages and disadvantages and the detailed characteristics of

different technologies in relation to the specific requirements of his application.

The major parameters and characteristics of concern to systems planners in selecting

components and packaging approaches for use in 1970 ACDS are:

1) Type of active and passive elements

2) Type of fabrication (particularly whether batch-fabrication)
3) Number of active and passive elements per circuit package
4) Approximate cost per package and per circuit function

5) Feasibility

6) Availability

7) Reliability

8) Propagation delay and other speed criteria

9 Power dissipation and requirements

10) Susceptibility to nuclear radiation effects and electromagnetic
interference

11) Generation of electromagnetic interference

12) Ability to withstand environmental conditions (e.g. shock,

vibration, humidity, temperature)

13) Special requirements (e.g., cooling or refrigeration)
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The first four criteria are largely reflected in cost insofar as their importance to the
system planner is concerned. Since all techniques must meet minimum requirements
for tactical environmental and operational conditions, the choice between acceptable
alternatives must be made largely onthe basis of cost, feasibility, availability,

reliability, and speed.

Some of the criteria in the list will rule out certain types of components without the
necessity for detailed comparisons. Applicable components should be compared and
evaluated on the basis of those characteristics that directly affect the relative value
or importance of competitive components. For example, components will not be
compared on the basis of their susceptibility to nuclear radiation effects, but this
will be cited as an advantage of specific techniques where applicable. Numerical
comparisons are difficult when comparing widely differing component technologies,
but considering the major advantages and disadvantages of different categories of
components quickly leads to the clear selection of semiconductor integrated circuits

as the major candidate for a 1970 system.

For a given technology, such as semiconductor integrated circuits, the choice of a
particular type of logic (e.g., RCTL, T2L, DTL, etc.) is made largely on the basis
of:

)} Permissible levels of logic

2) Fan-in and fan-out ratios

3)  Noise sensitivity

4) Isolation

5) Power

6) Load distribution

7) Tolerances permitted

Any final selection will be made on the basis of comparisons and evaluations of

components and packaging techniques, but it must also be made within the context

of some known or assumed machine organization and overall systems design. Although
one type of integrated circuit might be superior to another in terms of cost and
performance alone, considerations such as redundancy, logical design techniques,
machine organization, spares and maintenance requirements, etc., may reverse the

choice between the two types of circuitry. An example of this is the fact that the
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use of field-effect transistors in integrated circuit form is much more attractive in a
highly repetitive logical configuration that permits relatively large arrays of
components to be fabricated on a single silicon chip. Hence, the final evaluation
and selection of components and packaging techniques should be made in close
cooperation with the study and evaluation of machine organization and system design
approaches since they are closely interrelated. This report presents the descriptions
and characteristics that are necessary in making such a selection and the advantages

and disadvantages of different technologies.

The major types of components that can be considered for a 1970 era system are
compared in Table 5-1. This comparison and the technical discussions in the appendix
indicate the superiority of monolithic integrated circuits, hybrid monolithic/thin-film
integrated circuits, and metal-oxide-semiconductor arrays for the implementation of

logical functions in future systems.
The logical components investigated during this study include:

1) Cryogenic logic

2) Fluid logic

3) Optical logic

4) Semiconductor logic using special elements (e.g., tunnel diodes)
5)  All-magnretic logic

6) Semiconductor integrated circuits

These techniques are discussed in detail in the appendix. However, most of the
investigation has been devoted to semiconductor integrated circuit techniques for
digital equipment since they emerged early as clearly the best approach for a 1970
era naval tactical system. All of the types of components listed above are discussed
briefly, but the major part of the discussion is devoted to integrated circuits. In
analyzing components and packaging techniques for a 1970 system, primary
consideration should be given to their adaptability to batch-fabrication techniques.
Microelectronics and batch-fabrication techniques are frequently associated and
discussed as though they were synonymous. However, there is a distinction in that
the term "microelectronics" places emphasis on miniaturization and small size;
whereas the term "batch-fabrication" places emphasis on methods of fabrication -
methods that permit relatively large numbers of elements to be fabricated in a "batch"

without the necessity for individual handling of discrete elements.
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A number of microelectronic techniques are not adaptable to batch-fabrication. On
the other hand, techniques necessary to achieve batch-fabrication processes tend to
lead to small sizes of individual elements and hence to microelectronics.

A comparison made by Webster is shown in Table 5-1. It confirms and gives further

*
details of the different semiconductor integrated circuit techniques. !

Table 5-1. Components and Packaging Technology

Feasibility of
Circuits . LarEe Scale
Per Dollar Versatility rays Speed
Now Later Now Later Now Later Now Later
Discrete/ Thin-Film Hybrid 10 10 ~1 ~1 1 1 1 1
Monolithic Silicon 10 102 | w0t | a 1 10 10! |t
MOS N/A | 102 | 102 | 107! | N/A | 102 10t | 13
All Thin Film N/A >103 N/A ~1 N/A 103 1/50 1/20

Note: N/A = Not Available for Present Use

* References to this section are given in section 10.7.
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In the table above pure monolithic and hybrid monolithic/thin-film circuits are
considered tcgether in the "monolithic" category. The numbers in each of the "later"
columns are normalized to the present versatility, e.g. applicability of a type

of component tc a wide variety of circuity; feasiliility of large-scale arrays, e.g.
ability to develop large circuit packages without mechanical interconnections; and
speed of components as used in typical digital circuits. This is done to show relative
present and future performance of present or future techniques. In considering
integrated circuits for logical components, it is also necessary to consider the type of

logical configuration to be used. The major types are:
1) Direct coupled transistor logic (DCTL)
2) Diode transistor logic (DTL)
3) Resistor transistor logic (RTL)
4) Resistor capocitor transistor logic (RCTL)
5 Transistor coupled transistor logic (T2L)

6) Emitter ccupled transistor logic (ECTL), also referred to as current

mode logic (CML, or MECL).

The choice between these different types of logical circuit depends upon the function
for which the circuit is chosen and the method of fabrication of the integrated circuit
itself. The relative importance of speed, cost, power, size, and reliability will vary
with different applications and different circuit fabrication techniques. The major

advantages and disadvantages of each type are shown in the following list:

Logic

Circuits Advantages Disadvantages

DCTL Low power Poor load distribution
Simplicity Noise sensitive

Low fan-out
RTL Simplicity Noise sensitivity
‘ Better load Slower speed than DCTL

RCTL Good load Slower speed

distribution

Good noise rejection
High fan-out
Low power
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T°L High speed
Simplicity
Low power

DTL Good noise immunity

Good isolation
Good fan-in capability
Low power

ECTL Simplicity
Good load distribution
High speed operation

Low fan-out
Poor noise sensitivity

Two power supplies required
Slower speed
Low fan-out

More critical circuit parameter
More components

Two power supplies

Noise sensitivity

Table 5-2 shows a comparison of component technologies for 1970.
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Table 5-2. Comparison of Component Technologies for 1970

Technology

Advantages

Disadvantages

Comments

Cryogenic

Fluid

Magnetic

Optical

Low cost in large quantities.

Less affected by temperature,
electromagnetic fields and
nuclear radiation.

Easy interface with mechanical
equipment .

Perhaps low cost in batch-
fabricated form.

High reliability and long shelf
life.

High reliability.

Radiation resistance .
High-temperature operation.
Low stand-by power.

High frequencies possible.
Fiber optics can conduct light
around curved path.

High density possible.

Can provide complete
isolation from electrical
circuits.

High "overhead costs."
Feasibility and availability
questionable.

Present cryotron approaches
are relatively slow.

Very slow.

Size and weight large
relative to semiconductor
integrated circuits.
Unsatisfactory cost/speed
ratio.

Batch-fabrication techniques
not well developed.

Slow speed.

No steady state output
indication.

Batch-fabrication techniques
not developed.

Logical circuits more complex
and multiphase clock usually
required.

Feasibility is far into the
future.

Digital technology and
fabrication techniques not
well developed.

Applications probably limited to
use in large cryogenic memories
and associative memories or
associative processors.

May be applicable to functions
such as weapon direction and
ships control, but not competitive
with semiconductor integrated
circuits for central processor and
most peripheral equipment
applications in tactical data
systems.

Not competitive with semiconduc-
tor integrated circuits except
perhaps in peripheral equipment
and other shipboard equipment
such as weapon direction systems
and ships control .

Will be used in memories and
displays before successful use as
logic components.

Not feasible for use as logic
components in a 1970 system.
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Table 5-2. Comparison of Component Technologies for 1970 (Continued)

Technology Advantages Disadvantages Comments
Tunnel High speed. High cost. Not competitive with semiconduc-
Diode Low impedance. Two terminal device. tor integrated circuits since high
Not readily amenable to speed is not required in 1970
batch fabrication. ACDS.
Hybrid Inherent isolation. Expensive discrete active Useful where a high ratio of
Discrete/ Cheap passive elements. elements. passive to active components is
Thin=Film High precision and large Only partial batch fabrication. | required.
Integrated | value resistors and capacitors Ultimate reliability probably
Circuits easier to fabricate. less than monolithic integrated
Versatility and flexibility. circuits.
Low temperature coefficient. Higher cost in large volumes.
Less tooling costs for small
runs.
Monolithic | Low cost. Isolation of the pn junction is Expected to be the major type of
Integrated | High reliability. , not good enough . circuit used to mechanize {ogic
Circuits Arrays of circuits can be Passive components are not functions in computers of the
batch fabricated on a single good (poor tolerances). 1970 era.
silicon chip. Passive components take up
too much space on the chip.
Difficult to fabricate large
capacitors.
Hybrid Combines some of the advan- More expensive than Expected to be used in 1970
Monolithic/| tages of Hybrid Discrete/ Monolithic for digital circuits. | system to supplement Monolithic
Thin=Film Thin=-Film with some of the Only partial batch-fabrication. | circuits where required charac-
Integrated | advantages of Monolithic. teristics can be obtained more
Circuits Can be used in linear or

high frequency circuits where
isolation, good tolerances or
large value R and C are
required.

easily .




-¢= A

8l

Table 5-2. Comparison of Component Technologies for 1970 (Continued)

Technology

Advantages

Disadvantages

Comments

Active
Thin=Film
Integrated
Circuits

Metal -
Oxide=-
Semicon~
ductor
(MOS)
Integrated
Circuits

May be very cheap ultimately.

Substrate size not limited to
size of asingle silicon chip.
When technology is developed
to point of feasibility, large
arrays can be fabricated
easily .

Simpler to make.
Inherently isolated.

No passive elements
(essentially).

Large arrays are feasible.
Low noise.

Possibly better radiation
resistance.

Slow speed (FET types).
Only FET types look promising
at this time.

Difficult to make reproducibly.

Stability problems.
Feasibility and availability
questionable.

Electrical stability problems
to date.

Slow speed.

Technology not as well estab-
lished as that for bipolar
transistor type devices.

Feasibility for 1970 system is
questionable but they offer
promise for long range future.

High impedance levels are
considered a disadvantage by
some and an advantage by others.
Very attractive for large arrays
such as matrix storage arrays.




The state-of-the-art in logic circuits today is illustrated by the summary of one
manufacturer's standard "off-the-shelf" line of inte grated circuits shown in the

following listing:

No. of
Circuit
Category Type Logic Power Speed Types
(milliwatts)
Low Power RCTL 2-4 300 ke 15
Low Speed
RTL 3-10 1 mc 7
Medium Modified DTL 5-30 8 mc 11
Speed (pnp input)
DTL 20 800 kc 8
DTL --- 5 mc 10
Higher T2L 10-20 10 mc 8
Speed
DTL 15-25 6 mc 4

The advanced state-of-the-art is represented by very high speed circuits with propaga-
tion delays in the order of 1 to 3 nanoseconds per state. These are usually custom

circuits using ECL type logic.

Semiconductor integrated circuit costs are expected to drop sharply before 1970 as

the number of circuits per chip and per package increase. Monolithic and monolithic/
thin-film integrated circuits will be significantly cheaper than other technologies
with equivalent performance except for the possibility of metal oxide semiconductor
devices in larger arrays such as matrix storages. The reliability of semiconductor
integrated circuits is expected to be about 0.0001% failures per 1000 hours

by 1970. These integrated circuits are capable of meeting all of the environmental
requirements for naval tactical systems. Even with today's technology, propagation
delays per gate in the order of two to five nanoseconds are available. This is in
excess of any requirements anticipated for this type of system in 1970. Based on the
advantages and disadvantages discussed above and cost, reliability, and environmental
considerations, semiconductor integrated circuits are clearly the first choice for

mechanization of the logical functions in a 1970 era ACDS.
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5.5 ANTICIPATED CAPABILITIES VS. REQUIREMENTS

Semiconductor integrated circuit technologies will be able to meet all of the require-
ments for mechanization of the logic functions in the central processor, displays, and
auxiliary and peripheral equipment of 1970 era naval tactical systems from the stand-
point of both performance and operational requirements. Based on preliminary estimates
of response characteristics for logic circuits for a combat direction type of application
the following parameters were developed. Power dissipation of 25 millowatts per gate
flip-flop cycle time of 100 nanoseconds, and costs of a few dollars per flip-flop can

be equalled or bettered, while meeting the environmental specifications of MIL 19500.
Very high reliabilities in the order of 0.0001% per 1,000 hours will be realized on

a per-package basis for the integrated circuits.

The question mark concerning component technology is in the area of non-digital
circuits =— linear circuits, high-power circuits, and high-voltage circuits. The
requirements for circuits of these types will come primarily in the displays and peri-
pheral equipment rather than in the central processor. Some requirements for linear
circuits and relatively high-power circuits will occur in the memory area of the central
processor, but these have been discussed in the report on memories and it is believed

that they will be available in integrated circuit form for use in a 1970 system.

