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FOREWORD

This report presents work which was performed under the Joint Army Navy
Aircraft Instrumentation Research (JANAIR) Program, a research and
exploratory development program directed by the United States Navy,
Office of Naval Research. Special guidance 1is provided to the program
for the Army Electronics Command, the Naval Air Systems Command, and
the Office of Naval Research through an organization known as the
JANAIR Working Group. The Working Group is currently composed of
representatives from the following offices:

U. 8. Navy, Office of Naval Research, Aeronautics Programs,
Code 461, Washington, D. C.

o Alrcraft Instrumentation and Control
Program Area

U. 8. Navy, Naval Air Systems Command, Washington, D. C,

o Avionics Division; Navigation Instrumentation
and Display Branch (NAVAIR 5337)

o Crew Systems Division; Cockpit/Cabin Requirements
and Standards Branch (NAVAIR 5313)

U. §. Army, Army Electronics Command, Avionics Laboratory,
Fort Monmouth, New Jersey

o Instrument Technical Area (AMSEL-VL-I)

The Joint Army Navy Aircraft Instrumentation Research Program objective

is to conduct applied research using analytical and experimental inveasti-
gations for identifying, defining, and validating advanced concepts which
may be applied to future, improved Naval and Army aircraft instrumentation
systems. This includes sensing elements, data processors, displays,
controls, and man/machine interfaces for fixed and rotary wing aircraft
for all flight regimes.
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The Aircrew Station Standardization Panel (ASSP) is a joint service working
group responsible for tlie generation, coordination, and revision of military
standards, specifications, and other regulatory documents dealing with the
crew compartment of military aircraft and the equipment therein. The ASSP
is composed of representatives of the U.S. Air Force, U.S. Army, U.S. Navy,
and the Aeronautical Standards Group, with advisory participation by the
U.S. Bureau of Standards and the National Aeronautics and Space Adminis-

tration.

This report, while neither sponsored by the ASSP ncr connected officially
with its activities in any way, 1Is an outgrowth of the efforts of the ASSP
to establish a standard governing the design of electronic and optically
generated displays for military aircraft.
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CHAPTER I - INTRODUCTION

In its conceprion this study grew out of the participation by one of its
authors in the efforts of an ASSP committee to establish a standard for
electronic and optically generated displays. From the outset, the work of
the committee has been hampered by uncertainty about what is the proper
basis for such a standard. 1In a sense, electronic displays gserve the

same purpose as conventional aircraft instruments (or, more properly,
combinations of them) and often resemble them in outward appearance. In
fact, though, the similarity is largely superficial, and it is by no means
certain that the large body of standards and regulatory documents pertain-
ing to conventional instruments really have anything to do with the display
of information by electronic media. On the other hand, electronic displays
are not entirely new; CRTs have been used to display radar information

for a quarter of a century. Radar display characteristics and symbology
are extensively researched topics, and a wealth of literature on these
matters is available, However, a question arises as to the extent to
which the findings of research in radar displays can or should be applied
to the design and standardization of electronic displays for flight.

This problem is by no means peculiar to the ASSP. It is merely a facet of
the much larger problem facing the military services and the manufacturers
of avionic equipment. That which prompted the ASSP to seek standardiza-
tion has also been the concern of the JANAIR Program and its predecessor,
ANIP, for over ten years. Simply put, it is this. With the advent of
reliable airborne CRTs and other such devices, it has become possible to
provide the pilot of military aircraft with a compact, integrated, multi-
parameter display of the flight situation. The versatility of this de-
vice permits almost any sort of presentation that might be desired. Its
value tc military aviation is indisputable. But immediately there arise
questions about what information should be displayed, in what form, in
what combinations and formate, and by what techniques. 1In short, how can
we make best use of this new and flexible display medium?

Because the answers to these questions have been lacking, designers and
military service users have been forced to proceed on the basis of best
estimates and, at times, trial and error. As display designs have pro-
liferated and new applications and techniques have been developed, the
variety of symbology, information content, and display schemes has grown
bewildering, Within this profusion there is both good and bad design,
sense and nonsense, and a great deal of confusion., It seems reasonable
that some sort of standardization is called for, not just to clear the
air, but to satisfy certain basic needs of the military services and the
industry which supports them. The most critical of these needs are:

1. The need to guarantee that the military services
are getting the best equipment obtainable, not



just in terms of its airworthiness, but also in
terms of its suitability to the missions of mili-
tary aircrafc,

2., 'The need to provide equipment which will enhance,
and not hinder, pilot performance and promote safety
of flight.

3. The need to minimize training requirements and,
as a corollary, retraining requirements as old
displays are supplanted by newer ones,

4. The need for the military services to have a yard-
stick by which to evaluate competing designs.

5. The need to provide guidance to designers in devel-
oping airborne display systems.

The overall purpose of this study, therefore, is to examine the available
research literature to find information pertaining to electronic and opti-
cally generated displays. More specifically, the purpose is to identify
those aspects of electronic flight displays which could now be standard-
ized on the basis of existing information. In those areas where standard-
ization seems desirable but where it is not now possible because of
insufficient or inconclusive evidence, we have endeavored to indicate

what further research is needed. As might be expected, the development

of electronic and optically generated displays has been marked by certain
controversies and differences of opinion, some of which still persist.

Our purpose is not to revive old feuds. However, we have felt it neces~-
sary to reexamine some of these issues and to air various points of view
in the interest of clarifying the problems involved and to make the point
that these matters are seldom black and white and do not submit to simple
solutions,

This report centers about three main topics.

1. Information requirements, where our interest is to
define the basic information content of the display,
both for general flight purposes and for certain
special situations;

2. Symbology and format, in which our concern is to work
toward a common display language, mode of presentation,
and frame of reference;

3. Display characteristics, wherein our aim is to
describe and quantify those features which arise
from the electronic and optical techniques of
display generation,




Our investigation is limited to those displays used by the pilot for the
purpose of flight control, Z.e., displays of the horizontal and vertical
situation of the aircraft. For the most part, we have dealt more exten-
sively with displays for fixed wing aircraft than those for rotary wing
or V/STOL aircraft. This imbalance was imposed upon us by the relative
paucity of information about helicopter and V/STOL displays. In part,
however, it is also a reflection of the current state of electronic dis-
play development, which has placed greatest emphasis on the fixed wing
category.

Of necessity, we have had to restrict the range and depth of our investi-
gation. Because of practical considerations of time and resources, we
have not been able to pursue certain topics to the depth and detail that
we would have liked. In other areas we suspect there is more information
available, but we must confess to our inability to locate it or to obtain
it in time for incorporation in this report. We do not pretend that our
coverage of the topic is complete, not only for the above reasons, but
also because we have worked under certain self-imposed limitations. Radar
displays were purposely excluded by us because they are not central to

our concern and because the topic has been covered by other investigators
(e.g., Honigfeld, 1964), Airborne weapon control systems have hardly been
touched upon because we did not feel we could do justice to such a complex
topic in which the characteristics of the displays are largely determined by
the nature of the individual weapon with which they are associated. Inno-
vations and exotic display techniques, such as holograms, lasers, and
X~-rays, have likewise been by-passed since there is so little empirical
research evidence now available on their application to airborne displays
that commentary would be largely speculative,

This report is basically a summation of the results of a literature review.
However, in the conduct of this study we were fortunate to be able to

talk with some thirty or so persons who have long experience in the field
of electronic displays and who are actively engaged in design or research.
These conversations were of immeasurable value in stimulating our think-
ing and in guiding us to important research materials. The advice and
comment of these persons has become so intermia>d with our thinking

that it has not always been possible to attribute them properly in the
report itself. We would like to express our gratitude and ask them not

to think unkindly of us for making full use of their counsel without always
giving them specific recognition. We alsc take full respongibility for

the interpretation of their ideas and apologize if we seem to have mis-
construed their meaning.

We wish to emphasize that our intent has not been to write a standard for
electronic and optically generated displays. Rather, we have endeavored
to assemble and interpret the research data and other documentation upon
which a standard could be based. The responsibility for developing the
standard, if one is to be written at all, lies with the military services.
Our aim has been to supply them with information which could be used for



this purpose. The advisability of writing a standard, now or eventually,
is a matter upon which we cannot properly pass judgment. Likewise, we do
not believe it is appropriate for us to try to settle the issue of just
how far a standard should go in regulating display design. That is, how
restrictive and how permissive it ought to be.

To repeat, our main endeavor has been to assemble and document information
presently avsilable in this field. This has been supplemented with what
we have learned from conversations with others who have experience in dis-
play design and research. We have tried to present certain controversial
subjects impartially and to intrude our personal views and the results of
our own experience only insofar as they will contribute to an understanding
of the problems. In those areas wher& more research seems needed we have
singled out specific topics for research and investigation. Above

all, we have tried to tailor this re.ort to the needs of th e who must
deal with the problem of standardization, tut we have also kept in mind
the designers who must develop displays for future military aircraft and
those who will carry on research in this field.
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CHAFTER II - DISPLAY CATEGORIES

DEFINITIONS

At the outset, the term electronic and optizally genervated cioplays re-
quires some clarification. Generally speaking, electronic and optically
generated displays (E/O displays) are those devices by which an image is
produced electronically and presented to the observer either directly on
the image generating surface or indirectly through an optical projection
system. The most common E/O display device is the cathode ray tube, but
other image producing techniques are feasible, and a (ew, such as elec-
troluminescence and lasers, have reached advanced stages of development.
However, because of the historical importance of the CRT and because of
the preponderance of present display designs which make use of the CRT,
E/O displays may be thought of as primarily CRT displays.

As used in this report, the term E/0 display is restricted to those de-
vices used in aircraft by the pilot for the purposes of flight or mission

control, This includes command and attitude displays, navigation displays,
tactical information presentations, and weapon delivery displays. Displays

used by crew members other than the pilot and co-pilot and those used by
ground operators, even though simlilar in the method of generation or in
the use to which they are put, are not classified as E/O displays. Thus,
displays such as those used by radar observers, navigators, air traffic
controllers, or tactical data system controllers are excluded from con-
sideration. Obviously, this distinction is somewhat artificial. It
would be hard to make a case for any real difference between a navigation
display used by a pilot and a similar device used by another crew member,
who does not happen to be a pilot, seated adjacent to him in the cockpit.
In restricting E/O displays to mean airborne displays used by the pilot
we wish only to narrow our field of interest to manageable proportions
and to avoid excursions into fields that have already heen amply treated
by others. Clearly, some of the findings of this study will adlso have
relevance to other types of dicplays, ele:ztronic and otherwise, If we
neglect to point out these relationships in passing, it is only because
we are sure they are already apparent to the reader.