The relatively low-voltage, low-power linear circuits with high precision can be
realized readily by means of hybrid monolithic/thin-film integrated circuits in which
high precision and large value resistors and capacitors are fabricated by thin-film
technology on the silicon chip containing the active elements and the remainder of
the passive elements in monolithic integrated circuit form. |t may prove more
desirable to fabricate these thin-film components on a passive substrate that also
contains the printed or deposited inferconnections to which a number of monolithic
integrated circuits are attached by methods similar to the "flip-chip" technique.

In either case, the requirements for this type of circuit will be well within the state-
of-the-art in 1970.

The high-voltage and high-power circuits required in the displays and some of the
electromechanical peripheral equipment present difficult problems for integrated
circuit technology. These will most likely be fabricated from discrete semiconductor
components similar to those used in today's systems. This is expected to account for

approximately 10% of the total electronics in the system.
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Monolithic and hybrid monolithic/thin-film integrated circuits will account for
approximately 90% of the electronics in a 1970 era ACDS, unless metal-oxide
semiconductor devices find large-scale use because of their simplicity and ease of
interconnection in large circuit arrays. There appears to be no reason at this time

to consider any of the component technologies other than these three for logic functions
or for linear circuits not requiring high voltage or high power. All-magnetic or

hybrid discrete/thin-film integrated circuits may be used to meet some of the require-
ments for high-power and high-voltage circuitry in auxiliary and peripheral equipment
rather than continuing the use of discrete component circuits similar to those in

today's systems.

The major requirements for improvements where solutions are not obvious at this time

are in the areas of interconnection and packaging concepts and techniques.

Techniques in these areas capable of meeting the requirements for an ACDS are

being developed and will be available for use in a 1970 system. However, unless
additional emphasis and deve lopmental effort is put on these areas, they will limit

the even greater improvements that would otherwise result from semiconductor integrated
circuit technology in terms of cost, reliability, and maintainability. Present

integrated circuit technology exceeds foreseeable interconnection and packaging
technology to the extent that the latter will be the limiting factors in 1970 naval

tactical systems.

It should be emphasized that this is not a matter of achieving improvements or meeting

minimum requirements since this will be accomplished by integrated circuit technology
in any event. It is rather a question of whether the full potential offered by integrated
circuit and batch-fabrication technologies will be realized or whether this potential

will be limited by the interconnection and packaging problem.
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5.6 PACKAGING

A major factor in the optimum use of integrated circuits in future computers will be
the packaging and interconnection techniques employed. It is necessary to consider

packaging and interconnections at several different levels.

The first level is the packaging and interconnection of the elements of the integrated
circuit on the silicon chip. With several circuit elements diffused into a single
silicon chip, it is necessary to provide adequate isolation between the components so
that they do not interact excessively through the silicon. In most integrated circuits,
to date, this has been accomplished by diffusing back-biased junctions between the
elements to minimize interaction. However, this has permitted excessive leakage
currents and junction capacitancies. These effects have been reduced in some
circuits by depositing some resistor and capacitor elements in the form of thin-films
on top of the silicon chip rather than fabricating them as diffused elements within

the silicon itself. This is a more expensive process and in any event does not overcome
the possible interaction between active elements (transistors and diodes) in the silicon
chip. A more recent approach investigated by several companies has been isolation
by use of dielectric layers.”” An appropriate combination of diffusion, deposition,
and etching steps are used to create integrated circuits with dielectric isolation
between components (refer to Figure 1 in Appendix A). In either approach, inter-
connections between elements of the circuit may be made by vacuum deposition of

compatible metals.

The second level is the interconnection of separate circuits fabricated in the same
silicon chip. This can also be accomplished by the deposition of thin-film conductors.
This level will become more significant as the use of large arrays of interconnected
circuits on a multi=circuit chip increases.

The third level involves interconnections between circuits on separate silicon chips

that are to go into the same module. This can be accomplished in several ways.

1) The chips can be imbedded in a potting compound with the face
exposed and thin-film interconnections deposited with the potting

compound acting as a substrate .
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2 Interconnections can be printed, deposited or otherwise fabricated
on a substrate with tabs on the integrated circuit chips connected by
soldering or welding techniques to the printed or deposited inter-
connection areas (refer to Figure 5-1). The circuits produced by
the semi-automated thin-film production system at the Naval Avionics
Facility in Indianapolis is an example of this approach in which

. . ) oo 69
passive components as well as interconnections are deposited.

3 An interconnection matrix can be printed or deposited on a glass or
ceramic substrate with the chips mounted by a "flip-chip" technique.
In this approach, small bumps on each external connection point of
a chip are mated to printed or deposited interconnection areas on
the substrate by turning the chip upside down (refer to Figure 5-2).
Ultrasonic soldering can be used to make the bond. This approach
is similar to that used in connecting discrete transistors and diodes
to the ceramic substrate in the commercial SLT modules. Some of
the passive components can also be printed or deposited on the

interconnection substrate.

The fourth level is the connections between the chip (or chips) and the external leads
of the package. (In some techniques, the third and fourth levels may be accomplished
similarly and in the same operation.) This type of connection now represents

one of the major sources of failure in integrated circuits = frequently due to the use
of dissimilar metals (e.g., aluminum and gold) or to mechanical misalignments and
stresses. The most common technique at present is the use of gold ball bonding in
which the gold wire is fed through a tube with a slightly larger inside diameter
causing a small ball to be formed when the wire is melted by a torch. Pressing this
ball against the contact area deforms the ball making a good bond between the wire

and the deposited contact area on the chip. The properties of aluminum are ideal

for interconnections on the wafer but problems (the so-called "purple-plague")

sometime result when gold leads are bonded to the aluminum interconnections on the
chip. To avoid this, one manufacturer has recently developed a proprietary inter-
connection technique that uses a three layer process where the top layer is gold.
The three layers of different metals with gold on top achieve the desirable properties
of aluminum yet provide gold-to-gold contact bonds.
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Figure 5-1. Discrete Devices Being Placed into Position on a
Substrate by Conventional and Flip-Chip Methods
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Figure 5-2. Flip-Chip Technique

V-5-24



The fifth level is the interconnection of integrated circuit packages by means of a
printed circuit board, welded matrix, micro-module, or printed or deposited substrates

71,72 ] .
The most common interconnection

similar to those discussed under the third level.
technique at this level in use today is the multi-layer printed circuit board.” > This
is generally the level of the plug~in package. Packages at this level are usually
fabricated in such a way that they can be plugged into some type of connector to
permit easy removal for trouble-shooting and repair. This is also the desirable level
for the throw-away package although cost considerations may force the preceding
level (the integrated circuit package) to be the maximum throw-away unit despite the
fact that its replacement requires soldering or welding operations. The technique
chosen for this level depends to a large extent on whether this is considered a throw-
away package or whether it will be necessary to be able to repair packages at this

level by removing previous level circuit packages.

The sixth level is the interconnection of packages (of the preceding level; e.g.,
printed circuit boards, etc.) info an equipment or modular subsystem. Since the
preceding level is usually a plug=in unit, the interconnections at the sixth level
commonly consist of connections between sockets or connectors. This has been done
in the past by manual or machine wiring. However, the use of printed circuit "back-
board" wiring using larger multi-layer printed circuit boards is becoming more common
for reasons of size, cost and reliability. If the package from the preceding level is
not a plug-in unit, the sixth level may use another connection technique such as

soldering, wire wrapping, or welding to the leads of the package .

The seventh level is the connection of modular subunits into a unit of equipment.
This is usually accomplished by means of cables or a wiring harness. Normally, a
connector is used to make the modular subunit removable, but this is not always
necessary and depends upon the application and the maintenance techniques. The
modular subunits can be soldered to the cable or interconnection harness rather than
connected by means of sockets or cable connectors. This level may be essentially

non-existant in small pieces of equipment.

The eighth and final level is the interconnection of separate pieces of equipment
into a system. For reasons of mobility, maintenance, shipping, and manufacture,

this level is almost always handled by means of cables and cable connectors.
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In a sense, communications systems could be considered a ninth level of inter-
connection since they connect physically remote and isolated equipment or systems
by means of data transmission. However, this is outside the scope of this discussion
and is mentioned here only to show the extent to which the interconnection concept
can be carried. In systems of the more distant furture, it is conceivable that inter-
connections between packages or modules within a piece of equipment (and possibly
even between circuits) can be accomplished by local communication system-like
techniques, such as low level electromagnetic coupling, optoelectronic techniques

(light signals), etc., rather than by hard wiring.

From the standpoint of fabrication techniques, the first four levels of interconnection
are part of integrated circuit technology and, as such, have been discussed in
previous portions of this section. However, from a conceptual standpoint, these
levels are also of importance in packaging considerations such as placing larger and
larger circuit arrays on a single chip, placing more and more chips on a single
substrate, and making trade-offs between cost of throw-away unit, maintainability,
and spares. Hence, this discussion of techniques is concerned primarily with

the fifth and sixth levels, but the consideration of packaging concepts is broader.
The seventh and eighth levels are not considered since they are outside the scope of

this discussion.

There are many important considerations of interconnection and packaging techniques
from the standpoint of fabrication and manufacture that are not considered here.
These have been discussed in a number of published arficles.74’ 75,76, 77,78

This discussion is concerned primarily with those aspects of interconnection and
packaging that directly affect the Navy user -= cost, reliability, maintainability,
and logistics (spares). The effects on performance requirements and the ability to
meet environmental conditions are no longer major problems for a shipboard data
system from the standpoint of interconnection and packaging techniques. Cost, of
course, is asignificant factor. However, any one of several batch-fabrication
techniques under investigation can provide fabrication cost improvements that are
sufficiently close to one another that differences in operating and maintenance costs
outweigh differences in fabrication costs. Hence, the major concern is the effect of
interconnection and packaging techniques on reliability, maintainability, and spares

requirements.
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One reason for the increased reliability of integrated circuits is that groups of elements
can be interconnected by vacuum deposition processes rather than be soldering, welding,

5,53,77

or crimping wires and leads. The use of vacuum deposition techniques can
lead to the formation of molecular junctions at the points of interconnections rather
than the interfaces that result from other methods. The vacuum deposition of inter-
connections also removes much of the human element. This advantage has been

described by McKenzie as follows:

"Whereas welding or soldering constitute a weakening of
reliability, owing to possible carelessness or ineptitude of
a technicain, the thin-film applied through a fixed mask

would necessarily provide automatic and uniform interconnection.

Present interconnection practice involves many methods of
making joints and the connecting leads themselves are of
materials chosen as best suited for joining. Hand soldering
may always be used for a number of larger joints or touch-up
work, but as the size of units decreases the uncertainty as
well as the damage sometimes caused will continue to curtail

use of hand soldering.

Automatic dip soldering and flow soldering involve certain
hazards such as overheating, corrosion from flux, and
particles of excess solder. The joints are good only to the
melting point of the solder used. Special techniques such

as the use of solder preforms and hot air, are continually
under investigation but the limitations of the soft-solder joints
are understood and efforts are directed to better methods of
joining.

Welded circuits can be successfully made and the joints hold
up to temperatures of about 1,500°F. Initial problems of
obtaining satisfactory welds with tinned copper, brass and
nickel-iron alloy wires have been largely eliminated through

the use of nickel, nickel-clad copper and stainless-clad copper .
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Improvements in welding techniques have produced successful
joints even with formerly difficult materials. Data are still
lacking on the definite improvement in reliability of the
welded over the soldered joint but it may be as high as 20

to 1."

The interconnection of integrated circuits is another possible application for lasers.
Many of the problems of soldering and welding interconnections can possibly be
overcome by using a laser microwelding technique. ? The use of a laser for welding
does not require high vacuum equipment as does electron beam welding equipment,
no foreign materials are introduced into the joint as in soldering, and heating of the
elements is not necessary. No pressure is applied to the joint, and the laser beam
can reach places that are inaccessible to other welding techniques. The use of the
high energy beam from the laser for welding purposes has been demonstrated and is

being further investigated .

Another problem in the assembly of groups of integrated circuits, as in any other type
of electronics, is that of cooling. One interesting approach to this problem is to
provide a completely controlled atmosphere by immersing all the components in a
liquid such as Freon. The Freon can be maintained at a constant temperature by
external water cooling to permit close control of the temperature around the
individual components. It also keeps foreign substances such as dust and humidity
away from the components. The ability to control the temperature and environment
in which the components are working simplifies this basic circuit design and permits
higher performance circuitry by removing the necessity for working over a large

temperature range.

An example of an advanced interconnection and packaging technique that offers

great promise is the automated thin=film fabrication facility at the Naval Avionics
Facility in Indianapolis, Indiana.69 Although a number of published accounts of

this approach discuss it in terms of a hybrid discrete/thin-film competitor to monolithic
integrated circuits, the techniques and concepts are equally adaptable to fabrication
and interconnection of hybrid monolithic/thin-film circuits. In this application of

the technique, monolithic integrated circuits can be used to the greatest extent

possible because of their cost advantages, but the NAFI thin-film circuit panel
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technique can be used to interconnect the monolithic integrated circuits and to
provide thin-film resistors and capacitors where high precision or large values are
needed. It is believed that this marrying of silicon integrated circuit techniques
with thin-film fabrication techniques offers promise of an ideal solution to the short-
comings of monolithic integrated circuits, the shortcomings of thin-film circuits, and
the interconnection problem. The NAFI semi-automated thin-film deposition
production system is basically an in-line four-chamber vacuum deposition unit. [t
holds 24 substrates that are magazine-fed. "All passive components, insulation,
and interconnection paths are applied to the glass substrates by vacuum deposition.
Two runs through the four chambers are required to complete the passive circuit
structures, employing up to eight successive film depositions. Transistor chips are
soldered on later to complete the network." &9 In the future, integrated circuits

could be soldered on rather than discrete transistors.

Another interesting interconnection and packaging technique using printed circuit
boards has been described by Rice.79 His article presents an excellent analysis of

the interconnection and packaging problem including a discussion of different levels

of interconnections and the relationship between integrated circuit package philosophy
(form factor, orientation, number of pins, etc.) and printed circuit or plug-in

package philosophy. Two tables that he presented are reproduced as Table 5-3 and
Table 5-4. The first summarizes packaging techniques for connecting individual
integrated circuits tothe next level. The second summarizes techniques for inter-
connecting functional packages consisting of several circuits to the next level
(assuming a throw-away functional package). He believes that this packaging

scheme will permit an integrated circuit computer with the capability of an IBM 7090
central processor to be packaged on 10 printed circuit boards each 1 x ‘1 inch square;
and that by 1970 it will be possible to package the same central processor on a

single 1 x 1 inch square board using the same packaging approaches and concepts but
with more circuits per module resulting from higher yields and advances in internal
interconnection techniques. The advantages of this packaging approach results

from the following listing.
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Table 5-3. Summary Circuit Packages

Subsystem System
Packe Leads and Intra- Intra-
are Mounting Form Factor connection | connection Coolinsg Remarks
TO=5 Flat Pins - P.C. board Air +Auto, soldering (batch)
Perpendicular =Close drilling tolerances
Circle -Difficult insertion
-Intraconnection interfcrence
TO=5 Flat Pins - P.C. board Air +Auto. soldering
Lead Perpendicular +Simple insertion
Arranger Inline +Minimum intraconnection’
interference
-5pecial lead bending
Flat Flat Flat - P.C. board Heat ~Individual contact attache
pack One plane (multilayer) | sink ment
Two rows (air?) -Intraconnection interference
-Requires multilayer p.c.
board
Flat Flat Pins - P.C. board Air +Auto., soldering
pack (Raised) Perpendicular -Close drilling tolerances
Rectangle +Easy insertion
-Intraconnection interference
Flat Perpendicular | Flat - P.C., board Heat +Auto soldering
pack Heat sink and | Perpendicular sink -Flimsy leads (holding fixture)
holding fixt. | Inline? (built -Intraconnection interference
in) -Close drilling tolerances
Flat Perpendicular | Flat - Special Air? +Auto. soldering; hand solder
pack Long Mfultiplane package or wire wrap (weld?)
vertical system -Flimsy leads (holding fixture)
pins Very long leads

0€-G-A
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Table 5-4. Summary Subsystem Packages

Prepared by R. Rice

Subsystem System
Packe Leads and Intra- Intra-
age Mounting Form Factor connection connection Coolin Remarks
Flat Flat-stack Pins Special welded | P,C. board Heat +Auto. solderinc
pack Potted Perpendicular riser assembly sink to -Close drilling
stack Two rows air? tolerances
+Easy insertion
-Intraconnection
interference
-Pin 1imited logic
~Requires high volume
-Expensive throwaways |
Vertical | Special Pins 6-12 layers P.C., board Heat +Auto. soldering
assembly | holder and Perpendicular p.c. intra- sink to -Close tolerance
flat assembly Rectangle connection air? drilling
pack Special parts +Easy insertion
and assembly -Intraconnection
Cover interference
~Requires high volume
-Expensive throwaway
Multi- Flat Flat Films on P.C, board Heat +More terminals
chip One plane substrate (multilayer) | sink available
flat Two rows {(air?) -~Individual contact
pack attachment
?Flimsy leads??
-Intraconnection
interference
-Requires multilayer
board
~-Requires high volume
-Expensive throwaway
Multi- Perpendicular | Pins Films on P.C. board Air -Could be pin limited
chip Perpendlicular substrate +Auto, soldering
flat Inline +Simple insertion
pack

+Min.intraconn.inter-
ference

~Requires high volume

Gxpensive throwaway




1) A functional grouping of logical circuitry
2) Use of a replaceable but functional unit

3) Use of an in-line package permitting better standardization and

component density

4) Use of a larger printed circuit board to minimize connections between

boards, and

5)  Elimination of one level of plug-in package by the use of functional

groupings within a module and a large printed circuit board.

Ultimately, the successful widespread use of integrated circuits in computers and
information processing systems will depend upon the industry's ability to find new

and more effective ways of utilizing larger arrays of individual circuits. Although
significant improvements can be achieved by replacing the discrete semiconductor
circuits with integrated circuits in present types of logical configurations and machine
organization, new approaches will be required to realize the ultimate potential of
integrated circuits. It will be necessary to fabricate groups of circuits in "functional
electronic blocks" or in some kind of generalized "cellular logic" array. 72, 80 The
cost advantages of placing larger arrays of interconnected circuits on a single silicon
chip have been discussed previously. The interconnection and packaging incentives

are tremendous. An ultimate goal is the fabrication of major segments of a computer

on a single silicon wafer - the "computer on a slice" concept.

The use of larger functional electronic blocks depends upon techniques for making
major segments of a machine more repetitive, so that arelatively large number of
similar blocks can be used. This is possible now in some arithmetic parts of a parallel
machine where successive stages of registers and adder circuitry are repetitive.
However, it is very difficult at t nis time in the control parts of a machine where
there is little tendency for repetitiveness. Cellular logic provides an approach to
logical arrays that permits batch-fabrication of large numbers of circuits in a single
set of processing operations. A major problem with such arrays is the interconnection
and the problems of eliminating bad circuits to permit an acceptable yield. In one
approach, each cell (logical circuit) communicates only with its four adjacent

neighbors. ~ The connection from cell to cell along the horizontal row is a direct
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wire connection with no logic. The connection between adjacent cells in a vertical
column involves a logical function. The direct horizontal connection from cell to

cell permits eliminating columns which contain bad elements. Four specific connections
in each circuit can be selectively cut to alter the logical function performed by the

circuit.

In present military systems, using discrete component transistorized circuits, a small
printed circuit plug-in package costing in the neighborhood of $20 is considered a
throw-away unit. Maintenance procedures consist of isolating the fault to a specific
circuit plug-in board and then replacing this package with a spare. The individual
packages are relatively small in terms of function and cost, and considerable efforts
have been made to reduce the number of types of individual packages. As aresult,
the ratio of total number of packages to number of types of packages is relatively
high. This permits a limited number of boards to be carried as spares for replacing
malfunctioning boards during maintenance. Obviously, if a much larger number of
different types of boards were used, the number of spares that must be carried would
be increased, even though the total number of boards in the machine were decreased.
The spares required are more directly influenced by the number of types of packages
than by the total number of packages. This is one of the major problems facing
computer designers in attempting to efficiently use integrated circuits in military

systems.

The full advantages of integrated circuits cannot be realized if they are packaged

and interconnected in the same manner as present discrete component circuits. Since
a number of components making up a complete circuit (and possibly several complete
circuits) are packaged in a single integrated circuit flat-pack, interconnections can
be significantly reduced. This in turn can permit many more circuits or functions to
be packaged on a single plug-in module. As the number of circuits or functions
packaged on a single plug-in module is increased, the interconnections are decreased
and the total number of packages is reduced. However, the relative cost of each
plug-in package is increased, the number of different types of packages is increased,
and the ratio of total number of packages to number of types of packages is decreased.
Hence, the large scale use of integrated circuits for military computers and digital
systems imposes severe restrictions on the trade-offs between easy maintenance, cost
of throw-away modules, spares and logistics requirements, and efficient packaging and
interconnection concepts. It is also necessary to closely relate those considerations
to component and equipment redundancy, systems design, and diagnostic programming
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5.7 FACTORS AFFECTING COST AND YIELD

The cost advantage of integrated circuits over discrete components is not
primarily in the processing of the silicon wafer. The cost advantage results

largely from two factors:

1) Large quantities of components are packaged and tested
together.
2) The interconnection of components into circuifs is

accomplished during the processing of the silicon
wafer; part of the "assembly" cost is eliminated by

the "fabrication" operation.

The former accounts for the lower cost per component and the latter for the
additional decrease in cost per circuit. The emphasis on placing arrays of
circuits on a multi-circuit chip in order to further decrease the interconnec-
tions between packages and increase the reliability is discussed under packaging
considerations. However, this same goal of placing more circuits on a chip in
a single package is also important from the circuit cost standpoint. Moore

has estimated that, in the past few years, the number of transistors per
integrated circuit chip (for a given surface area) has been increasing in a binary
progression in about 1 year intervals = from 1 transistor to 4 to 8 to 16 to 32.
Sixty-four transistors are anticipated in the near future for the same surface area.
This should be increased to several hundred by 1970. These estimates are for

bipolar devices. This figure will be higher for MOS devices.
Four major factors in the production cost of an integrated circuit are:
1) The cost of processing the silicon wafer
2)  The cost of testing the circuits
3)  The cost of packaging the circuits
4) The yield

The cost of the processed silicon wafer increases very little with circuit
complexity, except to the extent that the area occupied by a more complex

circuit may be greater. In any event, the cost of the processed silicon wafer
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prior to testing is a small percentage of the total cost of the ultimate integrated
circuit. The cost of testing is a function of circuit complexity, but the cost of
testing an interconnected circuit array is less than the total cost of testing the
circuits individually. In other words, the per chip or per package cost is
higher but the per circuit cost and the total cost are lower. The packaging
cost, which is significant, is a function of the size of the chip to be packaged
and, more importantly, of the number of external leads required. Again,

the number of leads and the packaging costs will be increased for a more com-
plex interconnected circuit array, but will be less than the total if the

circuits were packaged individually. Circuit complexity has little effect

on yield unless it adds additional processing operations or increases the physical
area required for each circuit function. Integrated circuit yield is highly

area dependent. If there is a bad component in a particular area of the silicon
wafer, there is a high probability of additional bad components in close proximity
to it; or conversely, it is unlikely that a single bad component will be found

in an isolated area. Hence, the yield is not affected as much by the complexity
of the circuit as by the physical size. In general, the larger the physical

size of the diced chip, the lower the yield will be unless provision is made for
varying the interconnecting of elements and circuits to permit the elimination of

bad components and bad circuits on the chip.

The effect of the cost of the processed silicon wafer is essentially neutral, the
effect of the testing and packaging costs argue strongly in favor of multi-
circuit arrays, but the yield is adversely affected by the larger arrays if they
require an increase in the physical area of the chip. Hence, there is some
optimum point to which the size of the circ uit function (e.g. the number of
interconnected gates) should be increased before the physical size begins

to adversely affect yield sufficiently to off-set the gains in testing and
packaging costs. As integrated circuit fabrication and processing techniques
are improved and experience is gained, this circuit array size will move upward.
As a result of these considerations, there is a significant cost incentive in
attempting to put more and more on a single chip by interconnecting multiple

circuits into a logic array or logic function on a single chip.
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An example of multi-circuit chips that also uses functional grouping of the
circuits is a special two package circuit recently developed by a
manufacturer to provide complete counting and decoding from a bit serial
pulse train to a binary-coded-decimal nixie tube driver. One package will
contain the logic for bit serial counting and conversion to BCD. The other
package will contain the BCD to decimal decoding and the Nixie tube

voltage driver.

Another example of efforts to place more components on a chip with the
ability to vary the interconnection pattern is the "master slice" approach
currently used by one manufacturer. In this technique, a common master
slice is made for a given family of circuits. Each circuit chip on this master
slice has an identical layout of components-~ resistors, diodes, transistors,
etc. A different interconnection pattern mask is used for each type of circuit
in the family to interconnect the components required to make that particular

type. The advantages are:

1) All of the processing is identical up to the point of

depositing the interconnection pattern.

2)  Slices can be fabricated and stored in inventory without -

committing them to a particular circuit type.
The disadvantages are:

1) For any given circuit type, a number of the components

on the chip are not used.

2)  The chip is larger than for a similar circuit not using the

master slice approach.

New circuit configurations that can be fabricated from the components on a
master slice can be prepared within three weeks for an initial cost of about
$1,500.00 for the interconnection mask. Custom design circuits on the other

hand require three to four months and $10,000.00 to $15,000.00 design and

tooling costs.
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The same company is working actively on the fabrication of multiple gates on

a single chip. Some of their standard circuits provide four 2-input gates on a
single chip. They now have a contract calling for the delivery of circuits

with 25 interconnected gates in each package by the end of 1964, and 120 by mid-
1965. A 120 to 150 gate chip will contain between 2,000 and 3,000 components.
Approximately four such chips can be fabricated from a single silicon slice.

They expect to be able to fabricate 400 to 500 gates per chip in the future.

These large chips containing many gates require the ability to eliminate bad
circuits from the interconnected array in order to obtain reasonable yields.
After the individual gates have been fabricated on the silicon slice, they

are tested individually. Information concerning the location of defective gates
is put into a computer that has also received data concerning the desired
logical funtion or array. A computer program has been prepared that

generates the proper interconnection pattern to connect the good gates to
generate the desired logical function based on the inputs concerning the
location of defective components and the desired logical function. This permits
the use of chips that have a limited number of defective gates, but it can

also permit the fabrication of different logical functions. Since a separate
interconnection mask is made for each chip, this interconnection pattern can
be varied on the basis of both the input data concerning good and defective

gates and the input data concerning the desired logical function.

In simple integrated circuits, advantages are gained at the component level
through standardization and the fact that individual components within a circuit
do not have to meet a "worst case" design criteria. In circuit arrays where

large numbers of gates are interconnected on a single chip, these same advantages
are obtained at the circuit level . For example, a single gate in an individual
package would have to be tested to meet specifications for a particular fan-in

and fan-out capability based on the "worst case” use of that gate in the system.
However, in an interconnected gate array on a single chip, an individual gate
must meet a fan-in or fan-out specification only for its specific use in the array.
Hence, if the initial tests indicate that a given gate is good in all respects

except that it cannot handle the maximum fan-out requirement, the computer
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program could take this into account and interconnect this gate in a particular

part of the logical function where its fan-out capability is sufficient.

It is anticipated that a package containing four gates will cost approximately
1.2 times as much as a one~gate package, and that a package containing

50 gates will cost approximately 7.5 times as much as a one-gate package .
Hence, the cost per gate for a four-gate package will be 30% of that for

a one-gate package; and for a 50 gate package, approximately 15% of that
for a one-gate package. Larger packages containing around 100 gates may

cost ten times more than a single gate package (or ten times less on a per gate
basis).