To some the term E/O displays may be objectionable, and we must admit to

a certain amount of dissatisfaccion with {t ourselves. Unforturately,
there appears to be no entirely suitable substitute as a generic name for
this type of display. CRT display will not do since E/O displays may make
ugse of some other image producing device., Carel (1965) has used the term
pictorial displays for flight. While the simplicity and descriptiv ness
of this term are to be admired, it appears to include more kinds of dis-
plays than those which are of concern to us here., For example, an elec-
tromechanical Attitude Director Indicator (ADI} or a roller map display



could be properly called a pictorial display for flight. Yet, neither
falls within our definition of E/O display because the images are not
electronically generated. Similarly, an opto-mechanical display, such as
the head-up display recently developed in France, would fall within the
pictorial display classification but must be excluded from the E/O display
category since the image is created entirely by optical means. Terms such
as integrated flight display, electronic cowmand and attitude display, or
flight and navigation display all must be rejected since they suggest a
range of applications other than what we have in mind. For lack of any
clearly superior alternative, we have adopted E/O display, which we shall
take to mean any electronic image producing device provided for the use

of the pilot for flight and mission control,

E/0 displays consist essentially of a two-dimensional surface upon which
the multiple dimensions of the conditions of flight are presented, and this
fact offers a convenient method of categorizing E/O displays. Thus, if

the display surface represents a projection of the aircraft situation upon
an imaginary vertical plane ahead of the aircraft, it is called a vertical
sttuation display. 1If the display represents a projection of the situation
upon a horizontal plane beneath the aircraft, it is a horizontal situation
cigplay. 1t should be noted that the designations horizontal and vertical
have nothing to do with the plane in which the display is mounted in the
aircraft; they refer to the reference planes upon which the real world
situation 1s represented.

In a vertical situation display (VSD) the basic dimensions are azimuth and
elevation. Lateral displacement, or translation, of display elements sig~
nifies change in aircraft heading or horizontal flight path. Vertical
translation of display elements represents change in pitch or vertical
flight path. Rotation of display elements denotes movement of the aircraft
about the roll axis., 1In a horizontal situation display (HSD) the aircraft
is represented as seen from above looking down on a horizontal earth plane.
The frame of reference of the HSD may be either a cartesian coordinate
system, like that of a map, or a polar coordinate system (rho-thets) in
which the aircraft position Is always at the pole. In the case of either
HSDs or VSDs the additional dimensions of the flight situation may be
represented either by means of geometriz perspective or by coding schemes
such as eize, shape, degree of detail, color, and so forth.

Another method of classifying E/O displays is according to the manner in
which they are viewed. For some displays the display surface or image-
producing medium is viewed directly. That is, the observer looks directly
at the surface upen which the symbols are written. These we 3hall desig-
nate direct view displaye. For other displays the image 1s generated at
some location out of the observer's direct view and projected, through an
optical system, to some more suitable viewing location. These we shall
call projected displaye. Since projected displays are usually collimated
light displays projected on a transparent surface, such as a combining
glass or windshield, they are sometimes called head-up displays or see~
through displaye. With such displays the symbols appear to be at infinity,
superimposed upon the real world view through the windshield,
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The term head-up display (HUD) is expressive and has gained currency as

a designation for projected, collimated light, see-through displays., For
this reason we shall use it more or less synonymously with projected ver-
tical situation display. However, there are certain cautions which should
be observed ahout this and the other terms used above., For instance, a
head-up display is not necessarily a projected display. It could be a
direct view display so mounted that it is in the pilot's ilne of sight

when locking out of the aircraft. In fact, such a display is currently
under evaluation at the NASA Ames Research Center. Coaversely, a projected
display 1s not of necessity, a see-through or head-up display. It could be
a projection of symbols onto an opaque viewing screen, Z.e¢., somewhat like
a motion picture projection, so situated that the pilot's head is down in
the cockpit when viewing the display. Such a device has also undergone
evaluation at one time., At the risk of creating confusion, we can also
introduce as an example the E/0 display now under development at Bell Heli-
copter Company with which the pilot, by means of a head-mounted miniature
CRT and projection system, receives a view of the world as seen by an
externally mcunted television camera. Such a display is both head-up and
head~down. It is projected but not see-through because the pilot has no
view other than that afforded by the TV camera, 7.e., the TV image is not
superimposed on the real world but is a substitute for the real world,

much like that seen on a direct view display. Other instaunces of hybrids
and hard-to-classify displays could be cited, but there is no advantage

in belaboring the point.

Here, again, we are confronted with inadequate terminology, which from a
ourist point of view is objectionable. However, since many of these terms
are already in common use, we are obliged - somewhat ruefully - to accept
matters more or less as they are and make the best of them. It is not our
purpose to try to establish absolute and mutually exclusive categories,

but rather to arrive at some working terminology to serve us in the succeed-
ing chapters. We shall, therefore, employ direct view and progjected, with
the definitions given above, as basic categories of E/O displays. These
terms, at least, have the advantage of brevity and of calling attention to
an essential difference between the two types of displays. We shall also
employ the VSD-HSD dichotomy diszussed earlier, Thus, a display may be
described as a direct view VSD or a projected VSD. /lead-up dioplay, unless
otherwise noted, shall refer to a projected VSD,

At times 1t is useful to distinguish among displays on the basis of the
technique by which the image is generated, {,e,, television raster, line
written (sometimes called lissajous or calligraphic symbol generation), or
electroluminescence. Tliese techniques will be defined in the context of

a later discusslon in Chapter V. For certain special display applications,
a distinction can also be made on the basis of the type of signal or sensor
input which provides information for the display., Thus, one can speak of

a radar, IR, laser, or X-ray display; and, if the display can present data
from more than one such source, either sequentially or 1in combination, it
is referred to as a multisensor display,




To familiarize the reader with several terms as we shall use them and to
give an overview of the types of displays with which this report deals,
Figure 1 contains a sample of the kinds of E/O displays now in use cr under
development. Since the samples are ivniended to be illustrative of types,
the displays are not identified except by generic names, A more detailed
description and analysis of somc of the E/O displays actually designed for
present day aircraft will he presented in Chapter III, For additional
definitions of terwms used in thils repor* see the glossary in Appendix B,
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DIRECT VIEW VERTICAL SITUATION DISPLAYS

Historically, the evolution of the direct view vertical situation display
has been linked with the contact analog concept., It was not until the
advent of compact, reliable, airborne CRTs that the realization of the
contact analog concept became possible for aircraft displays. The contact
analog display, as its name suggests, is a pictorial representation (or
analog) of the real world view which the pilot would have under conditions
of visual contact (VFR) flight. Two points must be emphasized. The con-
tact analog is not a camera image or a televised view of the real world
scene; it is a wholly artificial recreation of the real world. Second,
every detail of the real world is not rendered in the contact aunalng pre-
sentation; it is a selective, abstract, and stylized picture of the real
world. Carel (1965) defines the contact analog display as a "point per-
spective projection of a three-dimensional model (of the veal world) to a
pieture plane.” Note that it is a projection of a model, not a projection
ot the real world itself (as would be the case in a televised picture of
the real world). Thus, there are two steps of abstraction: from the

real world to the model and from the model to the pictorial display.
Whereas certain detail and pictorial realism may be sacrificed in this
dual abstraction, there 1s one respect in which the contact analog display
remains completely faithful to the real world. All the display elements
obey the same laws of motion and perspective as their real world counter-
parts., In this sense, it is a true and full analog of the real world.

The underlying rationale of the contact analog emphasizes that a pilot can
fly an aircraft solely by visual cues from the extra-cockplt environment,
In fact, most of the instruments which have been introduced into aircraft
have been put there to help the pilot manage the situation when he cannot
see the real world because of darkness or weather, The contact analog,
thus, becomes the means of recreating VFk day cues within the cockpit

at all times. Because there is compatibility between the real world visual
cues and those of the contact analog display, the pilot will have no diffi-
culty in adapting from one to the other, Geometric relatlonships and cues
of size, distance, and motion are the same within the cockpit and without;
and the pilot's interpretive tasks on instruments or VFR are, theoretically
at least, identical.

The contact analog offers many advantages as a pillot information display.
Because of the ''maturalmess'" of the presentation, it reduces ambiguity and
uncertainty about the attitude and path of the aircraft, For the same

reason it is relatively easy for the pilot to maintain his three-dimensional
orientation in all flight situations. Because the contact anaiog affords

an integrated and coherent presentation of information, 1t is conceptually
gimple to learn and to use, There are some, however, who find fault with the
contact analog concept and with the underlying analysis of the pilot's per-
ceptual and infermation processing tasks.

The critics of the contact analog have two major objections, First, they
contend that the contact analog tends to overemphasize pictorial realism,

Preceding page blank 1



i.e. there 1s too great a concern with creating a veridical real world picture~
with its full range of visual cues ~ within the display framework, They point
out that the real world contains many cues that are irrelevant, some that are
redundant, and a few that are confusing or ambiguous. The pilot's basic

task, they continue, is how to interpret and integrate this mass of informa-
tion. By recreating on the display the world as it might he perceived out-
side the aircraft, oue has not simplified the pilot's task but merely dupli-
cated his source of information, The proper purpose of a display, they
conclude, 18 not to copy the real world in all its blooming buzzing con-
fusion buc to select for display that information relevant to the task and

to structure it meaningfully.

The point is well taxen, and ~ surprisingly enough - many advocates of the
contact analog display would heartily agree. They claim that this 1s exactly
the point of the contant analog and that the fault lies not with the contact
analog concept as originally conccived but with those who subsequently mis-
understood it or misapplied it to display design. The fact remains, however,
that the contact analog is basically pictorial, as opposed to symbolic, and
that pictorial realism has tended to become an end in itself in some cases,

An even more serious objection has to do with the nature of the information
available from real world visual cues. While it is true that most of the
information necessary tuo control the aircraft is embedded in the visually per-
ceived real world situation, it is not true that the information is readily
avajlable in 1ts most useful form and with sufficient clarity and precision

to meet the demands of countrolling a situation as complex as that of an air-
craft in flight. The pilot's task involves more than qualitative judgwents;
he must also deal with quantitative information. His task calls for attain-
lng and holding certain absolute, quantitative values and for controlling
dynamic factors such as rate and acceleration. The real world, and hence

any display which reproduces it in pictorial fashion, is relatively poor

as en immediate and precise reference for these kinds of information, especially
rate and higher order derivatives.

As an alternative to the contact analog display, two major choices are
available. With one of these, the vertical situation display retains cer-
tain pictorial features, however in highly stylized and abstract form.,
Pictorial realism is eacrificed in the interest of creating symbols which
convey the real world situation in qualitative and quantitative terms.
This may be done by simplifying real world cues, by distorting or exagger-
ating them to obtain greater clarity and precision, and even by adding
display elements which have no direct counterpart in the real world as
visually perceived. Proponents of this tvpe of display contend that,
while pictorial realism has its uses, faithful rendition of the underlying
structure of the real world is of much greater value. Wich this display,
the real world is stripped down to its bare essentials; hence the name
skeletal dieplay. Carel (1965) characterizes the skeletal display as one
which shows "the relationshipe between a set of inherently vrelated variables
by use of a pietorial oode.” More important, since flight is essentially
dynamic, it is necessary to create a display whose kinema:ics are like
that of the external visual environment, Carel summarizes the point thus:
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"...the way a symbol moves and ita
relationship to other symbola and
their movements i8 more important
than what the individual eymbols
look like statically. ...Symbol
kinematics are just as tmporitant
as aymbol physiognomy.”

In all fairness, it should be pointed out that the display concept outlined
above 1s not considered by its originators as diametrically opposed to the
contact analog. Rather, they conceive of displays as a continuum, with the
"literal", Z.e., photographic, display at one extreme and at the other the
"skeletal" display such as described above. The classic contact analog
display falls somewhere about midway along this continuum of literalness.

A second major alternative to the contact analog is to be found in the type
of display which we shall call the i{nstrument analog. This represents
an approach to display design which is completely different from that of
the contact analog or skeletal displays described above. The display is
thought of, not so much as a pictorial representation of the real world,
but as a multipurpose instrument. The proponents of this kind of display
contend that the several basic instruments now in aircraft cockpits are
well designed and entirely suited to their purpose. They provide the
pilot with the information he needs, in the required form, and with appro-
priate scaling and accuracy. The reasons these instruments present a
problem to the pilot is that they are dispersed throughout a rather large
area in the cockpit and that each is a single purpose instrument. This
creates the need for the pilot to develop a scan pattern to monitor the
separate Indicators and places on him the burden of selecting and integra-
ting the information in light of the particular needs of the moment. In
addition, because each instrument is designed for a special purpose, some-
times without reference to other instruments located in proximity, there
may be inconsistencies or incompatibilities among them. The E/0O display
offers a solution to these problems in that it is capable of combining,

in one rather small area, the indications of a half dozen or more separate
instruments. Furthermore, because of the versatility of the E/O display
medium, symbols and formats like that of any of these instruments can be
duplicated on the display surface. Finally, through mode switching, it

is pussible to achieve different combinations of instruments or to change
scaling as the flight situation may require, Thus, the E/O display be-
comes a multiparameter instrument which is modeled not upon the real world
scene external to the aircraft but upon the instruments in the cockpit
which indicate the actual parameters of aircraft performance. It may be
thought of either as a replacement for the conventional inatruments now

in the cockpit or as a supplement to them, a microcosm which allows the
pilot to monitor the general situation on one display and make excursions
to conventional, single purpose instruments for vernier or more detailed
readigs.
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The point to the foregoing discussion is not to argue for or against any
of these design concepts. Rather, it is to indicate that different ap-
proaches are possible, each having merit. This discussion also serves

to identify at the beginning the questions of what are VSDs to be an ana-
log of and what degree of verisimilitude is nesded. These are central
issues in vertical situation display design and should be kept in mind

as we proceed through the subsequent chapters where various aspects of
this topic will be treated in greater detail, especially in Chapter IV
under the heading Some Display Solutions.



PROJECTED VERTICAL SITUATION DISPLAYS

The usual projected vertical situation display, or head-up display, is a
device whereby symbols are generated and passed through an optical system
to project them on a transparent viewing surface in front of the pilot.

The optical system includes a collimating lens so that the symbols are at
optical infinity and angular relationships between the symbols and the

real world scene can be preserved throughout the field of view, The result
is that the symbols appear to be superimposed on their real world counter-
parts as seen through the windshield. For example, the symbol which repre-
sents the horizon would overlay the real horizon and would move with it

as the aircraft attitude changed. The symbols thus serve to enhance loca-
tion and identification of those elements of the visual field which will
ald in control of the aircraft.

The foregoing presupposes a one-to-one relationship in movement, and per-
haps in size as well, between the symbols and the counterpart objects of
the external environment. However, the assumption that such a relationship
is necessary, or even desirable, is subject to challenge. Early work by
Roscoe (1952) and Campbell (1955) with periscope displays indicated that

a magnification factor of about 1.2 led to optimum pilot performance. That
is, a symbol dimension or displacement of 1.2° on the display corresponded
to object size or movement of 1° in the real world, both measured as the
angle subtended at the eye. Quite the opposite view is taken by other
head-up display designers who hold that display ratios on the order of 1:3
or even l:6 are not only usable but highly desirable in some cases. That
is, 1° of symbol displacement on the display represents 3° or 6° of change
in the position of an object in the external enviromment. The circumstances
in which such compression factors may be called for are either when the
field of view of the display is restricted or when the range of aircraft
movement 1s relatively large in comparison with the field of view.

Here, again, our purpose is only to call attention to one of the paramount
issues of display design. The topic deserves much more thorough treatment
and a more careful exposition cf the experimental evidence on all sides of
the question. This will be deferred until Chapter IV wneve it will be
taken up in the context of symbol dynamics and display format. In passing,
however, it should be noted that the question of magnification is not con-
fined to head-up displays. It is also pertinent to direct view vertical
situation displays, especially the contact analog. Some experts contend
that, to be a true contact analog, the display must not only be pictorial
and faithful to the laws of motion and perspective, It must also be equal
in angular dimension to the real world scene represented, That is, if the
display represents a 20° x 20° view of the world, it must be of such size
and so located that it subtends a field of 20° x 20° of visual angle. We
raise the problem in connection with head-up displays only because this

is where the issue is most sharply joined. The see-through nature of
head-up displays makes it possible to see both the real world scene and the

’
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artificial representation of that scene at the same time. If there is
any difficulty which may arise from a disparity between the real world
and the display, it is most likely to manifest itself in a situation
where the two are seen in superposition,
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HORIZONTAL SITUATION DISPLAYS

By contrast with vertical situation displays, the field of horizontal
situation displays is a relatively placid area, free of much of the acri-
mony which seems to characterize debates about basic issues in vertical
situation displays. This 1is not to suggest the HSD designers are more
reasonable or even-tempered than their VSD colleagues. There are question=-
able areas and differences of opinion, but the discussion seems to move at
a slower pace. In part this may be because HSDs are a somewhat neglected
area, a little less glamorous and likely to draw fire than VSDs. In part,
too, it may stem from basic differences in the horizontal and vertical
situations of the aircraft. Because the aircraft is somewhat less maneu-
verable in the horizontal plane, change occurs rather slowly in comparison
with the vertical situation. Also, the geographic area covered by the

HSD is usually so broad and the scaling of the display is such that the
movement of symbols on the display is relatively slow. Hence, the conse-
quences of misinterpretation or misdirection are less immediate, and
perhaps less dangerous, than with the VSD and, therefore, less likely to
create excitement or controversy among display designers. It may also be
that, because the field of HSDs is somewhat older, there has been more
time for empirical evidence on some of the basic issues to accumulate.

The literature does seem, at least, to reflect a general understanding
that one type of HSD is not inherently better than another, only better
for a given purpose. This is not to suggest that there is complacency on
the topic of HSDs, A misdirected pilot cannot very well perform his mis-
sion, and a lest pilot is still a pilot in trouble., There is clear recog-
nition by all that everything possible should be done to provide the pilot
with a display to help him maintain orientation and direction in the
navigational or tactical situation.

Be that as it may, there are still several open questions in connection
with horizontal situation displays. Perhaps the most fundamental of these
concerns the dynamics and frame of reference of the display. Specifically,
what part of the display should move? Should the map move and the aircraft
reference symbol remain stationary, or should the aircraft symbol move
across a stationary map which is changed from time to time as the symbol
nears the edge of the display? Interlocked with this are questions of
which type of coordinate system to use (cartesian or polar) and how should
the map be oriented (toward north or along the ground track). Parentheti-
cally, it should be noted that the term "map'" as used here does not neces-
sarily mean a topographical map or alrman's chart printed on paper. It
means any representation of the horizontal situation in which symbols are
"mapped", in the mathematical sense, to objects in the external environ-
ment. These objects may be on the ground or airborne. This whole issue

of display movement and a frame of reference is an important one, every
bit as important as the issues of pictorial realism and display compression-
magnification in the VSD field. We will address ourselves to it in later
parts of the report, principally in Chapter 1V,
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Some other questions in the HSD area are related to the techniques of
display generation and mechanization. A great variety of methods is
available. Some HSDs are essentially mechanical devices in which a print-
ed map or chart is combined with indicators of position and course.

Others make use of projection techniques to present a film map in conjunc-~
tion with symbols which may be mechanical or projected like the map itself.
Neither of these kinds of HSDs 1is of concern to us here, except tangen-
tially in that they embody the same basic display principles as E/O dis-
plays or in that the legibility of symbols may be affected by an optical
projection system. Our main concern is with those HSDs which are wholly
or partially generated by electronic means. Much of the discussion of
display characteristics in Chapter V applies to HSDs and VSDs equally.
There is no intent to slight HSDs, even though the majority of examples

in that chapter are drawn from VSDs. It is simply because there were

moire examples of VSDs available to us.

Some choose tc make a distinction between navigational or tactical HSDs,
either along the lines that a navigation display is an earth map and the
tactical display is an alr map or along the lines that the navigation
display is stored information and the tactical display is based on fresh-
ly generated data. Frankly, either of these distinctions seems artificial.
Whether for navigation or tactical employment of the aircraft, both types
of displays are maps or representations of the horizontal situation. The
displays may contain slightly different kinds of information or be some-
what different in format because of the various uses to which they are

put, but this creates no inherent differences in the displays themselves.

As a final commentary on horizontal situation displays, we would like to
draw attention to published works in this area which seem to be of parti-
cular value. Certain parts of them will be discussed later, but we should
like to point them cut here because they are excellent summations of areas
which overlap our own. The proceedings of the 1966 JANAIR symposium on
aeronautical charts and map displays (JANAIR 1966) is a recent and highly
infcrmative review of the HSD field. Honigfeld (1964) is a comprehensive
teview and authoritative commentary on symbology for radar displays.
Roscoe (1967), while mainly a statement of the author's own views, is in
our estimation a good succinct summary of the basic questions in HSD design.
Finally, of course, there is Carel (1965) which has already been cited and
which covers much the same ground as this report,
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CHAPTER ITI - INFORMATION REQUIREMENTS

INTRODUCTION

In display design, the establishing of information requirements is a basic
and early step. It provides a systematic method for determining the kinds
of displays needed in the aircraft and for guiding the selection of format,
display modes, and individual symbols. Although the method may be imper-
fectly implemented in practice, as noted by Carel (1965), it does not follow
that the approach itself is bad or that analysis of information requirements
is of no value to the designer. Analysis of information requirements 1s

not necessarily the first step; there are other valid points from which to
begin. But we must ultimately submit the display to analysis in terms of
the operator's informational needs or the design will be void.