A good indication of the importance of increasing the number of components
and circuits per packaged chip is presented in Table 5-5 developed by Noyce

showing a hypothetical cost comparison for transistors and integrated circuits

of comparable specifications.

Table 5-5

HYPOTHETICAL COST COMPARISON
FOR TRANSISTORS AND INTEGRATED CIRCUITS OF
COMPARABLE SPECIFICATIONS
(Presented by R. N. Noyce)

Integrated Circuits

Transistors 3 10 30
Transistors | Transistors | Transistors
Wafer Cost $15.00 $20.00 $20.00 $20.00
Units/Wafer 2,000 1,000 500 200
Yield 75% 60% 50% 30%
Cost-Die $ .01 $ .033 $ .08 $ .33
Package Material $ .03 $ .05 $ .06 $ .07
Assembly & Test § .15 $ .19 $ .20 $ .25
Factory Cost $ .19 $ .273 $ .34 $ .65
Cost/Transistor $ .19 $ .091 $ .034 $ .022
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Aside from the cost per element or cost per circuit from the production
standpoint, there are system considerations as to the effect on efficiency and
flexibility. The larger the circuit array, the more difficult it is to use it
efficiently from the standpoint of logical design and machine organization.
The decrease in flexibility resulting from the use of a larger array rather than

individual circuits is directly related to design questions such as:

1) Can machine organization be made more highly repetitive so

that large circuit arrays can be used repetitively ?

2) Can functional blocks be used in which a package may

provide a complex logic function?

3)  Can the logic function be varied or changed easily by

changing the interconnection of the circuits in the array?

In planning and designing systems using batch-fabricated components, it is
necessary to change our traditional way of looking at computer design. The
criteria of efficiency and desirability are different. The criteria is no longer
the number of gates of flip-flops used and not used, but rather, the number of

packages and interconnections.

The ability to easily vary the logic function mechanized on the chip overcomes
the problem of flexibility in the design and fabrication of the system, but it
raises serious questions of maintainability, spares, and logistics requirements

for use in a Navy shipboard system. In the future, it may be easy and economic
to design and fabricate a system with significant portions of the logic of the
machine interconnected on a single silicon chip in a single package, but this
will be achieved at the expense of making each of these packages unique. In
this case, the total number of packages will decrease, but the number of types
of packages will increase. In any specific case, this question should be decided
on the basis of comparing the increase in the cost of the throw-away package
and the cost of carrying a larger number of spares,against the simpler debugging
and maintenance, the lower machine cost, and the high reliability resulting from

the reduction in external interconnections.
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The costs of integrated circuits are also highly volume dependent. As volume
use of integrated circuits increases, the cost will decrease further. This is also
a strong argument for standardizing circuit types unless automatic techniques
can be developed for varying the interconnection patterns. Actual yields
being realized are closely guarded secrets that most companies are not willing
to discuss. However, a 10% yield seems to be typical of the integrated circuit
industry today (yield based on the final number of good packages compared to
the potential circuits from a silicon wafer after epitaxial growth.) By 1970,

80% yield on this basis may be possible.

Approximately 40% of the cost of integrated circuits is in the tested circuit

on the silicon wafer prior to dicing and 60% of the cost is incurred after the
circuit is tested on the wafer--dicing, packaging, testing, etc. Hence, the
elimination of defective circuits prior to packaging significantly reduces the
overall costs. The earlier in the fabrication process that a defective circuit

can be rejected, the less the economic effect of yield. When discussing yield,

it is important to identify the point in the fabrication process at which the yield is
quoted. For example, if defective circuits can be identified and rejected on

the silicon slab prior to dicing, the effect on cost will be much less than if

these same circuits are rejected at the final testing step prior to packaging, which

in turn, will be much less costly than if they are rejected after packaging.

According to Moore, the circuit yield for integrated circuits is now approaching
the device yield for discrete componem‘s.38 Eventually, yield should be
essentially independent of the circuit complexity since yield is highly area
correlated. In internal quality control and test runs, one manufacturer has
reported that integrated circuits appear even more reliable than single discrete

transistors.
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5.8 REDUNDANCY TECHNIQUES

Consideration of majority logic in the above sense leads to the general question
of redundancy in digital systems.47 Reliability of digital systems can be
improved by using better and more reliable components, but, for any given
level of component reliability, the system or equipment reliability can be
further improved through the use of redundancy. Of course, this may be
neither necessary nor desirable if the basic component reliability is sufficiently
high. Also, redundancy must be used carefully to assure that the actual over-
all reliability is increased rather than decreased and to assure that the increase

in reliability is commensurate with the increase in components and hardware.

Redundancy is usually used to permit equipment or system operation with a
limited number of component failures - or at least to permit the detection of
errors resulting from such failures. A common example is the use of a parity
check or error detecting code in most commercial computer systems. A very
early example of a different type of redundancy was the duplication of the
complete arithmetic unit in the UNIVAC [.

Although redundancy can provide higher reliability and permit system operation
in the event of component failures, a consequent disadvantage is the increase
in the number of components required resulting in increased cost, size, weight,
and power consumption. A further disadvantage is the possibility of actually
reducing rather than increasing reliability if the redundancy techniques are

not carefully chosen. A straight-forward statistical reliability analysis
indicates a decrease in reliability with an arbitrary increase in the number of
components. Hence, the type of redundancy used must be carefully chosen so
that the reliability increase achieved through redundancy is not offset by the
reliability decrease resulting from the greater number of components. This type
of danger is illustrated by a redundancy system in which a logical function is
triplicated but in which the majority logic element taking the "best-two-out-
of ~three" vote is no more reliable than the basic logic elements used to
mechanize the function itself. Majority logic elements, that is elements that

permit voting,were investigated as part of this study. A more detailed
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description of their characteristics , advantages and limitations are given in the

appendix (10.7). Included in the appendix is a discussion of the use of voting

circuits with triplicated elements.

Redundancy can be used at any level in the system including redundancy of basic
components, logical functions, units or sub-equipment; equipment, subsystems,”

48,49

and complete systems. Theoretically, the lower the level of redundancy,
the higher the improvement in reliability. This is illustrated by the fact that in

a system using redundancy at the component level a large number of individual
components can fail in different parts of the system without affecting the operation
of the overall system. At the other extreme, if redundancy is used at the system
level by triplicating the system, a single component failure in each of the three
systems might put the overall system out of operation completely. By the same
line of reasoning, it can be shown that component level redundancy is more
reliable than circuit redundancy, that circuit redundancy is more reliable than

function redundancy, etc.

On the other hand, the higher levels of redundancy have an advantage of
flexibility. For example, if triple redundancy is used at the system level, the
three systems could be used independently in applications where reliability is

not as important or for temporary peak loads. Also; in the event of a catastrophic
failure in one system, the other two systems could continue to operate with the
malfunctioning system cut out of the operation. Another interesting possibility
with system level redundancy is the physically remote distribution of the three
redundant systems so that if one system were destroyed by enemy action, the other
two systems could continue to function. Hence, in general, the lower the level
of redundancy, the greater the increase in reliability and the less the flexibility
and the adaptability; the higher the level of redundancy, the greater the
flexibility and adaptability but the less the improvement in reliability. Develop-
ments in integrated circuit techniques may also make low level redundancy the
cheapest type to achieve in terms of both cost and weighf.so Redundant components
or circuits can be fabricated on the same chip without significantly increasing the
cost of the chip and without increasing the number of external (to the chip) inter-

connections required.
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Several types and levels of redundancy used by one company in different

aerospace systems were described by Bird recently at an informal conference.

51

Possible forms of redundancy include the following:

D)

Simplex - no redundancy.

Triple modular redundancy at the system level.

Duplex redundancy at the subsystem or circuit level.

Triple modular redundancy at the subsystem or circuit level.

2)  Duplex redundancy at the system level.
3)
4)
(below the system level)
5)
6)

Quadruple-multiple-component redundancy.

Other combinations of types and levels are, of course, possible. The advantages

and disadvantages of four different types of redundancy are summarized in the

following listings:

Quadruple-Multiple-Component Redundancy

Advantages

1. Best practical method of
achieving ultra-reliability.

2. Machine interrupts not required.

3. Lower power requirements than
for triple modular redundancy

(1/2 to 1/3)

4. No special fault isolation
techniques required.

5. No voting circuits required.
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Disadvantages

Requires more than four times
the hardware.

Operational speed of the machine
is slower.

Difficulty in designing wide
tolerance circuits to permit

component failures.

Lack of assurance that failures
are truly independent.

Component failure modes must
be known.

Test ability limited.



Duplex Redundancy

Advantages

1. Greatest reliability and MTF
improvement at a given level.

2. Least weight and power increase

(2 to 3)

Triple Modular Redundancy

Advantages

1. Error voted out without
interrupting machine operation.

Disadvantages

Additional hardware required for
detection, isolation, and switching.

Test processes and operational time
required for fault detection and
switching.

Disadvantages

Hardware increase required.
(3 to 4 times)

2. Moderate weight and power 2. Test ability limited unless additional
increase (3 to 4 times) hardware is instrumented.

3. Significant reliability and 3. Voting circuits capable of
MTF improvements. isolating failure are required.

4, Operational speed capability 4. Component failure modes must

retained.

be known.

In summary, the following points are significant in considering redundancy:

N

Redundancy can be used to improve reliability at the

cost of additional hardware.

It is necessary to carefully choose the correct type of
redundancy for specific applications, reliability requirements,

cost limits, and basic component reliabilities.

Lower level redundancy gives better reliability improvement;
higher level redundancy gives better flexibility, adaptability,

and survivability.

Component and circuit level redundancy give the greatest
improvement in reliability but require the greatest number of
components. However, integrated circuit techniques may also
make these types of redundancy the cheapest by packaging
redundant components or circuits on the same chip thus minimizing
external interconnections. Since failures in integrated circuits may
be highly area correlated, this type of redundancy may not result in
the theoretically possible increase in reliability unless redundant

components can be widely separated on a relatively large chip.
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5.9 RELIABILITY

Previous discussions have shown that, for a given level of component reliability,
equipment and system reliability can be improved through the use of redundancy
techniques. However, this reliability is obtained at the expense of:
1) A significant increase in the number of components.
(typically two to four times) '

2) Some dangers in choosing the proper type of redundancy

for the specific application.

3) A possibility of greater difficulty in maintenance and
fault isolation since it is necessary to locate a faulty
component or circuit even though the outputs of the

redundant system are correct.

Theoretical reliability improvements through the use of redundancy may not be
achievable since a cause of failure in one component may also affect other
components, hence the assumption of independence is violated. That failures in
integrated circuits may be highly area correlated is an example of this

shortcoming of redundancy techniques.

Hence, the proper place to seek improved reliability is at the component level.
In fact, Bird has cited estimates of reliability for the Orbiting Astronomical
Observatory for one year's successful operation showing that a simplex system
with a factor of 10 improvement in the reliability of individual components is
significantly better than redundancy using four parallel systems and almost as
good as a quadruple-multiple-component redundant system.5] The probability
of successful operation for one year for a simplex system and three different

approaches to improved reliability that he cited are summarized below:

1) Simplex System 0.01
2)  Four Parallel Systems 0.04

3)  Simplex System but with a
factor of 10 improvement
in the reliability of individual

components. 0.63
4)  Quadruple-multiple -component
redundant system. 0.76
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If a higher reliability is required than can be achieved from available or
realizable components, then the system designer must fall back on redundancy
techniques to achieve his reliability goals; but the system designer is much better
off if components with basically higher reliability can be obtained. Fortunately,
semiconductor integrated circuits offer this opportunity. Integrated circuit
reliability figures have been achieved to date in actual experience that
provide significant improvements in system reliability. Anticipated further
gains in integrated circuit reliability will enhance equipment and system
reliability to the point that consideration of redundancy techniques may be
unnecessary. This decision has already been made in the case of the computer
for the Apollo Moon landing where no provision is made for redundancy or
for in-flight repairs--

"Once you get integrated circuits that are good, they will

keep on working fine; the only trouble is in getting perfect

integrated circuits for the instrument in the first place.”

Integrated circuit reliability will increase to the point that most failures in the
computer will result from interconnections and packaging problems. Reliability
workers concerned with the Apollo computer have reported finding no

inherent failure modes, but a large number of failure modes have been found
that result from fabrication flaws, human errors, and poor quality control.

All failure modes that have been discovered are said to be "the result of

poor process control or the vendor's lack of complete technical knowledge

of his process. Most problems are quality control problems. There is no
substitute for good, tight inspection on the line."52 As a result, a number

of government agencies and companies have put particular emphasis on

w 53,54,55,56

"analysis of physics of failure The fact that failures are largely
the result of poor quality and process control was dramatically illustrated by a
table comparing the test results and failure rates for three different vendors

manufacturing the same integrated circuit type for the Apollo program.
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The following listing was presented by Partridge at the ONR sponsored conference

on Micro-electronics and Large Systems.

Screen & Burn-in Failure Rates

Pre- % Failures At Use
Qualification Znd & 3rd Conditions
Vendor % Failures Total Electrical 90% Confidence
A 5 1.8 0.3 0.005%)/10° Hrs.
(O failures)
B 26 3.8 1.7 0.3%/10° Hrs.

(2 failures)

C 58 5.0 2.5 1.8%,10° Hrs.
(26 failures)

The relative position of the three vendors was maintained at all four steps in the
evaluation. A recent report from the Apollo project indicates that 50,000,000
component hours of operational life test have been experienced on the integrated

circuits provided by one manufacturer with no failures. &

Since most monolithic semiconductor integrated circuits are fabricated in the same
manner and with the same processes as the silicon planar transistor, most workers
in the field expect the failure rate of an integrated circuit to approximate that

of a single discrete transistor of comparable die size. 57,38,59 In fact, Platzek

and Goodman state:

"Because these circuits are fabricated in exactly the same manner

as the silicon, planar, passivated transistor, it is reasonable to exploit
the test data acquired from the Minuteman high reliability component
program. ...Recent published data supports the position that semi-
conductor integrated circuits will have failure rates closely approximating

w 59,60

those of individual discrete transistors.