Information requirements can be developed in a number of ways. They can

be stated broadly or in minute detail. They can he treated generically or
restricted to a certain kind of aircraft, or even limited to a particular
alrcraft in just one maneuver or flight phase. In the case of E/O displays,
which are usually designed for a particular aircraft, infcrmation require-
ments are customarily based on the performance of the vehicle and are often
related to some nominal mission profile or breakdown into flight phases.

In these circumstances, the aircraft development schedule, the availability
of information about the aircraft system, hardware constraints, piiot
acceptance, and so0 on tend to act as limits on the extent to which informa-
tion requirementyg are formulated for the display design. Compromises in
the depth and breadth of information requirements lists are understandably
the rule in practice.

On the other hand, it {s possible to derive a list of information require-
ments independent of the particular aircraft and of the design of a display
for presenting this information., There have been several studies undertaken
for this purpose, some of which will be discussed later (page 27 ff), The

underlying assumption is that such a list, objectively and independently derive

can serve as the basis for comparative evaluation of display designs. That
is, one display design can be compared to another in terms of the number of
information requirements that each satisfies, Supplementary considerations,
such as cost effectiveness or effect on operator workload, can be introduced
to give greater subtlety and scphistication to the evaluation. In theory,
one should be able to deterrine systematically the merits of competing
designs, the most parsimonious approach that does the job being deemed best,
The crux is in deciding what ''the job'" is; and in practice the solution is
usually found by taking the general requirements 1ist and rendering it more
and more specific to the technique of display mechanization and to the
alrcraft in which the display 1is to be installed.
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The point is that neither the specific nor the general approach ig entirely
suitable for the purpose of this study which i1s, in part, to examine the
question of standardizing E/O display content. Th¢ Information require-
ments developed by the designers of a display for one aircraft cannot be
used to set a standard for a display, even a similar one, in another air-
craft. Likewise, no single general requirements list appears suitable
across the board for all aircraft, all missions, and all kinds of displays.

The method we shall use here is to approach the problem of formulating
information requirements from opposite directions, working from the general
and from the specific, in an attempt to find a suitable middle ground. We
shall start by considering several studies which formulate information
requirements in a general way, Z.e. without regard to a particular aircraft
design or display mechanization, Our goal is to identify what informational
needs are agreed upon as common tn all aircraft and what are common within
certain classes of aircraft, Next, we shall analyze E/O displays for eight
different aircraft (eleven displays in all) to see what information require-
ments are actually satisfied and to what extent there is d¢ facto agreement
among display designers about information requirements. (It is assumed,

for the sake of comparison, that the information content of each display
represents what the designers believe to be the pilot's needs and that
designs have originated from more or less independent sources.) The results
of the two analyses will then be compared and synthesized into a composite
list of information requirements for VSDs and HSDs. The analytic paradigm
used in this chapter is shown in the diagram in Figure 2.

Information Requirements Information Displaved
derived from derived from
analytic studies display designs

Resultant Information Requirements

1. Basic to all aircraft
2, Peculiar to a class of aircraft
3, Peculiar to mission

Figure 2. ANALYTIC PARADIGM FNR INFORMATION RFEQUIREMF/TS
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T —————

It 1s not our intention to offer a single summation of all the studies

and displays which we examine, Our task is to evaluate, to identify
conflicting points of view, to resolve differences when we can, and to
offer our own comments when appropriate. We cannot hope to be compre-
hensive; time and resources have not permitted us to include all the work
that has been done in this area. Of the available general information
requirements analyses we have chosen those which seem most thorough as well
as those which are more briefly treated. In the selection of E/O displays
for analysis we have been restricted to those for which detailed specifi-
cations or design descriptions have been published. However, in both
instances the samples are large and, we believe, rupresentative of the
field. As much as possible, we have tried to present not ouly our con-
clusions but also the evidence upon which they are based.

In part we are using existing display designs as a model for deriving
information requirements. In this connection two points should be empha-
sized. First, poor design can and does occur. No amount of analysis

and study will guarantee that designers will interpret the results correct-
ly and choose their symbols wisely. Second, displays sometimes evolve
without benefit of analysis of man-machine system requirements. What exists
in the hardware is not necessarily the result of careful and penetrating
study. Expediency and best-guess approximations cften prevail over empir-
ical research. It should also be noted that display design tends to be
imitative. A successful display design often sets a style and influences
the development of later displays, even those for purposes different from
that of the original,

The information ccntent of contemporary E/O displays has resulted from de-
sign efforts in a variety of projects, each of which has been geared tc a
particular application and tc particular constraints, Many displays are
limited in what they can, and desirably could, contain by the availlabillity
of inforwation in the interface or by a lack of appropriate sensors, Our
analysis of contemporary display content reflects that which exists., We

are not able to reconstruct the causal relationships, constraints, inter-
face problems, and design goais which have led to display content decisions
for existing E/0 displays. It is doubtful that anyone could. Nevertheless,
major display design efforts may be presumed to reflect that which designers
corsidered to be the moat important information requirements, and from this
a certain amount of generalization {s possible,

It 1s our belief that the information requirements developed in this chap-
ter could serve as the basis for a standard, at least a preliminary one,
which attempts to develop a common display language. However, the reader
is free to examine the evidence for himself and to accept or reject our
conclusions on their merits. If nothing else, we hope that this study will
stimulate others to examine the question and to improve¢ upon our interpre-
tation. We believe it fruitful to develop the {nformation {in this way

even though there may be disagreement about its meaning and the validitv

of generalizing from it.




AIRCRAFT TYPE AND MISSION

In September 1962 the Department of Defense established a new system of
military aircraft designation, Eight basic categories of mission or air-
craft type are specified:

A - Attack

B - Bomber

C - Carge/Transport

E - Special Electronic Installatlon
F - Fighter

H - Helicopter

K - Tanker

V - V/STOL

It should be emphasized that the above are basic mission types; additional
letter designators, which are used to indicate modified mission and status,
are pnot included in this breakdown.

0f the eight, six pertain to fixed wing aircraft whicn differ primavily in
terns of mission, Of the remaining two, H (Helicopter) {s clearly a class
by itself by virtue of the unique dynamics and control properties assocla~
ted with the rotary wing. Alchough the V/STOL class is akin to fixed wing
aircraft in many respects, it differs in takeoff and landing (where it is
more like a helicopter) and thus warrants independent listing. TFor our
purposes then, the above list can be reduced to three categories:

® FIXED WING

® V/STOL

@®  ROTARY WING
Adinittedly, there are differences among the various types of fixed wing
alrcraft, However, {{ we exclude misslon considerations, the differences

among §ixed wing aircrafc in information requirements and coutrol/display
relationships tend to be rather swmall when compared to the differences




batwewn the Tixed wing vlass and efther the retary wing or V/§T0L classes.

Regavdlens of afvevatt type, there ave covtain activitios or fllight phases
which are common and which impose speclal Intormational weeds,  Three of
there will be connddered (o the 1ollowing analvsts of {ntormation require-
ment s,

i

@ ' AREORY This itncludes takeol ! from an afericeld

and launch from an aireratt carvicr and
extends through the (nitial part ot the
climbout to cruise or on route altitude.

@ N RWTE - This includes that portion of the mission
spent golng to the destination or cruls-—
tng at altitude,

@ LANDING = This Includes penctration from altitude,
ftnftial approach and tinal approach.

There are crther wvper of activity not specifically included in the above
which deserte consideration because of the spe-fal problems they pose in
terms oF inTormatten requirvements and display design.  These are weapon de-
Hivery {either atv-to=afr ovr alr-to-surface) and terrain aveidance or ter-
valn tollowing,  They are not included in the analvsis ot intormation re-
quirements but sre taken up, in a less formal wayv, in a separate section at
the end ot the chapter,

Tavle 1 Tiste vhe more significant contemperary E/0 disntavs.  These range
from the car'fost operational VSD, dn the A=bA aireraft, to displays which
are still in the preliminarvy stages of development, With the exception of
the F=1LIA Mok T avionics svstem, the details of which ave classitied,
all of the desplays in Table L will be analyzed tor intormation content in
this chapter, Tn addition, a tabulation of display characteristics such
as resolution, phosphor color, tilters, luminance, and grav tones is pre-
seated at the end of Chapter V (Table 23) 0 Appendix © contains 11lustra-
tions and briet descriptions of other B/0 displavs which we were unable to
Include fn the body of this report because there was fonsntficivat information
available to us about the design and intended use of these devices.
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INFORMATION REQUIREMENTS STUDIES

It is highly unlikely that there will ever be a single, empirically derived
list of information requirements for vertical and horizontal situation dis-
plays which 1s both generally accepted and truly comprehensive. This is
true not only because of the variability of aircraft types and missions but
also because of the variety of purposes for which information requirement
studies are conducted and the differences in the level of detail to which
they are carried out. On the other hand, one of the goals of standardiza-
tion is to develop, insofar as possible, a common display language in terms
of information content and form. Thus, we are obliged to seek out those
areas in which there is substantial agreement about the information needed
to control and direct aircraft and to formalize this information in such a
way that it can guide the design of integrated flight and navigation dis-
plays. The paradigm shown in Figure 2 describes our attempt to make such
an 1ldentification. We are fully aware of the methodological shortcomings
of this approach. However, in the absence of any precise and worlkable
technique for establishing information requirements deductively, we have
chosen to proceed on an empirical basis.

As a further reservation, it 1s necessary to point out the dissimilarities
among the studies from which we have made a generalization, That is, we

are gullty to some extent of comparing apples and oranges in that not all

of the information requirement studies are alike in their method and their
purpose. Some are purely analytic, some are syntheses of existing display
designs, and one is a pilot opinion survey. Some apply to a certain class
of aircraft, some apply to just one aircraft, and some apply to a particular
display concept which may be used in more than one aircraft. Not all are as
detached from hardware and mechanization constraints as one might like.

We have chosen, for example, to include a 1962 study for the Douglas Aircraft
Company, conducted under ANIP sponsorship, This is representative of the
kind of systematic analysis of pilot information requirements which should
precede display design. We have also included a study by Baxter and Work-
man (1962). This is a composite list of the information content of five
displays (Sperry, ARL, Bendix, Spectocom, and Douglas ANIP) and, therefore,
is not truly an analysis of information requirements, Our view, however,

is that their list is a comparatively early attempt to derive a consensus

- an aim very much like our own - and may properly be considered a kind of
analytic study. We have also used, from Carel (1965), three examples of
information requirements lists which highlight dif ferences in the scope

and degree of specificity ro be found among information requirements studies.
We believe this 1s proper since our purpose is to cover as broad a range

of opinions as possible and to show variety as well as agreement.

There are many pitfalls in making comparisons among the variety of studies
we have selected, and generalization i{s a risky proposition at best. An
obviously better solution would have been to use only analytic studies which

Preceding page blank
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are independent of a particular aircraft, or even aircraft type, and un-
constrained by consideration of the way in which information is to be
displayed. Unfortunately, there are all too few of these. We have been
obliged instead to make use of what is available and to strive for impar-
tiality through an eclectic approach. By presenting a wide and represen-
tative sample of information requirements 1lists drawn from available
research literature we can hope to balance t diverse opinions and to
compensate for individual flaws and biases.