Moore has reported that in internal quality control test runs at his company,
some integrated circuits appear even more reliable than single discrete
transistors == probably because the tests were watched more closely and the

processes were better controlled. 38
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Integrated circuit technology is building on the established base of experience,
know how, and processing techniques developed in transistor
technology during the past fifteen years. In this sense, it is an extension of an

established technology rather than a new technology.

On this basis then, it is fair to refer to the reliability improvement in transistors
for an estimate of integrated circuit reliability. A curve showing the reliability
improvement in transistors for the past ten years presented by Narud is repro-
duced as Figure 5-3.58 (The vertical axis on this curve is "Failure Rate
(1/hours)", hence it is necessary to multiply by 10° to convert this to "percent

per 1,000 hours" used in other parts of this discussion.) This indicates a

failure rate for transistors of 0.0004% per 1,000 hours, which closely approximates
predicted failure rates for integrated circuits discussed later. The fact that
integrated circuit reliability is largely a "per package" rather than a “per
component" function is also a strong factor in favor of more complex packages

containing an interconnected array of circuits on a single chip.

Since semiconductor integrated circuits using current design and processing
technology have been available for a relatively short time, many of the

reliability estimates are based on accelerated life tests,frequently using temperature
step stress tests or long-term elevated temperature tests which are then converted

to estimated room temperature failure rates by multiplying by a conversion factor.

Referring to tests of this type by one manufacturer, Platzek and Goodman state:

"Achieved failures rate of 0.01 to 0.5% per 1,000 hours at elevated
temperature support the expectation that failure rates of 0.0002 to

0.001% per 1000 hours will be achieved under Minuteman operating
conditions, and the potential exists for improving these failure rates

by factors from 2 to 10." >

These results were based on extrapolations from long-term reliability tests at
elevated temperatures rather than step stress testing. The step stress tests provide
a good method for isolating failures modes but are not too satisfactory as a base
for extrapolating failure rates to those expected in normal operation. Extra-
polation of the results of step stress tests to normal conditions appears to give
estimates of failure rate higher than those actually experienced under normal
conditions. Longer term elevated temperature tests such as those reported above

by Goodman and Platzek are probably more meaningful.
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Figure 5-3. Reliability Improvement in Transistors for the Past Ten Years
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Bridges (of the Department of Defense) states that "a semiconductor integral
circuit containing the equivalent of some 20 parts displays the same failure
rate as a single conventional transistor", and he predicts failure rates of
approximately 0.0001% per 1,000 hours.él A number of estimates place
the ultimate reliability of monolithic integrated circuits in the order of
0.0001% failures per 1,000 hours.59’6] 62

has described the actual reliability experienced on two specific aerospace

Dr. Noyce of Fairchild Semiconductor

computers as follows:

"We have data on two operating medium-sized computers that

use integrated circuits. The first is the Apollo guidance

computer, designed by MIT and built by Raytheon. It has
accumulated 19 million operating hours on its integrated

circuits, in which time two failures have occurred -- an initial
failure, and the other a failure, external to the package, that

was caused by moving the computer. The second system, the

MAGIC 1, an airborne computer built by the AC Spark Plug
Computer Division, has accumulated 15 1/4 million hours with

two failures. Fairchild's in-house life-test program, with 33

million total operating hours, has had a total of eight failures;

of these, five accumulated during the first 6 2/3 million hours and
only three occurred on more recent units during the last 26,334,982
hours. These data are not extrapolated from accelerated tests, but
are actual, observed operational failure rates, and include early pro-
duction units in some cases. Considering the complexity of the
function performed by these circuits, the integrated circuit equipment
today is ten times more reliable than its discrete component

62

counterpart,"

This statement was published in June 1964. Since then approximately

six months additional experience has been obtained on these machines without
failures. It is extremely interesting and significant to note that actual failure
rates that can be quoted now are limited, not by failures, but by the time the
machine has been in operation. The reliability figures are improving with each

hour of operation.
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The higher reliability of integrated circuits results from the facts that there are
fewer individual components, circuits are of smaller size, there are fewer connections
of dissimilar metals, most connections are made by vacuum deposition, and there

is less handling of components. Integrated circuit failure rates at present are
primarily on a per package basis and are essentially independent of the number of
components in a package (within a reasonable range and for a given die size).

If failure rates for integrated circuits are comparable to those for discrete
transistors as discussed above, then an integrated circuit will have a significantly
better reliability than a similar circuit fabricated from 10 to 20 discrete com-
ponents. On the charts showing reliability improvements in transistors prepared

by Narud (Figure 5-3), he has also shown a curve of the failure rate of a

discrete component DTL circuit utilizing three resistors, five diodes, one transistor,
and 14 interconnections. If the failure rate of an equivalent integrated circuit
approximates that of a discrete transistor, then the failure rate of the integrated
circuit will be better than that of the discrete component circuit by approximately
two orders of magnitude.

Keonjian and Danner have presented a table showing failure rates of typical

57

circuits at different points in time which is reproduced in Table 5-6.

Table 5-6
FAILURE RATES OF TYPICAL CIRCUITS

FAILURE PER MILLION HOURS
1964 Std. 1965 1970 Micro-
1960 Tube Solidstate Electronic Electronic

Circuit Circuit Circuit Circuit
Flip Flop - 51.57 5.87 0.08 0.04
Binary Element 42.57 4.65 0.08 0.04
Half Shift 43.99 5.59 0.08 0.04

Register

Nand Gate 44,76 4.84 0.04 0.02

(This table shows "Failures Per Million Hours" which must be multiplied by
10—] to convert to "percent per 1,000 hours" to be consistent with other figures in

this section.)
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They estimate that these failure rates for a typical 1965 infegrqfed circuit are
at least one order of magnitude better than a similar circuit made up of 10 to

20 individual parts.

Grant has stated, "1 would say integrated circuits are two hundred to five hundred
times more reliable than a circuit with the same number of components arranged

separately on a circuit board.* 64

Hence, based on extrapolations from planar epitaxial transistor experience,
extrapolations from accelerated life test data, and actual field experience,
integrated circuit failure rates are from one to two orders of magnitude better

than those for equivalent circuits fabricated from discrete components. Alberts

has reported a ten to one improvement in system reliability in the first demonstration
model integrated circuit computer built in 1961. Based on the above
considerations of increased circuit reliability, an increase of one to two orders

of magnitude in system reliability of those portions of the system using integrated
circuits is a reasonable expectation. This refers, of course, primarily to the
logical (e.g. control and arithmetic) portions of the computer and peripheral
equipment. Memory reliability will depend upon memory batch-fabrication
techniques described elsewhere. The improvement in reliability of the central
processor is also a function of the interconnection and packaging techniques as
well as the circuit reliability. This is discussed elsewhere, but it is believed

that interconnection and packaging techniques can be developed having reliability
compatible with (but not equal to) that of the integrated circuit. Since batch-
fabricated internal memories with integrated circuit electronics for reading,
writing, and addressing are anticipated, a reliability improvement in the central
processor of one to two orders of magnitude is achievable for a 1970 ACDS.
Overall system reliability will be seriously limited by the electromechanical input/

output equipment.
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5.10 MAINTAINABILITY

The maintainability of shipboard digital equipment is a function of reliability
(failure rate), interconrection and packaging techniques,machine organization,
and system design. The interconnection and packaging aspects are described
later, but circuit reliability achieved through the use of semiconductor integrated
circuits will, in itself, have a significant effect on maintainability by reducing
the number of failures. The lower failure rate will permit a larger functional
throw=-away unit (i.e. a unit that is discarded rather than repaired when it fails)
since the throw-away unit can be more expensive if it is to be replaced signi-
ficantly less often. At the same time, cost reductions anticipated through the
use of integrated circuits either will further reduce the cost of the throw-away
unit or will permit a further increase in the functional size of the throw-away
package. A larger functional throw-away package, in turn, will permit easier
debugging since the area to which the maintenance man must isolate the fault is
larger. It will also provide higher reliability by permitting larger circuit arrays
to be fabricated on a single chip and by reducing the number of external inter-

connections.

Possible adverse effects of redundancy on maintainability have been pointed

out previously as one of the arguments against the use of redundancy and in

favor of basically higher component reliability. The goal of easier maintain-
ability also provides a strong argument in favor of greater modularity or functional
packaging of logical arrays. However, larger throw-away packages and functional
modules have to be examined and weighed carefully in the planning of a new
shipboard system because of the possible adverse effect on the total number of

spares that the ship must carry. Easy maintenance and simplified logistics must

be properly balanced, but a decrease in failure rate of one to two orders of
magnitude should permit an increase of two to five times in the cost of the throw-
away unit. Permitting such cost increases in throw-away units coupled with the
concurrent decrease in cost per circuit resulting from the use of integrated circuits
and batch-fabrication techniques, will lead to significant increases in the functional
size of the throw-away package. Such an increase will simplify the interconnection
and packaging problem, simplify maintenance procedures and training requirements

for maintenance personnel, and further reduce machine down-time. Some increase
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in the total costs of spares inventory (but a decrease in the total cost of spares usage)

should be tolerated to achieve these advantages.

O'Connell and Brauer have pointed out that total annual support costs for
military systems run approximately 1.5 times the total initial price of
equipment. Their breakdown of average price and annual support costs for
today's conventional discrete component equipment, today's integrated circuit

equipment, and 1970 integrated circuit equipment is summarized below.

Average Annual

Price Support Cost
Today's Discrete Components 40¢ 60¢
Today's Integrated Circuits 28¢ 21
1970 Integrated Circuits 12¢ 12¢

These figures emphasize the improvement that can be expected in maintainability
in a 1970 military system through the use of integrated circuits. The effect of
integrated circuits on maintainability and maintenance costs has been discussed

by Lowell, who said:

"Cost in military electronics in the past five years has seen a spiral
unequaled in any other weapons area of America's defense system.
...This problem can be called 'cost of ownership associated with

the maintenance of the design performance'. The cost spiral and
maintenance deterioration has led to a philosophy of cost effectiveness
which attempts to evaluate both the performance impact and military
effectiveness in relation to the total cost. ...It is in the area of
maintenance and reliability that micro-electronics offers the
immediate solution. In the long-range solution, an order of
magnitude reduction of procurement and design costs is possible

with extensive use of micro-electronics. The impact of micro-
electronics in this area will now make it possible to return to
standards of maintenance ratios that existed with 1950 equipment,
which has only 10% of the complexity and sophistication of today's

electronics. This will have a multifold impact, for not only will
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down-time decrease, but cost of training technicians, cost of
maintaining skills, cost of space, cost of test equipment, and
cost of maintenance areas will all decrease at the same ratio

65

or greater."

5.11 CONCLUSIONS AND RECOMMENDATIONS

Components for all logic functions and approximately 90% of the total electronics
in a 1970 ACDS can be manufactured by semiconductor integrated circuit tech-
nology. The majority of interconnection and packaging requirements can be
manufactured by batch-fabrication techniques. Hence, approximately 80

to 90% of the electronics and interconnections in a 1970 tactical data system

can and should be manufactured by batch-fabrication techniques. Such tech-
niques will be feasible, economic, reliable, highly developed, and in

widespread use by 1970.

Monolithic silicon integrated circuits should be the major component technology
used in a 1970 ACDS. Essentially all of the digital logic functions should be
mechanized with this type of component. Low-level linear and analog circuits
should be mechanized with hybrid monolithic/thin-film components that are closely
related to the first type above but that use thin-film fabrication techniques for
resistor and capacitor elements requiring either high precision or large values.
Because of inherent fabrication simplicity, metal -oxide-semiconductor (MOS)
techniques may be used for functions that are amenable to organization in large
interconnected arrays. However, they will have more limited speed capabilities
than the monolithic and hybrid integrated circuits. MOS technology is parti-

cularly attractive for small memory arrays.

Circuits requiring high-power handling or high-voltage capability present the

most difficult problems with respect to the use of integrated circuit technology.
Requirements for circuits of this type, which are found primarily in displays and
electro-mechanical peripheral equipment, will probably be handled by either

discrete component circuits similar to those inuse today, or by hybrid discrete/
thin-film technology. In the latter technique, discrete active components and
thin-film passive components are interconnected on a substrate -- with discrete

passive components, such as large high-power resistors, used where required.
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Interconnection and packaging techniques represent major areas of improvement

from the standpoint of cost, reliability, and maintainability. There will be
significant improvements in these areas over today's technology, but it will be
difficult to achieve improvements equal to those that will be realized in the
components themselves. Interconnections will represent the major source of
failures in the central processor unless improved methods of batch-fabricated
interconnections are developed and larger replaceable units are used. In
addition to basic reliability improvements, larger throw-away packages offer

a major opportunity for improved maintainability. Lower component costs

and significant reductions in failure rates should permit functionally larger
throw-away packages that will reduce the number of "pluggable” inter-
connections and simplify maintenance procedures. A larger number of different
types of replaceable modules may increase spares inventory costs somewhat, but
this may be offset by reductions in component costs through batch-fabrication.

In any event, the spares usage costs will be sharply reduced as a result of
lower failure rates and lower component costs.

The two most promising packaging and interconnection approaches are the use

of multi-layer printed circuit boards and the use of automated thin-film

interconnection substrates similar to those developed for the the Naval Avionics

Facility in Indianapolis. This latter approach, combinihg monolithic silicon integrated
circuits, thin-film resistors and capacitors (for high precision and large values), and
thin—film interconnections in a semi-automated production process is extremely promising.
The thin-film interconnections and passive components could be deposited on the
substrate in the same set of semi-automated operations with the monolithic integrated

circuits attached by a "flip-chip" technique.

If printed circuit boards are used, a new integrated circuit packaging format or
form factor is desirable. This should permit upright and in-line mounting of the
integrated circuits. It should also provide more pins to permit larger packages
containing more circuits and logical functions. A similar approach can be used
for mounting the thin-film substrates discussed above to the next level of
interconnections which could be a multi-layer printed circuit board. Hence,

a packaging concept for future systems can utilize the advantages of "flip-chip"
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monolithic integrated circuits, thin-film passive components, thin-film

interconnections, and multi-layer printed circuit boards.