The reports from which information requirements lists were chosen are given
below in the order in which they appear in Table 2. Some cover all three
flight phases: takeoff, en route, and landing. Some apply to landing only.
8till others do not explicitly indicate the parts of flight to which they
are applicabl . The code letters T, E, and L are used in all cases to
indicate our judgment of the flight phases for which the particular list

is appropriate, A précis is included for each report.

1. Douglas Aircraft Co, An Examination of Pilot Information
Requirements. Prepared by Dunlap and Associates for
Douglas Aircraft Co., Contract Nonr 1076(00), November 30,
1962, AD 401 662.

(T, E, L) - A systematic analysis of pilot information re-
quirements, done under ANIP sponsorship; in-
cludes a classification scheme, a weighting
gcheme to determine the importance of data to
a specific task, and a control model.

2, Williams, P, R, and Kronholm, M. B. Technical Report on
Simulation Studies of an Integrated Electronic Vertical
Display. Norwalk Conn.: Norden, December 31, 1965,

AD 629 157,

(T, E, L) - JANAIR sponsored systematic analysis of informa-
tion requirements as determined by mission re-
quirements and aircraft performance; covers fixed
wing, rotary wing, and VIOL aircraft.

3. Grumman Aircraft Engineering Corp. Recommended Pilot Displays.
GAEC Report No. 9064. Bethpage, N.Y,: January 16, 1964.

(T, E, L) - Information requirements for an interceptor/
attack aircraft,

4, BSoliday, S. M. and Milligan, J. R. Simulation of Low Altitude
High Speed Mission Performance. Vol. II, Effectiveness of a
Head-up Display for Take~off and Landing in a Fighter Aircraft.
Columbus, Ohio: North American Aviation, Inc, Columbus Div.,
Tech. Report No. SEG~TR-66-67, Vol. II, February, 1967,

AD 808 343L,

(T, E, L) ~ Effectiveness of a HUD for a fighter alrcraft,
especially in takeoff and landing.
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10.

11.

Sperry Gyroscope Co. Progress Report on Human Factors
Analytical Study for Head-up Display System Development,
Inertial Systems Div., Sperry Gyroscope Co., Great Neck,
N.Y.: Report No. AB-1210-0008, August, 1963. AD 347 524
(Confidential).

(T, E, L) ~ Human factors analytical study for HUD.

Semple, C. A, Jr,, and Schwartz, R, W. Time Based Analysis
of Control Activities and Information Requirements for
V/STOL. WPAFB, Dayton, Ohio: Air Force Flight Dynamics Lab.
Tech, Report No. AFFDL-TR-65-193. January, 1966.

(T, E, L) ~ Short field takeoff, en route, and landing re-
quirements for V/STOL aircraft.

(T, W ~ Vertical takeoff and landing requirements for
V/STOL aireraft.

Baxter, J. R. Projected Symbolic Displays for General Air=-
craft. Melbourne, Australia: Aeronautical Research Labora-
tories, Australian Defense Scientific Service, ARL/HE 14.
March, 1963, AD 428 683,

(L) - HUD information requirements for general aircraft.

Baxter, J. R. amd Workman, J. D. Review of Projected Displays
of Flight Information and Recommendations for Further Develop-
ment. Melbourne, Australia: Aeronautical Research Labora-
tories, Australian Defense Scientific Service, Human Engineer-
ing Report No. 2, August, 1962, AD 608 843,

(L) - Analysis of Sperry, ARL, Bendix, Spectocom, and
Douglas ANIP displays for information content.

Behan, R. A., Smith, E. E., and Price, H. E. Pilot Acceptance
Factors Related to Information Requirements and Display Con-
cepts for All-weather Landing. Sherman Oaks, Calif.: Ser-
endipity Associates, March, 1965. NASA CR-189.

(L) - Survey of pilot opinion on information requirements
for all-weather landing.

Naish, J. M. Display Research and its Application to Civil
Aircraft. Farnborough, England: Royal Afrcraft Establish-
ment. Journal of koyal Aeronautical Society, Vol. 69, October
1965, pp. 662-679,

(L) = The head-up display and its application to civil
aviation.
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12, Johnson, R. F. and Momiyama, T. S. Flight Test and Evalua-
tion of the Spectocom Head-up Display. Patuxent River, Md.:
Naval Air Test Center, NATC Report No. FT 2222-65R-64, Decem-
ber 1964.

(L) - Flight test and evaluation of Spectocom HUD in
an A-5A aircraft.

13. Morrall, J. €. The Role of the Pilot in All-weather Opera-
tion. Farnborough, England: Royal Aircraft Establishment
Tech. Memo. BLEU-123., June, 1966. AD 804 648,

(L) -~ Role of the pilot in all-weather landing with the
Blind Landing Experimental Unit (BLEU) display.

14, 15, 16. Carel, W. L. Pictorial Displays for Flight. Culver City,
Calif.: Hughes Aircraft Co., December, 1965. AD 627 669.

(L) - Three representative lists of information require-
ments from unidentified sources.

Information requirements from the above reports are listed in Table 2 under
the categories: flight information, navigation information, airframe con-
trol surfaces, system status, and power and thrust. Each report is identi-
fied by the number given above. The terminology of the original report has
been retained for the most part although in some cases we have altered it
slightly for the sake of clarity or simplicity. In the final column on the
right for each flight phase, under the symbcl I, is the total number of
reports which identify each item as a requirement for that flight phase.

On the extreme right in the column headed T is the total number of reports
which 1list the item as a requirement for at least one flight phase. Thus,
if reports 1l and 12 list an item as a requirement for takeoff and reports
12, 13, and 14 list it for landing, the total in the I column for takeoff
would be 2; in the I column for landing it would be 3; and under T the total
would be 4.

Table 2 is, therefore, a tabulation of information requirements which are
grouped under five categories according to three common flight phases. It
shows the frequency with which items of information are specified as re-
quirements in the source documents.
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ABLE 2 - TAPULATION OF INFORMATION REQUIREMENT STUDIES

I TAKEOTY EN ROUTE I LANDING
INFORMATION REQUIREMENTS 1 1 1
FiLGHT INFORMAT N
Attitude
k] k)
F’l;ﬁh'i‘ru R O S N - xl e o]
‘ngle of Auzack Actusl X X X[ & X X X » X X{| 6 6
Commund X 1 X X X 2 2
Error X 1 X X X 2 2
| ARALI S i IS e i R ) -2
Altitude, Pressure Actual X X H X X X X! 4 [}
Command X 1 X _ x| 1 2
Altitude, Radar TR IR X X Xk XK KX X x[s [ s |
0 - SN o2y e e A B
Altitude, Unspecified Actual X X 21X X X 3 }X X y X X & 6 ?
. Counand ] x dorlx ox o dzlx S S SO I W WO
Vertical Velocity Actual X X X X X 5 1x % X X| 4 |x Xx X X X X 7 7
Command 1 x |1 X e e p 22
Airspeed, True X 1 X x| 2 3
X
Lt . RN S S .. B N
Alrapeed, Indicated XX X X x X x| 6
X X X X . 2
Alrapeed, Unspacifiad X X S
3
4
) 11
H
[Race o furn - : | 7]
rs_m ll_lp (ut-r-lﬂAccclarnlon) % i .2 _ e 4__.1_” 2~1
- Command X x| 2 2
Heading Command X X 2 ]X X 2 |x X X X X 5 5
Heading Error X X 2 X X 2 X X X X X X 6 6
Pitch Command X 1 X 1 X X X X X 5 5
Roll Command X 1 L X 1 Yook XX XX 6 1 &
Flighc Path Actual X X 2 X X 2 X X X X X X & 6
(Velocity Vector) Error X X 2 XX 2 X X o I 1z 2
Vartical Glideslope Deviation X X X X X X% X X EREN
Lateral Gl T T ’ X% X XX XXX X s |
. R o foe
Disctance Along Rumway X 1 . o xr X . o 72_«_ 2__
ing Point ) X X 2 | 2 4
»G.D'K;Qul\d o o 2 2
NAVIGATION INFORMATION . ) L
Heading X X X X X 51X X X X X 5 1% X X X X X 8 9
[Ground Track 7 77 X L X 1 2 2
— ..,{ - [ - [ - 4
Course X 1 1
 Groundap ; A 3 1| x x x] 3 |x XX X 4 5
Afrcreft Position  Geo. Ref. X [ x| 2 |x 1 2]
Mission Ref, X 3 2 ]X 1 2
Unspectfiud B X X 2 ] 2]
[ Rangs to objective X x| 2 X X X X X X 7 [7
Command Time to Objective X 1 * 2
L‘Tu;mguphh: Obatruction x 1 . 1
Dangerous Weather (Loc. Ref.) 3 11X :
[ Fusl Quantity 3 x| 2 ]x  x oxoxpe|x x
“Fuel Flow Rate l X x| 2 {x X x x| 4 |x x
[ Larrier Position X 1 X 1
AIRFRAME CONTROL SURFACES
Landing Gear Status B X 1 3 X
Drag Chute Position X X
Spesdbrake Fosition . X 1 X
Flap Pomition ~ Best X 1 .
Trim Condition - Bast X 1 X 1
SYSTEM STATUS . R TR O s
Warning, Caution, Advisory X X 2 | X 3 X 3 EX % 2 3
POWER & THRUST : ; i i
Thrust Actusl X X 2| x X P2 B X 2 ]
Comand X i [3 1 X S S
Engine RPN X X KL X L B X KR
Exhaust Gas perature X ® 2 X 1 x 1]
Gross Welight R 2 X X lj 2 J
14ft Engine Thrust Vector Angle* . X X2 X X 2 ]
ruise Engine Thrust v.egor An;lt" XX L H X X 2 z__
itt Engine Pover Settingt X x) ] R XX 2 2”‘_1
Cruise Engine Power Betting® x x| 2 fx x ]
* Appliss to V/BTOL Atrcraft Only 31



Analysis of Information Requirements Studies

From Table 2 it would appear that, with a few exceptions, there is little
agreement about the items of information required for flight and naviga-
tion. All the studies agree that attitude information (pitch and roll) is
needed, but thereafter disagreements begin to emerge. Some of these disa-
greements, however, are more apparent than real because they stem from
differences in terminology. For example, some reports speak of heading
command, and others use the term heading error. With the exception of re-
port 5 which makes a distinction between them, the two terms appear to be
roughly synonymous, and 10 of the 16 reports call for one or the other.
The agreement can be widened further still if we treat steering (in all
its forms), flight path error, and vertical and lateral glideslope devia-
tion as a single class of information. In landing, for example, 13 of 16
reports specify some form of steering or flight path guidance as an infor-
mation requirement.

A second kind of apparent disagreement arises from differing views about
the type of information to be used. That is, 3 reports call for true air-
speed, 6 for indicated airspeed, 3 for mach number, and 5 others do not
specify which type is to be used. If we ignore these distinctions, which
stem largely from differences of opinion about the extent tco which raw
alrspeed information should be processed before presentation to the pilot,
we find virtual unanimity. All reports call for some form of airspeed

for takeoff, and all but one require it for en route and landing. 8o, too,
with altitude information. If we disregard the distinction between pressure
and radar altitude, we find that the tally is 6 of 7 for takeoff, 6 of 6
en route, and 15 of 16 for landing.

There is a third reason for caution in reaching conclusions from the data

in Table 2. No distinction for aircraft type has been made in the listings.
Only two of the reports (6 and 7) deal with V/STOL aircraft; helicopter
requirements are treated scantily (and by inference only) in one or perhaps
two reports. For example, we find items such as yaw or lift engine thrust
vector angle listed in only three and two reports respectively. However,
these items should not be dismissed without further examination since they
oceut in all the reports which deal specifically with V/STOL aircraft.
Similarly, the mission of the aircraft has not always been given the weight

it deserves, Terrain avoidance and weapon delivery requirements are scarcely
represented at all in the studies we have selected here; and, for this reason,
they will be discussed later in separate sections. Transport, reccnnaissance,
and trainer aircraft create special informational needs for the pilot because
of their specialized missions, and these are not taken up at all in the
studies which make up Table 2. Therefore, Table 2 and the subsequent lists
we derive from it should not be taken as a complete statement of the infor-
mation requirements for all aircraft. Rather, we are seeking to establish
that information which is the basic and irreducible minimum for aircraft,
recognizing that specialization by aircraft type or miseion will bring with

it additional,peculiar information requirements,
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In order to make the list in Table 2 useful for comparison with the content
of contemporary E/O displays, it has been necessary to refine it somewhat
to eliminate redundancies and items of marginal interest. The items which
have been deleted are as follows:

Yaw angle has been eliminated because we camnot justify
it as an information requirement for all aircraft. It
is cited as an important item only for V/STOL aircraft,
although it may be of importance for helicopters as
well., For fixed wing aircraft it seems to be of little
significance except insofar as it may be synonymous with
crab angle.

Pressure or radar altitude is called out specifically in
some reports; others do not distinguish between the two.
For convenience, we also prefer the general requirement,
altitude, with the understanding that one form or the
other may be preferable for certain flight phases or
display uses.

True airspeed, indicated airspeed, and mach number are all
mentioned in Table 2. For our present purpose the general
category, airspeed, will suffice.

Bank has been deleted since it can be considered either
a synonym for roll angle or, in the case of command bank,
a subtopic under steering. For those reports which uase
the term bank, we shall count the item under roll or
steering, as appropriate.

Heading, pitch, roll and bank commards, and heading error have
been merged intov the major category, steering.

Aiming point has heen deleted because the term is some-
what ambiguous. The information requirement is believed

to be more adequately specified by terms such as velocity
vector, touchdown point, or target position, as applicable.

In addition to these deletions, we have simplified the requirements lists
by dropping the distinction among command, status, and error for individual
items. It seems sufficient to indicate what information is required with-
out becoming embroiled in the question of what form in which it is to be
presented,

Also in the interest of simplification, we have geen fit to eliminate the
categories of power and thrust, airframe control surfaces, and systen

status information., In the case of system status, we have done so with
reluctance. While few analysts have called out thir category as a require-
ment and few contemporary displays actually present this kind of information,
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E/O displays offer exceptional possibilities in this regard., The E/O
display tends to be an integrated, multiparameter display, and as such it
is the focus of pilot attention. This fact, coupled with the capacity of
the E/0 display to present a variety of alphanumeric characters, suggests
that the display has great potential as; a medium for presenting cautionm,
warning, and advisory information and as a readout device for system test
and check out, We bow to the weight of current opinion and practice, but
we also urge that a standardization committee give serious attention to
including system status information as a requirement.

0f the information requirements of Table 2 which remain after these dele-
tions and simplifications, the following seem to be of generally accepted
importance,

-~ Pitch angle - Glideslope

-~ Roll angle - Glidepath

~ Altitude - Vertical velocity
- Alrspeed - Range to go

- Steering - Velocity vector

- Angle of attack - Fuel quantity

= Heading = Fuel flow rate

The requirements are listed in approximate rank crder on the basis of the

number of times specified. Frequency ranges from unanimous or nearly unani-

mous on the first five items to five of a possible 16 listings for fuel
quantity and flow rate,

The information requirements given below were cited less than five times in

Table 2.
- Pitch trim - Ground track
- Turn rate -~ Course
- Pull-up (topographic - Groundspeed
obatacle)
~ Waveoff (go~around) - Alrcraft position
- Sideslip - Time .o go (to objective)
= Runway heading - Dangerous wﬁather
= Runway distance - Carrier position
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As we indicated earlier, a simple summation is hardly an ideal method for
establishing the importance of a given information item. Pull-up, for
example, is listed only twice (as topographic obstruction) in Table 2.
Nevertheless, pull-up information is vital to pilots who are flying low
altitude high speed missions. Also, vertical orientation is not mentioned
in any of the studies in Table 2, yet it is of obvious importance. In
fairnees to the authors of these studies, we suppose that vertical orien-
tation was considered implicit 1in roll and pitch information, but we would
prefer to call it out separately in order to give it the attention it de~
serves. In addition, it should be noted that hover position, hover ground-
speed, and lateral ground velocity received no mention in Table 2. These
are information items of importance for helicopters and V/STOL aircraft,
and the omission can be attributed to the fixed-wing bias of the studies
sampled.

Despite these shortcomings, the data from Table 2 can serve as a rough
guide for the evaluation of contemporary E/O displays, which follows in the
next section. These information requirements, with the modifications
described above, are set forth in Table 3. As in Table 2, I denotes the
number of reports listing the item as a requirement for each flight phase,
and T denotes the toutal number of reports listing the item as a requirement
for any flight phase.
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TABLE 3 INFORMATION REQUIREMENTS DERIVED FROM TABLE 2

INFORMATION REQUIREMENTS
FLIGHT INFORMATION

Pitch Angle
Roll Angle
Altitude
Airspeed

Steering

Glideslope

Glidepath

Angle of Attack
Vertical Velocity
Velocity Vector!
Pitch Trim?

Turn Rate

Sideslip

Runway Heading
Runway Distance
Waveoff (Go-around)
Pull-up

Vertical Orientation?
Hover Position3

Hover Groundspeed?
Lateral Ground Velocity?

NAVIGATION INFORMATION
Heading

Range to Go

Fuel Flow Rate
Groundspeed
Carrier Position
Alrcraft Position
Ground I'rack

Time to Go
Dangercus Weather

Courae

TAKEOFF EN ROUTE LANDING
) T L
7 6 16
7 6 16
6 6 15
7 5 15
3 3 11
- - 9
- - 9
4 1 7
5 4 7
2 2 6
3 3 4
1 2 2
1 2 1
- - 2
1 - 2
- - 2
- 1 1
5 5 8
- 2 7
2 4 3
1 3 4
1 1 2
1 2 3
1 1 2
- 1 2
- 1 2
- - 1

TOTAL
T

16
16
15
15

[
RN NN WU N 0O

Wm0 ]

N NN W

! Includes Atming Point requirement of Table 2.

2 Includes Best Trim Condition requirement of Table 2,
3 Not listed in Table 2; added by authors.




ANALYSIS OF CONTEMPORARY VERTICAL SITUATION DISPLAYS

This section contains an analysis of contemporary vertical aituation dis-
plays. Our basic purpose in presenting this information is to survey what
is being done in the E/O display field and to compare the information
content of these displays with the requirements list derived in the pre-
ceeding section. The E/O display field has evolved so rapidly and so
diversely that an overview of this sort seems necessary to help display
designers and users take stock of the situation and plot the future course
of development. Our review of the research literature has turned up no
recent survey of this sort. The study by Baxter and Workman (1962) was

an early attempt to do this, but it covered only five displays and by now
is considerably out of date. A study by the U, §. Army Human Engineering
Laboratories (1967) 1s more recent but is somewhat limited in scope and
does not go to the level of detail which we propose here. There rre scores
of reports which deal with one display system only, but to review them all
and make comparisons is a chore that not all persons interested in this
topic can muster the time and endurance to undertake, By summing up this
information here we hope to perform a service not only for a standardization
committee but for display designers and users in general.

We are using a substantial number of illustrations for two reasons. First,
E/O displays are basically pictorial; and the simplest and most direct way
of presenting an analysis and comparison is in graphic form. Second, we
wish to famjiliarize the reader with the symbols and format of E/O displays
in preparation for the following chapter, which deals with symbology. In
compiling this material we have drawn from a variety of source documents
which make use of different illustrative techniques. However, in the in-
terests of consistency and ease of comparison, we hav. rendered these in

a single pictorial style. We apologize for any distortions or inaccuracies
that may have thus been introduced. We also wish to point out the inade-
quacy of any static, printed drawing in doing justice to the actual appear-
ance of E/O displays, which - by nature - are dynumic and luminescent,

The following tables illustrate eight contemporary vertlcal situation dis-
plays, three of which consist of both head-up and direct view displays,

for a total of eleven display formats. The displays are exuamined for the
same three flight phases used in the preceding section: Takeoff, En route,
and Landing. Each flight phase 18 introduced by a full illustration of

the display format appropriate for that phase, Following thc introductory
illustration is a series of smaller, partial illustrations which show how
the display presents the information requirements listed in the column on
the left margin., Leaders and nomenclature are provided to identify tlie
display elements concerned with each information requirement, The terminol-
ogy used by the designers of each display has been retained in the illustra-
tions, However, in the interest of developing a common display language,
all descriptive commentar, is in a stapndardized terminology of our own da~
vising so thst direct comparisons across displays can be made readily.
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The information requirements listed in these tables are, for the mosgt part,
the same an those {n Table 3 although the crder has been rearranged some-
what in ovder to achiove u more logical sejuence and grouping. It has been
necossaty to add a fev iftems since some displays contain information not
linted auw & vequirament in Table 3, An illustration in the cell under a
given diaplay and oppoeite a given raquirement indicates that the display
presents informatlon which satiafies that requirement. An empty cell indi-
cates that the display does not contain the information in question,

Aftee the series of illuatrations for each flight phase, a tabular summary
of displays va, information content g given (Tables 5, 7 and 9). These
aummaries ave then combined into a general summary for all flight phases
(Table 10) for later comparison with the information requirements set forth
in Table 3} of the preceding section.
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TABLE 4 - ANALYSIS OF VSDs FOR TAKEOFF

TAKEOFF

PITCH ANGLE

g

VSD DISPLAYS

P
INFORMATION

SYMBOLOGY

DESCRIPTION

RESPONSE
SCALING

REMARKS

INFORMATION

$YMBO!00Y

DESCRIPTION

RESPONSE
SOALING

Pltch attitude,

© 30° PITCH LINE

Yy
2 JJA// PHCH LADUER
L T=
s, SN
_-_—:.__Nf ALRCRAFT RETICLE
)

o/ T WORLION LINE

o

‘1 v
N ———
T - 10 PITCH LINE

Horizon line and pitch lines move ver-
tically as a function of aircraft pitch
angle with respect to horizontal ref-
erence plane. Pltch read at aircraft
symbol.