More complex integrated circuit configurations in a single package, and
preferably on a single chip, are highly desirable to reduce costs and

minimize interconnections external to the basic circuit package. Full utilization
of the technological capabilities in this regard will require further development
of cellular logic, repetitive logic, or variable interconnection techniques.
Variable interconnections are very attractive if low cost computer controlled
methods can be developed for adapting the interconnection pattern to the

desired logical function and the availability of good components on the chip.

Integrated circuit technology will result in reduced cost and increased reliability
while meeting required environmental conditions and providing increased per-
formance capability. Costs of a few cents per transistor and possibly less than
$1.00 per gate, propagation delays of a few nanoseconds per gate, and reliability
in the order of 0.0001% failures per 1,000 hours are anticipated for components
meeting shipboard environmental specifications. Maintainability and logistics

requirements will also be improved but to a lesser extent.

Interconnection and packaging techniques present the major problems with
respect to cost, reliability, maintainability, and logistics requirements. The

latter two are the more serious and require additional emphasis and investigation.

A higher cost basic throw-away package is recommended as a result of sharply
reduced failure rates. This, coupled with anticipated reductions in component
costs, will permit a much larger functional throw-away package in terms of
logical capability. The larger functional throw-away package will reduce
external interconnections, increase reliability, and facilitate fault location.
These will provide needed improvements in maintainability from the standpoint
of time to repair and of personnel and training requirements. Although reduced
cost and enhanced capability are of importance, the greatest advantages to the

Navy will accrue from improved reliability and easier maintainability.
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The development of improved packaging and interconnection concepts are

recommended. These should:

1) Permit the interconnecting of a number of circuits in

an array on a single silicon chip in a single package.

2) Reduce the number of interconnections external to

the package.

3)  Ease the maintainability requirements (particularly
with respect to personnel and training) by techniques
such as functional grouping of logical circuitry in a

package to aid fault location and diagnostic programming.

Proper consideration should be given to questions such as the trade-off between
the cost and the failure rate of throw-away packages and the trade-off between
package size and spares requirements. Improved concepts of machine
organization (e.g. repetitive arrays or cellular logic) to permit functional
groupings of components (and/or repetitively used logical functions) to aid

in fault isolation through diagnostic programming techniques should be

developed.
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Section 6
MEMORY TECHNOLOGY

6.1 INTRODUCTION

Some types of memories, such as registers, main high-speed internal storage, and
on-line auxiliary storage, will be required in any future Advanced Command Data
System. Whether other types of “special memories", such as read-only or associative
memories, are used, is a decision that will have to be made during the design of the
system. The specific selection of individual types of memories to be used in the system
will depend upon the eventual machine organization and systems design as well as upon
the state of the art of memory devices at that time. During this study, all categories
of memories that may be applicable to the design of a future Advanced Command Data
System have been considered, but emphasis has been placed upon the major categories

that are certain to be required.

The feasibility of batch fabrication is a major criteria in evaluating and selecting
memory technologies for a 1970 system. The components and packaging section of this
report discussed the impact that integrated circuits will have on the logical elements
of future computers. Integrated circuits will also play an important role in the elec-
tronics associated with the memory array--the addressing, selection, driving and
sensing circuitry. However, batch fabrication of the storage elements themselves will
be an equally important factor. Magnetic cores will continue to dominate the internal
storage areas for the next few years; but, by 1970, they will be giving way to storage
elements, such as thin films or plated wires, that can be fabricated in batches rather
than as discrete elements. Batch fabrication of logical and memiory circuitry and of
arrays of storage elements will be the key factor making possible more capable and
sophisticated computers with greater reliability, lower cost, and smaller size, weight,

and power requirements.

In the remainder of this section, the classification and functional uses of memory
devices and requirements for different types of memories in future naval tactical systems

are discussed. The characteristics of different types of memories applicable to each of
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the major categories are compared and related to Navy requirements. Technical
descriptions of the major types of memories anticipated for 1970 are given, conclusions

are drawn, and recommendations for memory development projects are made.
6.2 CLASSIFICATION AND FUNCTIONAL USES OF MEMORY DEVICES

Memories can be classified in four major categories based upon the techniques of

mechanization and their use in the system:

1) Registers, high-speed control, and scratch-pad memories
2) Main-high-speed internal memories

3) On-line auxiliary storage

4) Off-line auxiliary storage

Each of these categories requires different combinations of speed, capacity, cost, and
other characteristics. Although a specific memory technology may overlap two or
more categories, the relative importance of different characteristics and, to some

extent, the design approaches and criteria vary from one category to another.,

In addition to these four major categories, certain types of memories can be classed

in a fifth category -- “"special memories". This category would include:

1) Read-only memories
2) Read-mostly memories
3) Associative memories
4) Analog memories.

These types of special memories are not compared in the same detail as those in the
four major categories, but discussions are presented indicating their functions and
ranges of anticipated characteristics. Some of these special memories may be mecha-
nized with completely different techniques than those in the other categories (e.g.
photographic read only memory); others may be mechanized with essentially the same
basic techniques but with additional control and logical functions or, in some cases,

with certain hardware omitted (e.g. thin-film read only memory).
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Buffer storage could be considered another category since the capacities for this type
of storage are in the same order as those for registers and high-speed control memories
while the speeds are usually in the same order as those for main high-speed internal
memories. However, there is not sufficient difference in the characteristics and
mechanization to justify considering buffers as a separate category since they are
very commonly mechanized by the same techniques as main high-speed internal

memories but with significantly smaller capacities.

In analyzing memory characteristics for a future system, it is necessary to consider the
functional uses of memory devices and techniques. The following functional uses for

memory elements may exist in a future ACDS.

In Central Processors:
1) Discrete single bit storage for logical functions

2) Individual one word or partial word registers for mechanizing

control registers, index registers, and arithmetic registers

3) Fast muitiple-word addressable storage of limited capacity for

control memory and scratch-pad purposes

4) Read-mostly storage for micro-programmed systems
5) Large-capacity high-speed internal data storage

6) Large-capacity high-speed internal program storage
7) Buffers and speed-matching registers

Auxiliary Storage:

1) On-line semi-random-access auxiliary data storage

2) On-line semi-random-access auxiliary program storage
3) Off-line auxiliary data storage

4) Off-line auxiliary program storage
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In Peripheral and Auxiliary Equipment:
1) Discrete single bit storage for logical functions

2) Individual one word or partial word registers for mechanizing

control registers, counters, synchronizers, etc

3) Multiple word addressable storage of limited capacity for

control memory and buffering purposes

4) Read-mostly storage for programmed control of certain types

of peripheral equipment

Peripheral and auxiliary equipment that will require some storage capabilities include

input/output equipment, displays, and communications terminal equipment.

Registers and high-speed control memories are classed in the same category since they
usually serve the same function in the system. However, the actual mechanization or
memory technology involved may be quite different. For example, individual registers
may be mechanized with integrated circuit flip-flops while high-speed control memories
may be mechanized with magnetic-thin-films. In general, a high-speed control memory
represents an optional way of mechanizing some of the functional registers in the machine.
For example, if 16 one-word registers are required for a certain function, these can be
mechanized as 16 specific address locations in a high-speed control memory rather than

as discrete one-word registers, if simultaneous access is not required. There is sufficient
overlap in the functional use to classify these in the same category even though the

mechanization may be quite different.

The high-speed control memory and the high-speed internal memory are normally con-
sidered an integral part of the computer or central processor, while the on-line auxiliary
storage, and the equipment for reading and writing the off-line auxiliary storage, may

be considered external peripheral devices. However, the techniques used in mechanizing
registers and high-speed memory in the central processor are also used for control and
buffering functions in peripheral devices. This is illustrated by the use of magnetic core
memories as a small capacity high-speed control memory, as a large capacity high-speed
main internal memory, as a very large capacity slow-speed on-line auxiliary storage, or

as a small capacity slow-speed buffer in a display unit or a communication terminal
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equipment. Although a magnetic core memory may be used in each of the above
applications, the combination of characteristics designed into the core memory are

quite different for each of these applications.

The auxiliary storage category represents very large capacity bulk storage that is
addressed by the computer in large blocks rather than by individual words. It usually
has an average access time several orders of magnitude slower than that of the high-
speed internal memory. The on-line auxiliary storage is directly available to the
computer under computer control without manual intervention. The off-line auxiliary
storage normally requires a manual operation to place the storage medium on the read/
write device (e.g. a magnetic tape unit) that is controllable by the computer. In this
sense, a magnetic tape unit can be considered an on-line auxiliary storage if a parti-
cular reel of tape is written, left on the tape unit, and later read back by the computer.
However, if a tape reel is written by the computer, taken off the tape unit, stored on
the shelf, and later put back on a tape unit to be read into the computer again, it is

considered off-line auxiliary storage.

Most off-line storage equipments such as magnetic tape units, punched paper tape
equipment, and punched card equipment are commonly classed as input/output equip-
ment since they act as input/output devices to the central processor. Unfortunately,

this tends to obscure the fact that these devices are actually serving an off-line auxiliary
storage function in the overall system rather than an input/output function. They should
not be confused with "true input" and "“true output" devices such as keyboards, printers,
analog-to-digital converters, and digital-to-analog converters. In this report, these
types of off-line storage devices are listed in their conventional category as input/output

equipments and have been discussed in the Input/Output Section.

Some equipment , such as magnetic card memories and magnetic disc files with remov-
able disc stacks, are on-line auxiliary storage devices with respect to the cards or discs
actually on the device at a given time. However, they act as read/write and access
mechanisms for off-line storage with respect to cartridges of magnetic cards or stacks

of removable discs on a shelf if these have been written by the device previously and
will be read by the device subsequently. In this report, these devices are discussed in
the category of on-line auxiliary storage. Those that can act as read/write mechanisms

for off-line storage are identified.,
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In selecting the proper storage elements or devices for a future ACDS, it will be
necessary to determine the functional uses of storage and then consider the character-
istics of individual storage devices that effect their applicability to the particular
functions. The desirable combination of characteristics will vary from one functional

use to another.

6.3 MEMORY TECHNOLOGY IN A 1970 ADVANCED COMMAND DATA
SYSTEM

The major requirements for storage in 1970 naval tactical systems will be for registers
and high-speed control (or scratch-pad) memories, buffers, main high-speed internal
memories, on-line auxiliary storage, and off-line auxiliary storage. Whether any of
the special types of memories, such as read-only memories or associative memories, are
required will depend upon the eventual machine organization and system design.
Functional uses of storage devices in a 1970 ACDS will include most of those listed in

Sub-section 6.2, but some of those will be optional for the system designer.

Although the speeds and capacities may differ, essentially the same techniques will be
used for mechanizing storage requirements in peripheral and auxiliary equipment as in
the central processor. For example, control flip-flops or buffers used in a display

console may be slower speed and smaller capacity but will probably use the same basic

technology as those in the central processor.

Although a computer used in a 1970 era naval tactical system is expected to be faster
and have a greater capability than present shipboard computers, no real requirement is
seen for speeds and capacities that are significantly beyond today's state-of-the-art.
Requirements for registers and high-speed control memories with capacities of a few
hundred words or less and cycle times in the order of 100 nanoseconds are anticipated.
Main high-speed internal memories with capacities between 64,000 and 256,000 words
and cycle times between one-half microsecond and one microsecond will be required.
Both are within the state-of-the-art today and these performance requirements can be
readily achieved by a number of techniques in 1970, However, significant improve-
ments are required in cost and reliability. These improvements will be realized through
batch fabrication. Improvements in size, weight, and power consumption are also

desirable and are anticipated.
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The categories of storage in which significant improvements in performance are
required over existing techniques are on-line auxiliary storage and off-line auxiliary
storage. Present electromechanical approaches to these categories of memory are
unsatisfactory from the standpoint of reliability, environmental specifications, size,
weight, and power. Although the data transfer rate of these devices is probably
satisfactory, significant improvements in access times are desirable. Non-mechanical,
solid-state on-line auxiliary storage devices with capacities between 1,000,000 and
10,000,000 words and access times in the order of two to ten microseconds will greatly
increase the performance of future naval tactical systems. These will be feasible and
can be available for use in a 1970 system, but some support of development efforts and

some cost premium will probably be required.
6.4 COMPARISON OF MEMORY TECHNOLOGIES

In evaluating and comparing different types of memories, a relatively large number of
characteristics and parameters should be considered. However, the actual selection of
a specific type of memory for use in a particular function in a 1970 Advanced Command
Data System can usually be made on the basis of detailed comparisons of only a few of
these since all of the devices under consideration should meet certain specifications
(e.g. environmental) in common, if they are to be used on shipboard. The major
parameters and characteristics of concern to Navy planners in selecting the proper

storage devices for use in 1970 naval tactical systems are:
1) Type of storage
2) Storage capacity

3) Type of access

4) Access time

5) Read/write cycle time
6) Read/write rate

7) Volatile or non-volatile

8) Availability
9) Batch fabrication techniques
10) Feasibility

11) Relative cost
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Any storage device for use in tactical systems must possess the following characteristics.
Some of these characteristics can be eased by special packaging, system, or facility

techniques:
1) Erasable and reuseable medic;

2) High reliability;

3) Low susceptibility to electromagnetic interference;
4) No generation of electromagnetic interference;
5) Military environmental specifications for

a) temperature,

b) shock and vibration,

c) humidity,

d) easy maintainability, and

e) simplified logistics requirements.

Additional factors that could influence a final choice between acceptable alternatives

include:
1)) Storage density;
2) Static or dynamic;
3) Nondestructive read-out;
4) Size and weight; ,
5) Susceptibility to nuclear radiation effects;
6) Minimum power requirements.

For certain types of memories and applications, other special characteriscs may require

consideration, including:

1) Read-only or read-mostly capability;

2) Non-destructive read-out;
3) Associative or other special addressing features;
4) Special requirements, such as cooling or refrigeration.
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The characteristics in the first group of parameters above have been compared in
Tables 6-2, 6-3, and 6-4 for the storage techniques that are considered to be the
major contenders for consideration for use in an ACDS. All of those compared meet
the necessary requirements with respect to characteristics in the second set of parameters.
Storage devices that do not meet all of these requirements (e.g. electromechanical
mass memories with respect to reliability and maintainability) are not included in
Tables 6-2, 6-3, and 6-4 since alternatives are expected to be available by 1970
that meet these requirements. |f the final selection between the acceptable alter-
natives is not clear cut, it may be necessary to further compare some of the character-
istics in the third category. However, with respect to these characteristics, there are
no differences apparent at this time between the acceptable types of memories that are
sufficiently significant to dictate the use of one type of storage over another shown in
the three tables.

The following types of memories have been investigated during the study:

1) Integrated circuit memories;

2) Tunnel diode memories;

3) Planar magnetic thin-film memories;

4) Cylindrical magnetic thin-film (plated wire) memories;
5) The permalloy sheet toroid memory;

6) The laminated ferrite memory;

7) The flute memory;

8) Magnetic core memories;

9) Delay line memories;
10) The woven screen memory;
11) Continuous-sheet cryogenic memories;
12) Ferro-acoustic memories;
13) Magnetic surface storage (e.g. tapes, drums, discs, cards);
14) Associative memories;
15) Read-only memories.
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Each of these memory techniques is discussed in the appendix. Some that are not
considered of sufficient realizability for ACDS have not been inestigated in detail
and are not described or discussed in depth. In a few cases, only a brief statement is

given of the reasons that a particular device or technique is not considered suitable.

Table 6-1 shows the characteristics available in 1965 for storage devices that are
typical of the major categories. This provides a basis for comparing present technology
with that anticipated for 1970. The cost per bit shown in Table 6-1 includes memory
electronics (e.g., read, write, selection, etc.). For a serial off-line storage, such

as magnetic tape, access time is not a meaningful characteristic; and capacity and cost
per bit depend upon the number of reels of tape stored off line. Hence, values for these

three characteristics are not included in Table 6-1 for magnetic tape.

Table 6-2 compares 1970 estimates of the characteristics of registers and high-speed
control memories; Table 6-3 the characteristics of main high-speed internal memories,
and Table 6-4 the characteristics of all-electronic/magnetic on-line auxiliary storage
devices. Table 6-5 compares the characteristics of available electromechanical
on-line auxiliary storage devices. Off-line auxiliary storage techniques are not com-
pared here since they have been considered elsewhere in the discussion of input/output
technology. With the possible exception of removable disc-pack type disc files and
removable card-cartridge type magnetic card files, off-line storage is provided primarily
by computer input/output devices such as magnetic tape, punched paper tape and

punched cards.

Although all-electronic/magnetic on-line auxiliary storage devices are anticipated by
1970, there is no strong indication that an all-electronic/magnetic off-line auxiliary
storage device will be available by 1970. Electromechanical devices, such as magnetic
tape units, punched paper tape equipment, and punched card equipment, will most likely

still be used for input/output and, possibly, off-line storage applications.

All-electronic/magnetic storage devices are available for high-speed registers

and control memories and main high-speed internal memories. Extensive work is underway
on all-electronic/magnetic on-line storage devices such as those shown in Table 6-4.

But with the possible exception of 107 to 108 bit magnetic core memories, none of these

are available at this time.
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Table 6-1.

Characteristics Available in 1965 for Storage Devices Typical of Major Categories

Cycle or Read/
Category Primary Type of Access Write Capacity Cost
Technologies Access Time Rate In Bits Per Bit
Discrete Bit Storage Integrated Random 50 nanosec 2 mc 1 $10
and Registers Circuit to to to to
Flip-Flops 500 nanosec| 20 mc 1,000 $50
High speed Control Magnetic Random 140 nanosec| 2 mc 2,500 $0.50
and Scratch Pad Thin-Film to ) to to to
Memories 500 nanosec| 7 mc 200,000 $2.00
Main High-Speed Magnetic Random 1 microsec 250 ke 10,000 5 cents
Internal Memories Core to to to to
4 microsec 1 me 2,000,000 twenty-five
cents
On-line Auxiliary Magnetic Random 3 microsec 83 kc 1 x 10° 1.5 cents
Storage (Solid State) Core to to to 6 to
12 microsec 333 ke 100 x 10 3.5 cents
On=line Auxiliary Magnetic Disc | Semi- 20 millisec 50 ke 20 x 10° 0.02 cents
Storage (Electro- & Card Files Random to to to 6 to
Mechanical) 250 millisec| 400 kc 2,000 x 10 0.2 cents
Off-line Auxiliary Magnetic Serial -—-- 20 ke -—=- ———
Storage Tape to

200 kc
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Table 6-2. Estimate of Characteristics of Registers and High-Speed Control Memories in 1970

Type of Typical Type R/W R/W Vola- | Possible | Batch Feasi- | Est.
Storage Capacity Access Cycle Rate tile Date of Fab bility Cost
(Words) Time Ist Prod. | Tech Ranking | Ranking

Tunnel 256 Random 10 ns 100 mc Yes 1965 None 5 9

Diode

Integrated Diffusion and

Ckt. FF 25 Random 25 ns 40 mc| Yes 1966 Vacuum 4 8

Registers Deposition

Integrated Diffusion and

Ckt. Arrays 256 Random 50 ns 20 me Yes 1968 Vacuum 9 7
Deposition

MOS Diffusion and

Arrays 512 Random | 250 ns 4 mc Yes 1967 Vacuum 8 4
Deposition

Planar Multi-Layer

Thin-Film 512 Random | 100 ns 10 me No 1965 Vacuum 3 2
Deposition

Cylindrical

Thin-Film 512 Random | 250 ns 4 mc No 1965 Plating 2 1

Flute 512 Random | 250 ns 4 mc No 1966 Ferrite Molding 7 6

Laminated Silk Screening

Ferrite 512 Random | 100 ns 10 me No 1966 “Doctor-Blading" | 6 5
Lamination

Magnetic None for the cores,

Core Matrix 512 Random | 350 ns 3 mc No 1966 but wiring may be | 1 3
printed
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Table 6-3. Estimate of Characteristics of Main High-Speed Internal Memories in 1970

(Serial bit rate)

1

L

Type Typical Type Access | R/W R/W | Vola- | Possible | Batch Feasi- Est.
Storage Capacity Access | Time Cycle | Rate | tile Date of | Fab. bility Cost
(Words) Time 1st Prod.| Tech. Ranking | Ranking
Continuous- 6 Multi-layer
Sheet 2x 10 Random | --- 2.0 0.5 No 1969 Vacuum ? 3
Cryogenic us mc Deposition
Permalloy- 6 Silk=screening,
Sheet 0.2x 10 Random | --- 20.0 0.05 | No 1967 Etching, 8 4
Toroid us mc Plating
Plated 6 1.0 1
Wire 0.2x 10 Random | --- us mc No 1967 Plating 4 1
Planar 6 0.5 2 Vacuum
Thin-Film 0.1x10 Random | --- us mc No 1967 Deposition 3 2
Woven- 6 2.0 0.5 Weaving,
Screen 0.1x10 Random | --- us mc No 1967 Plating 5 7
Laminated 6 2.0 0.5 Silk-screening,
Ferrite 0.1x 10 Random | === us mc No 1968 | "DoctorBlading’, 7 5
Laminating
Flute 0.1x 16° Random | -—- | 2.0 | 0.5 | No 1968 | Ferrite Molding | 6 6
us mc
Magnetic 6 1.0 1 None for the
Core 0.1x 10 Random | --- us mc No 1965 cores, but wiring 1 8
Matrix may be printed
Glass Delay 6 Serial/ | 200 20 Glass Plate or
Line 0.02x 10 Random | us -—- mc Yes 1965 Rod 2 9
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Table 6-4. Estimate of Characteristics of On-Line Auxiliary Storage Devices in 1970

Typical R/W Possible Batch Feasi- Est.
Type of Capacity Type Access | Cycle | R/W | Vola- | Date of Fab. bility Cost
Storage (Words) Access |[Time Time Rate | tile Ist Prod. | Tech Ranking | Ranking
Continuous= 6 Multi-Layer
Sheet 20x 10 Random | -- 5.0 0.2 No 1970 Vacuum 7 2
Cryogenic us mc Deposition
Woven- 6 10.0 0.1 Weaving,
Screen 4x10 Random | -- us mc No 1968 Plating 5 )
Permalloy- 6 : Silk-screening,
Sheet 4x10 Random | -- 100.0 | 0.01 | No 1968 Etching, 4 4
Toroids us mc Plating
Ferro- 6 Serial/ | 1 us 3 Plating,
Acoustic 20x 10 Random | (to - mc No 1969 Acoustic 6 1
block) Cylinder
Planar Thin- 6 1 1 Multi-layer
Film 2x 10 Random | -- us mc No 1969 Vacuum 3 5
Deposition
Plated 6 I 1
Wire 4x10 Random | -- us mc No 1968 Plating 2 3
ngneﬁc 6 3 0.33 Noneforthe
Core 2x10 Random | -- us mc No 1965 cores, but wiring 1 7

may be printed
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Table 6-5.

Summary of Characteristics of Electromechanical Mass Memories Available in 1964

Type of On-Line Typical Average Data
Device Capacity On-line Access Transfer Remarks

Per-Unit Costs in Time In Rate In

In Char., Cents/Char. Millisec. Ch/Sec.
Large 0.2 x 10° 100,000 Limited Capacity for Special
Fixed-Head to 6 2.0 15 me to Applications
Mag. Drums 5.0x10 200,000
Moving-Head 4.0 x 10° 50,000
Magnetic to 6 0.2 100 ms to Large Physical Volume
Drums 130 x 10 150,000
Fixed-Head 10 x 10° 100, 000
Magnetic to 6 0.5 20 ms to Offers Promise for Militarization
Disc Files 40x 10 400,000
1 Dimension 10 x 10° 100,000 More Field Experience than other
Moving-Head to 6 0.2 100 ms to Devices in this Category
Mag. Disc. 250x 10 400,000
Magnetic 6 0.3
Tape Loop 7x 10 (on-line) 88 ms 86,000 New Device Not Yet Proven
(Removable 0.003 in Field Operation
Cartridge) (off-line)
Removable- 2.0 x 10° 0.4 Contract Has Been Awarded for
Stack to 6 (on=line) 150 ms 160,000 Militarizing One Device of this
Disc Files 7.0x 10 0.01 Type

(off-line)

Magnetic 5.5 x 10° 0.1 Off-line Storage Capability,
Card to 6 (on-line) 225 ms 100,000 Contract Has Been Awarded for
File 340x 10 0.001 Militarizing One Device of This

(off-line)

Type




The comparisons given in Tables 6-1, 6-2, 6-3, 6-4, and 6-5 present characteristics

that are typical of advanced usage of the specific memory technology, but they do not

represent the extremes in either direction. The following explanations and comments

should be kept in mind when considering the comparisons in these tables:

1)

2)

3)

4)

Typical Capacity - This assumes a word size in the order of 40

to 60 bits. In most cases, the typical capacity is determined

more by the requirements of the systems' designers than by limits

of the technology. For example, in comparing main high-speed
internal memories, capacities of 100,000 words are shown for most
of the storage types. Capacities of 200,000 words are shown for
the permalloy-sheet and plated-wire memories since larger capa-
cities may be somewhat easier to achieve with these technologies
(not because the other technologies are incapable of providing

that capacity). A capacity of 2,000,000 words is used for the
continuous-sheet cryogenic memory to indicate that this technology
is suitable primarily to larger capacity memories and is not economic

for smaller memories.

Access Time - This is shown only for those devices which have a

serial or semi-serial type access.

Read/Write Cycle Time and Read/Write Rate - The numbers shown
in these columns represent the rates at which the devices are
expected to operate in the particular category and type application.
Frequently, faster rates will be possible for smaller capacities or

higher costs.

Possible Date of First Production - This column requires careful
interpretation. Based on the state of research and development

in the individual technologies, it is believed that memories with
the characteristics indicated could be put into production by the
dates shown, if sufficient incentive exists for doing so. However,
in a number of cases, these dates will not be met simply because
a single company is working on the specific technology and that
company does not choose to make a sufficient effort and expen&i-

ture to meet dates that are technically possible. The availability
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of government support is also an important factor in determining
whether these possible dates are met. Some of the dates, of
course, may not be met because of technical problems that prove

to be more difficult than now anticipated.

5) Feasibility Ranking and Estimated Cost Ranking - These two
columns also require some interpretation. Since the differences
in several technologies may be very slight, one rated 7 may in
fact be quite close to one rated 3. These rankings represent the
judgment of the investigator, based on information from technical
articles, technical conferences, and discussions with those working
on the specific technologies. Some of the technologies are ranked
lower than would be indicated by the claims of their proponents
where these claims are believed to be over optimistic. These
rankings may vary for a particular technology in different cate-
gories. For example, the relative cost of thin film memories is
more favorable in the high~-speed control memory category than
in the on-line auxiliary storage category. Any estimate of
feasibility and cost in 1970 of technologies that are in the research
stage today, is very risky, but these rankings give an approximation

of the relative feasibility and cost.

Once memory technologies have been isolated that meet the performance and opera-
tional requirements of the application, reliability and cost ultimately become the
deciding factors. These are both improved significantly by batch fabrication as is
emphasized in several places in this report. When technical and manufacturing
feasibility is proved, batch fabricated devices will prove superior with respect to

cost and reliability to those fabricated from discrete components. The cost is primarily

a function of three things:
1) The number and type of processing steps involved;

2) The number of bits of storage fabricated in a single set of

processing steps;

3) The yield,
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The latter is extremely important since there are several memory batch fabrication
technologies that are feasible today but whose yield is too low to permit them to
compete economically. To a large extent, the yield depends upon understanding

the chemical and physical processes involved and developing techniques for adequately

controlling the processing steps.