Inside-out,

Approximately % 30° vertfcal coverage.
§cale factor 1:6 (compression),

Pitch ladder ashows 5° increments 0 to
$ 20°. Auxillary pitch lines at + 30°

(solid line) and - 30" (broken line),
Nadir and Zenith nnt displayed.

Horizon line adjustment,

Ve ARCRAFT 4T ICLE
Y 17 /

A manual control permits vertical ad-

Jjustment of the horizon line to compen-
sate for differencas {n pitch attitude
for various conditiona of level ilight,

Range of adjuetment ¥ 20°.

The local horizon is used for level
flight reference.

F"l 1 1 B FIXED WING HUD’ F“l 1 1 B FIXED WING DV'

Pitch at*itude.
STNVITT

LU e e RN L
EL ] -0

/mcm' [IET
—

TN

, HOR1ZON LINE
ol T PITCH LAUCER

Horizon line aad pitch lines move verti-
cally as a function of aircraft pitch
angle with respect to horizontal refer-
ence plane. Pitch read at alrcraft
symbol,

Inside-out,

Approximately + 30° vertical coverage.
Scale factor 1:6 (compression).

Pitch ladder shows 10° major and 5°
minor increments O to + 30°. Auxillary
pitch linea, at * 30°, + 60°, and + 90°
(not shown), are color coded: black for
nositive, white for negative,

Horizon line adjustmenc.

VT
.””TF"M\
n _MBLRAT RLTICLL

REFEREALE MARKER

HORLION L it

A manual control permits vertical ad-

Justment of the horizon line to compen-
wate for differencee in pitch attitude
for varfous conditions of level flight.

Ringe of adjustment + 15°

The local horizon is used for level
flight reference.

A-6A

Pitch attitude,

FIXED WING

ADI

| RLION LNt

ot F 10UCIAL MARSIRS

—GROUKY LI TURL

FUIGHT PATH

Horlzon line and pitch lines move vertf-
cally as a functilon of alrcraft plteh
angle with tespect to horizontal refer-
erce plane. Pitch read at display cen-
ter,

Inside-out.

+ 15° vertical coverage, Scale factor

11 2.5 (compression),

Auxillary pitch lines, at # 30°, + nu°
and + 907 (not shown), are color coded:
black for positive, white for negative.

Fiduclal marker adjustment.

FIDUCIAL WARL
(ELECTRONAL)
TAL MAR

#jouc v
(PALKICD DK Cal)

HORLZON L 1AL

A manual contro! permits vertical ad-

justment of fiducial markers to compen-
sate for differences in pitch attitude
foi varioug conditions of level flight.

Range of adjustment + 15°,

FIXED WINO V s D

AAAIS

Iitch attitude,

Ve \\ o FLIGNT KAl Aol

\*‘ ST

NN

Horfzon line moves vertfvally as a func-
tlon of afrerale pitch angle with re-
spect to horlzontal refervnce planc,

Ins fde-out .,

+ 9% vert{cal coverapge, Scale factot

131,

Display center is not marked. No scale
provided tor quantitative reading o
piteh angle.

Horizon line adjustment,

N

SMHLIN LN

A wunual control permlite vertical ad-
justment ot the horizon line to com-
pensate tor differences in pitch atti-

tude for various conditions of level
fiight,

Kunge of adjustment + 6”.

Detent in munual contrul used for

level flight reference,




ROQTARY WikQ

N
Lot Ry
, N R

it
weopove verti-
vortartoplteh
reental refer-

L i play cen-

Seabe tactor
]

t 307, + a0n°
color voded:
tor negative,

FIuuL (AL WARK
CLELINMIC)

A R
PAIATLL Ok (BT}

" soniion e

wertical ad-

WTH LG compens
Jitea attituce
1odievel flight,

FIRED WIND vs D

AAAIS

Piteh attitude.

T

7" >/

- FLIGHT PALA AR

HURLICH Liat

GROUND TEATURY

Horizon line moves vertlcally as a fune-
tion of atreraft pitch angle with re-
spert to horfzontal veference plane,

Ingide-out,

+ 9% vertleal coverage, Scale factor
il

Display venter is not marked., Nu scale

provided tor quantitai.ve reading of
pites angle,

Horizon line adjustment,

A maunual control parmits vertical ad-
justment of the horizon line to com-
penaste for differences in pitch atti-
tude for various conditiona of level
Flight.

Ringe of adjustment + 6°,

Detant in manual control used fer

level tlight referencs,

Flight path angle,

Tkt PATE WARILR

EETRIERTNTY

Horizon and piteh lines move vertically
with respect to filght path marker to
indfcate filght path angle {(pltch minus
angle ~0 attack). lLevel {lignt when
hurtzan and flight path marker colnclde.

Inslde-out .

Scale factur 3il,

Auxillary reference lines at + 5°, + 1U°,

and therealter at 5° lntervals to + 90%,
Pitch angle not displayet, Flight path

marker is velocity vector terminuy,

HUD |1

ILAAS

Flight path angle,

FIXED WING

s 1D PITCH LINE

4;/'/

\wnw AN ARLER

ORI LIk

Horizen and pitch llnes muve verticaily
with respect to tlight path marker to in-] c
dicate [llght path angle (pitch minus an-

gle of attaek). Level flight when hor- €
fzon and flight path marks coincide. n
1

tuslde=out

vcale factor Lil, s

Pitch scale centers vn uvamatvked display
boresight but (s read at flight path mar-
ker, Pitch 1ipes at & 10°, + 30°, 4+ 50°
and + 70°, Pitch angle not displayed.
Flight path marker = velocity vector.

angle with respect to hor{zontal

LAAS VSD

FIXED WING

Fitch attitudes

ol 7 -
/(’\g \TIJ\,‘%',, Ve

O ]

Horizon line and pitch 1ine move vertis

ally as a tfunction of atrcrait pltch
refer-
nce plane. Pitch read from tiductal

arks,

nside-out,

cale factor about 1:2.5 (compression).

Pitch scale has + 107, 4 30°, + 50° and
+ 70° marked with 1, 3, 5 and 7 respec-
tively; nadir, - 90°, {4 an open cross;
zenith, + 90°, a closed cross that re-
sembles flight director command symbel,

Horizon liue adjusiment,

oot FIOUCIAT WARK

WOREEON LML

A manual control nermits vertical ad-
! justment of the horizon line to compsn-
sate for differences {n pitch attitude
for various conditions of level flight.

Range of adjustment + i)“ to -20°.
3

The local horizon is used for level
flight reference.

Norden IEV

FIXED WING

Plteh attitude,

ot
RUTITHENTY

Herizon llne and pitch lines move v
tically as a function of afrevaft vi
angle with respect to horizontal rut
ence plane, Pltch read at dircraft
symbol,

Tns fde-out,

Scale factor 1:5 (vowpresdion).

Pitck ladder shows # 10°,




TAKEOFF 1-¢

.

All Weather VSTOL display ix
not shown 1o the taheofl phase.

VSD

FILED WiNG

/ ey e s 12 PLTCH LML

—t
‘/)_\4_‘,‘ 80 bIteH LiN
[Fons

LA

\w\\.“u.. [y
r // LU g

Lt U borizontal
tead from flidueial

.9 (compression).

ot + 30%, £ 50° and
L'y, 4, % and 7 respea-
Yo, (s an open croas
| “losed cross that re-
I 1eetor command symbol,

7 .
[
i
o
{ - £ (UG 1R AR
L 1
. k
, y ™ HORLION L THE
)
e

ji rermits vertical ad-
torlzon lina to compen-
ences In pitch attitude
(«“Llnns of level flight,

\
i
ment + §0° to -20°,

ou s used for level
e.

ROTARY WiNG
FIXED WING

Norden IEVD

Pitch attitude.

N AW ; \d IlV[ll'{Ll \INl
HIO KRR O INT
P :
. ‘,‘ WALION LN
A

ALRCHAFE ACFARERLL
STm0L

- 10 B tex
WIFLRENTE LINL
Horizon live and pitch liues move ver-
tically us a functlon of aircraft pitch
angle with respect to horizontal refer-
ence plane. Pltch read at aircraft
syabol,

Inside-out,
Scale factor 1:5 (cumpression).

Pltch ladder shows + 10°,

ROTARY WING

HAS VDI

Pitch attitude.

@‘D_~vl )_,\/‘mw Lney
‘ - w P am s ORI 20N LINE
i 4 4 o110

-mmu Wi
TSAIRCRART EORECA Y Aags

Horizon line and pitch lines wove ver-
ticairly as a tunction of alvcraft pltch
angle with respect to horirontal refer«
ence plane. ritch read from pitch and
roll referenze marks.

Inyide-out,
Display represents # 27° of plitch,
Scale factor 1:5 {iompression),

hd fnore-
ments continuously through range.

Pitch scale has + 5° and * 10°

VSTOL»~HUD/VSD
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vipoisetavs | F-111B rewe HUD

ANGLE OF ATTACK

ROLL ANGLE

HEADING

INFORMATION

SYMBOLOGY

DESCRIPTION

RESPONSE
SOALING

INFORMUTION

sYMBoLoaQY

DESCRIPYION

RESPONSE
SOALING

INFORMATION

$YMBOLOGY

DESORIPTION

RESPONSE
SOALING

Roll attitude.

+ 30° PITCH LINE

HORLION LINE

L300 ITCH LN

Horizon line and pitch lines rotate to

indicate roll.

inside-out, status,

Scale factor 1:l.

Peripheral scales are aircraft-stabil-
ized (do not roll). No icale marks for
quantitative reading of roll angle.

F-111B nwome DVI |

Roll attitude.

TN T s s

' '."' '-ﬁN%mu POINTER

PLTCH LADOLA

HORLIOW £ INE

GROUKS TEATURE

Horizon line, piteh linea, and ground
Features rotate to {ndicate roll. Quan-
titative information provided by roll
polnter and reference marks.

Inside->ut, status.

scale factor 1:l.

Peripheral ucales are eacth-stabilized
{roil with horizon).

Roll reference marks at + 10°, + 20°,
+ 30° and + 60°.