In memory technology, two types of batch fabrication must be considered:
1) Batch fabrication of the storage array, and

2) Batch fabrication of the reading, writing, and addressing

electronics.

Most of the technical discussions in this section have dealt with array fabrication since
that is peculiar to memories in most cases. The reading, writing, and addressing
electronics will benefit from the rapid progress in integrated circuit technologies. To
a certain extent, these techniques are similar for many of the memory technologies.
Integrated sense amplifiers are already available, write drivers will be available

within 12 to 18 months, and selection matrix segments are being developed.

For small memories, the electronics costs predominate, and for large memories, the
storage array costs predominate. Hence, registers and high-speed control memories
will benefit most from integrated circuit advances, while large capacity on-line
auxiliary storage will benefit most from batch-fabricated array developments. For
main high-speed internal memories, the two are more evenly balanced, and improve-

ments in both are required if costs are to be reduced significantly.

Although established technologies, such as magnetic core memories, have a decided

advantage in the short run, they will ultimately yield to batch fabrication technologies.

During the time from 1970 to 1980, continual improvements will be made in the
characteristics of most of these memory types. Other types of memories not feasible
for a 1970 system will probably be developed to a point that they can be included in
an operational system by 1975 or 1980. There will undoubtedly be some radically new
memory techniques developed during the 1970-80 period, but a large part of the
improvement in memory characteristics and capabilities during that time period will

result from continued improvements of memories now in use or under development .
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This is particularly true with respect to improved batch-fabrication techniques.
Although there is a possibility that some exotic new memory techniques, such as a
high-speed random access read/write memory based on the use of lasers, will be
developed during that time period, it is certain that new methods of fabricating
magnetic memories will be developed that may have significant and dramatic effects

on the cost, speed and capacity.

It is difficult to place ultimate limits on the cost, speed, and capacity of different
memory types since the violation of basic physical laws has not been the limiting

factor to date and probably will not be for the foreseeable future. The comparisons
given in Tables 6-2, 6-3, and 6-4 indicate the characteristics anticipated for a 1970
system but these are not ultimate limitations in most cases. It is important to note that
in considering the limitations, the set of characteristics must be taken as a whole. For
example, for a particular type of memory, a certain combination of speed and cost may
be anticipated for a 1970 system. However, if the capacity were decreased significantly,
the speed could be increased; and if the speed were decreased, the capacity could be
increased. Therefore, the characteristics shown in these tables should not be considered
as limitations on any individual characteristic, but rather as a reasonable expectation

for combinations of characteristics for 1970.

A number of memory experts have given consideration to ultimate limitations of memory
technologies. One of these is Dr. J. A, Rajchman of RCA Laboratories who prepared
the diagram shown in Figure 6-1. This diagram shows Dr. Rajchman's estimate of the
limitations in terms of speed vs. capacity for different memory technologies. The
difficulty of placing such limitations on a rapidly developing technology is indicated

by the fact that the diagram shown in the figure is the latest of a number of similar
diagrams prepared by Dr. Rajchman over the past two or three years, each being updated

to reflect changes in the technology since the previous one.
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6.5 ANTICIPATED CAPABILITIES VS NAVY REQUIREMENTS

The capabilities of the more promising memory technologies compared in Section 6.4
must be considered in terms of their ability to meet the Navy requirements discussed
in Section 6.3.

The detailed characteristics required for memories in 1970 ACDS will depend upon the
eventual system design. However, since it is certain that some types of registers and
high-speed control memories, main high-speed internal memories, on-line auxiliary
storage, and off-line auxiliary storage will all be required in future naval tactical
systems, the applicability of different memory technologies to these application areas
can be determined. The results of further studies of machine organization and the

system implementation will indicate whether requirements exist for any special memories.

All of the more important and more feasible types of memories that might be applicable
to either naval or Marine tactical systems in the 1970 era have been analyzed,
evaluated, and compared. Memories meeting only commercial specifications and

those for aerospace requirements have not been considered, but the memory technologies
discussed cover the full range of requirements for shipboard and ground-based
military environments. These same technologies are applicable for use in airborne
systems also, but characteristics such as size, weight, and power are of greater impor-
tance. For airborne applications the more stringent requirements placed on these three
characteristics may lead the system planner to select different memory technologies than

those chosen for shipboard or ground environments.

Types of memories required for particular functions in a computer, or in other parts of a
naval tactical system, can be selected based on the characteristics given in Tables 6-2,
6-3, and 6-4. Applications of memories in tactical data systems will include status
registers; high-speed control memories; high-speed internal memories for program and
data storage; on-line and off-line auxiliary memories for storage of multiple alternate
programs; large data files and historical records; and control registers and buffers for

input/output equipment, communication terminal equipments, and display equipment.
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The particular categories in which different types of memories may be useful in 1970

naval tactical systems applications are summarized in Table 6-6. This table also shows

a rating for each type of memory on the following basis:

1)

2)

3)

4)

Devices that will be feasible and that are recommended for

serious consideration for use in 1970 naval tactical systems.

Devices that are being developed by only one manufacturer,
but that will be feasible if sufficient emphasis is placed
on them. Devices in this category are recommended for

consideration for 1970 naval tactical systems if available.

Devices that will be feasible by 1970, but that are not recom-

mended for use in naval tactical systems.

Devices that may be considered for use in naval tactical systems
in the interim period but that will be obsoleted (for tactical use)
by newer technologies by 1970.

The summary in Table 6-6 is based on data from Tables 6-2, 6-3, 6-4, and 6-5, and

on the technical discussions in section 6-6 of this report. On the basis of the summary

in Table 6-5, primary consideration should be given to the following technologies in

selecting memory devices for a 1970 ACDS:

1)

2)

3)

For registers and high-speed control memories:
Integrated circuit flip-flop registers;
Integrated circuit arrays;
Metal-oxide-semiconductor arrays;

Planar thin-films;
Cylindrical thin-films (plated wires);

Magnetic cores.

Main high-speed internal memories:
Planar thin-films;
Cylindrical thin-films (plated wires);

Magnetic cores.

On-line auxiliary storage:
Planar thin-films;
Cylindrical thin-films (plated wires);

Magnetic cores.
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Table 6-6. Memory Systems

Type of
Storage

High-Speed
Registers &
Cont. Mems.

Main H-S
Internal
Memories

On-Line
Auxiliary
Storag_jg

Off-Line
Auxiliary
Storage

Tunnel Diode

Integrated Circuit FF
Registers

Integrated Circuit Array
MOS Array
Planar Thin-Film

Cylindrical Thin-Film
(Plated Wire)

Flute

Laminated Ferrite
Magnetic Core
Cryogenic

Woven Screen
Permalloy-Sheet Toroids
Ferro-Acoustic

Glass Delay Line
Magnetic Drum File
Magnetic Disc File
Magnetic Card File
Magnetic Tape Loop File

X

X X X X

X X X X

X X X X X X X x

x

X X X X X

X X X X

xX X

A A A A OO O~ NN~

NOTE:

Numbers in rating column have the following meaning:

1)

2)

3)
4)

5)

6)

Recommended for consideration for 1970 Advanced Command
Data Systems.

Backed by only one copy at present, but recommended if proved
feasible.

Feasible but not recommended for 1970 ACDS.

Will be obsoleted by other technologies for naval tactical systems
type applications by 1970.

Feasibility by 1970 questionable, but should be considered if
proved feasible.

Devices whose feasibility by 1970 is questionable at this time,
but which should be considered for use in naval tactical systems
if proved feasible.
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Consideration should also be given to the use of the flute memory, the laminated

ferrite memory, the woven-screen memory, the permalloy-sheet-toroid memory,
cryogenic memories, and ferro-acoustic memories if subsequent developments indicate
that they will in fact be feasible and available. However, techniques and approaches
being developed by a single company are quite risky. Technologies, such as integrated
circuit flip-flops, planar thin-films, cylindrical thin-films, and magnetic cores, on
which a number of different companies are working, have a much higher probability of

feasibility, performance, and low cost.

All of the memory technologies compared in Tables 6-2, 6-3, and 6-4 are capable of
meeting environmental specifications for naval tactical equipment and all offer high
reliability by today's standards. It can not be determined at this time whether any of
them will eventually prove significantly more reliable than the others, but it is
believed that all of them have essentially equivalent reliability potential. When the
newer technologies are developed to the point of actual packaging, relative size,
weight, and power requirements may lead to the final choice between different

technologies offering equivalent costs and performance.

The comparison of characteristics in Tables 6-2, 6-3, and 6-4 indicate several technolo-

gies that will be able to meet the approximate requirements estimated previously for a

1970 era ACDS:

1) Registers and high-speed control memories with capacities
of a few hundred words and cycle times in the order of 100

nanoseconds.

2) Main high-speed internal memories with capacities of 64,000
to 256,000 wnrds and cycle times between 1/2 microsecond

and 1 microsecond.,

3) All-electronic/magnetic on-line auxiliary storage with capacities
between 1,000,000 and 10,000,000 words and access times in

the order of 2 to 10 microseconds.

The choices open to the systems planner may narrow if one or more of these technologies
proves clearly superior to the others. If this occurs, development of the others may be
slowed or dropped so that they will cease to be contenders that must be carefully

evaluated.
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6.6 CONCLUSIONS AND RECOMMENDATIONS

Memories in all categories (except off-line auxiliary storage) for use in a 1970 ACDS
should and can be manufactured by various batch ~fabrication techniques. Such
techniques for fabricating large memory arrays as units rather than by the assembly of
large numbers of discrete elements, are well along at this time and are receiving
considerable attention from the industry. The memory function is particularly adaptable
to batch-fabrication techniques since it consists of large numbers of similar elements
or circuits and hence is highly repetitive. This is true on one extreme for small high-
speed one word registers that might be fabricated as a single integrated circuit array,
and on the other extreme for very large capacity on-line auxiliary memories such as a
cryogenic memory, a thin—film memory, or a woven screen memory. It is certain that
techniques of this type will be feasible, economic, highly developed and in wide-
spread use by 1970.

However, it is not certain that large capacity on-line auxiliary memories of this type
will be competitive with electromechanical memories (e.g. magnetic disc files and
magnetic card memories) on a cost-per-bit basis by that time. It may be necessary
either to use some electromechanical device for this mass memory function, or to
recognize and accept a cost penalty for using an all-electronic/magnetic approach.
This is particularly true for mass memories with capacities of 109 bits and above.
Although these very large capacities can be achieved by using multiple banks of
smaller memories, this will probably not be economically feasible. As a result,
moving magnetic-media type electromechanical memories will likely be used if such

capacities are required.

Associative memories will be feasible and available but their use will depend upon
developments in machine organization and upon significant cost reductions. Relatively
small capacity associative memories will probably be used in conjunction with the main
high-speed random-access internal memory for functions such as indexing and perhaps
some list processing. However, it is not likely that large capacity associative
memories serving as the main internal memory will be economically justifiable or

feasible by 1970.
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Tables 6-2, 6-3 and 6-4 predict characteristics that are expected to be achievable
by 1970. The most promising memory technologies for use in 1970 era naval tactical

systems are:

1) For registers and high-speed control memories:
Integrated circuit flip-flop registers;
Integrated circuit arrays;
Metal-oxide-semiconductor arrays;
Planar thin-films;

Cylindrical thin-films (plated wires);
Magnetic cores.

2)  For main high-speed internal memories:
Planar thin-films;
Cylindrical thin-films (plated wires);
Magnetic cores.

3) For on-line auxiliary storage:
Planar thin-films;
Cylindrical thin-films (plated wires);
Magnetic cores.

Magnetic cores will continue to dominate the internal storage areas for the next few
years; but, by 1970, they will be giving way to storage elements, such as thin films
or plated wires, that can be fabricated in batches rather than as discrete elements.
Batch fabrication of logical and memory circuitry and of arrays of storage elements
will be the key factor making possible more capable and sophisticated computers with

greater reliability, lower cost, and smaller size, weight, and power requirements.
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The categories of storage in which significant improvements in performance are
required over existing techniques are on-line auxiliary storage and off-line auxiliary
storage. Present electromechanical approaches to these categories of memory are
unsatisfactory from the standpoint of reliability, environmental specifications, size,
weight, and power. Although the data transfer rate of these devices is probably
satisfactory, significant improvements in access times are desirable. Non-mechanical,
solid-state on-line auxiliary storage devices with capacities between 1,000,000 and
10,000,000 words and access times in the order of 2 to 10 microseconds will greatly
increase the performance of future naval tactical systems. These will be feasible and
can be available for use in a 1970 system, but some support of development efforts

and some cost premium will probably be required.

No support of development efforts is necessary to assure availability of internal
memories meeting the needs of an ACDS in 1970 from a performance standpoint.
However, development efforts will be required to assure there will be auxiliary
memories capable of meeting the operational requirements for temperature, shock and
vibration, electromagnetic interference requirements, humidity, size and weight, and
reliability and maintainability. It is anticipated that the solid state electronic and
magnetic memories will meet the requirements for reliability and maintainability, but

if electromechanical memories such as magnetic drums, magnetic disc files, and magne-
tic card memories have not been completely replaced by all-electronic/magnetic
memories by that time, additional development efforts will be required to further mili-
tarize these electromechanical devices. Some work in this direction is currently under-
way but additional work will be necessary to meet fully the requirements of 1970 naval
tactical systems. This will be an interim effort since slectromechanical devices of this
type will ultimately be replaced by all-electronic magnetic memories. However, at
this time it is not safe to assume that this will be accomplished in all cases in time to
satisfy all of the requirements of 1970 era systems. Hence, it will be necessary to
improve further the environmental characteristics, reliability, and maintainability of
present types of electromechanical memories (particularly disc files and magnetic card

memories) for these systems.
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By the same token, the most important area for Navy support of memory research and
development efforts is that of all-electronic/magnetic (non-mechanical) on-line and
off-line storage. Such developments must be supported if the systems potential offered
by batch fabrication of the internal computer logic and memories is not to be nullified

by auxiliary storage limitations.

V-6-28