A-6A

Angle Of attack,

FIXEU WING

ADI

YELOCETY vECTON

- T LUCIAL MARMR

Angle of attack shown by vertical sep-
aration of velocity vector symbol and
imaginary line between fiducial markers,

{naide-out, status.

Scale factor 1:2,5 (compression).

Roll atcitude.

ROLL SEALE
(PAINTED OM #1)
ROLL MARKER

HORIZON LING
G 10D TEATIRE

FLIGHT PATH

Horizon lipe, pitch lines, sky and
ground features, and flight path rotate
to indicate voll, Qusntitative informa-

tion provided by roll pointer and ref-
erence marks.

Inside-out, status.

Scale facter 1:1,

Roll reference marks at 15°
0 to + 60°,

increments

Magnetic heading and couree,

HEADING POINTER

Heading tane moves to indicate actual
headine. Read at fixed index. (ourse
pointer moves along acale to indicate
actual course.

Inside-out, wtatus,

Coverag. abeut 16°. Scale factor 1:3.2

(compression) .

Snale marks at 2* increments with num-
ersls avery 10°, Manually selectable
on oy off,

Magnetic heading and course.

/,,4\“"1’]7_‘7,7":_;"‘,4:»%( POIRTER

HEAUING SCALE

WADINC POINTER

Heading tape moves to indicate actual
heading, Read &t roll pointer. Coursa
pointer moves slong scale to indicate
actual course.

Inside~out, status,

Coverage 75°, Scale factor L16

(compression) .

Scale marks at 10° mai_r and 5° minor
with numerals evary 30°. Heading scale
is black with steering commands presant
and white without stesring whan scale
is primary reference. Manual in/off,

AAAIS vmwe  VSD

Roll attitude.

MORTION LING

GROUND 1EXTYRE

FLIGHT PAtH

2 b

Horfzon line, [light path, and sky and
ground features rotate to indicate
roll.

Inside~out, Status.
Scale factor 1il,

No scale marks for reading of rull
angle.

A-71

Status a

ADA symb
fl{ght ¢
fe intic

Ststus,
Leagth o

Center o
{nal val
blrnked
unlts.

Roll att

lorizoe

indivate

Toside-.

Seale o

Periphot
(Ju not
titative

Magnet b

Headiny
cate act
heading

loside-«

Scale t.

Heading
mode,




AAIS FIXED WING VSD

b1l attitudes

’\/uwns
\/»onhm LINE
——s > e~

== S

s ™ D TEXTURS
i GROUND. TEXTURE

SN E.. .., -
-\
| - FLIGHT PATH

son Line, [light path, and sky and
coutd features rotate to indlcate
hil,

Espiu-u;n, Status,
ial\- factor 131,

seale marks for reading of roll

A-7D/E FIXED WING HUD

Status angle of attack

ANGLE OF ATTACK SYMBOL

FLIGHT PATH MARXER

AOA symbol {a Fixed, Position of
flight path marker in relation to
ic indicates actual AUA,

Status, fly-from.

Length of bracket = 2 units ATA,

Center of AUA symbol represents nom-
inal value of 17,5 units, ADA symbol
blanked whenever AOA less than 12
unita.

Roll attitude.

Horizon line and pitch lines votate to
indicate roll,

Inside-out, status,

Scale factor 1:l.

Peripharal scales are alrcraft stabilized

(do not roll)., No svale marke for quan-
titative reading of roll angles.

Magnetic heading.

T

Heading tape woves horigontally to indi-
cate actual heading, Read at tha fixed
heading indax.

Inside-cut, etatus.
Bcale factor 1:14,4,

Hesding not displayed in decluttered

3

ILAAS HUD

Daviation from command angle of attack.

FIXED WINO

.

e ANGLE CF ATTACK
—— " NFEATACE MARK
/ AvaLL OF ATTACK

: ’/‘—/ €ANOR INDCX
o GLE OF ATTACK
Bt / REFERENCE MARX

FLIGHT PATN MARKEA

AOA ertor index moves vertically with
reference to the right wing of the
flight path marker to indicate AOA er-
ror, ADA refarence marks are fixed
with respect to the flight path marker.

Fly-from. A high symbol fndicates a +
AOA error and is a command to decrease.

Not specified,

koll attitude.

Horizon line and pitch lines rotate to
indicate roll.

inside-out, utatus,

Scale factor 1:l.

unmarked Jisplay center (boresight).

Though not specified, it is assumed that
hovizon and piteh lines rotate about the

ILAAS  neowine VSD | Norden

Roll att!tude.

\’W—mu SCALE

! ~ROLL [hOET

™~
VORTION LIS

Horizon line and pltch lines votate to
indicate roll. Quantitative informacion
provided by roll pointer and reference
marks,

Inside-out, status,
Scale factor 1:1,

Peripheras scales are varth stabilized
(roll with horfzon). Reterence marks at
10° intervals, 0° to 60°.

Magnetic heading,

HOR1ION L INE

HLADING IWDEL

Heading tape on horizon noves to fndi-
cate actual heading. Read at fixed
heading index marker,

Inside~out, status,

Scale factor approximately 112.5 (com=
pression).

Bcale marks in 5* increments with numer-
als every 10° lisading scale also &p-
pears on # 30° pitch lines.

ROTARY WikG
FIXED WING

Rall attitude.

g - AOLL REFERENCE MARKS
X ‘P r7 4"‘/‘
» :Wmu POINTER

2]
s

T MORLLON LINE

-l
T e saTURES

s

AIRCRAFT REFERINCE
SYMBOL

Horizon line, pltch lines, and aky and
ground features rotate to indicate roll.
Quantitative information provided by
roll pointer and reference marks.

Inside-out, status.
Scale Factor 1:1,

Paripheral acales are aircraff stabil-
jzed (do not roll). Reference marks

at 0°, + 10°, 4 20°, + 30° and * 60°
roll angles.

Magnetic heading.

10 HEADING NUMERIC
17 HEADING WARKS
("= AIRCRAF !t REFERERCE
SYN§OL
1600 ERIR BOIUT
Heading tape moves along horigzon to in-
dicute actual heading., Read at zero

error point (center of sircraft refer-
ence symbol},

Ineide~out, status.

50* coverage. Scale factor l:4 (com-

pression).

Scale marke at 1° {ncraments, with nue
merals every 10°, Changes in hesding
also indicated by movemant snd changes
in oriantation of ground texturs.

IEVD | IHAS

Roll attltu

Horizon llv

fnd{cate 1¢

Inslde-out,

Scale fact

Peripheral
(roll with
in 5" mino

Magnetic

Heading ta
cate actus
section of

Inside-out

Scale fact

Scale mark
eara ever
appears on




TAKEOFF 2-8

VSD

FIXED WIHO

AAS

Pattitude.

YVTT17
\l‘i\)"‘,\'—_‘mu StaLt

ROLL LHQEX

HORLION LINE

oot Hne and pitch lines rotate to
roll. Quantitative information
by roll pointer and reference

CARIRH

L L, stalus.
votacter L:l,

ot al <eales dre earth stabilized
I with borirzon), Reference marks at

HORI 0N L IRE

fug tape on horizon moves to indi-
wtual heading. Head at fixed
iny {odex marker,

teeout, statug,

tactor approximately 112,5 {com~
fenj .

narks {n 5% increments with numer-
vers 10°  Heading scale aleo ap-
Foon ¥ 30° piech itng

ROTARY WiNG
FIXED WING

IEVD

Norden

Roll attitude.

ROLL REFERINCE MARKS

T E T — o oinR
i E?ﬁa‘n

[ HORTZON | [HE

Horizon line, pitch lines, and sky and
ground features rotate to {ndicate roll.
Quantitative information provided by
roll pointer and reference marks.

Inside-out, status.
Scale factor 1:1.

Peripheral scales are aircraft stabil-
ized (do not roll). Reference marka
at 0°, + 10°%, + 20°, % 30° and + 60°
roll anglues,

Magnetic heading.

Heading tape moves aleng horizon to in-
dicate actual heading. Read at rerc
error point (center of aircraft rvefer-
ence aymbol).

Inside-out, statua.

$0* coverage. Scale factor 1:i4 (com-

pression).

Scale mavks at 1° {ncramente, with nu-
merale evary 10°, Chsnges in haading
also indicated by movemsnt and changes
in orientation of ground texture,

ROTARY WING

IHAS

VDI

Roll attitude.

HOREZON L1NE

Horizon line and pitch lines rotate to
indicate roll.

Tnside~out, status,

Scale factor 1:1.

Peripheral scales are earth stabilized
(roll with horizon), Roll scale marked
in 5* minor and 10° major increments.

Magnetic Heading .
HEADING SCALE

ACTUAL KEADING 5TROKE

Heading tape on horizon moves to {ndi-
cate actual haading, Read at inter-
section of actual heading atroke.

Inside-out, status.
Scale factor 115,

Gcale marks {n 5° {ncrements wich num-
erale svery 10°. Hesding scale also
appears on + 30° pitch lines,

VSTOL+»=HUD/VSD

Procedlng’naga blank
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VSD DISPLAYS

STEERING

TURN RATE

VERTICAL ORIENTATION

INFORMATION

sYMBoLoay

DESCRIPTION

RESPONSE

SOALING

REMARKS

INFORMATION

$YMBOLOGY

DESCRIPTION

RESPONSE

SCALING

INFORMATION

sYymsoLoay

SORIPTION

RESPONSE
SOALING

REMARKS

£

F-111B wwwa HUD

Command heading.

STEERIAG STMBOL

ALRCRAPT NETLCLE

Symbol dieplaced from null position at
alrcraft reticle to indicate required
changes in heading.

Fly-to, command, compensatory tracking.

Scale factor 1:6 (compression).

Simple displacement commands. Symbol
1imits at + 25° of heading error.
Symbol can also indicate pitch com=-
mands given such inputs.

Qualitative indication of turn rate
provided by rate of movement of mag-
netic heading scale,

Vertical orfentation.

—_ _-ﬁf\
R B - 30 PITOH LING

+ 30° piech line is solid, - 30° pitch

line is broken.
Inside-out, status,
N.A,

Vertical eriantation cues not shown on
display in pitch attitudes beyond
« 50°,

F-111B wwwe DVI

Command Heading.

T
1 "l.‘ |"_‘1_""$' ! 'l>\ STEERING STHB0L

AIRCRAFT ALTICLE

Symbol displaced from null position at
aircraft reticle to indicate required
changes in heading.

Fly-to, command, compensatory track .g.

Scale factor 1:6 (compression).
1 inch = 11°,

Simple displacement commands. Symbol
1imits at + 25° of heading error. Sym-
bo} can algo indicate pitch commands
given such inputs.

Qualitative indication of turn rate
provided by rate of lateral movement
of magnetic heading scale and ground
texiure.

Vertical orientation.

et M AR e
) |.|.| EandENR

o St BLANE
Tﬁ PLICH LADDER
\ 1ORIT0N L FNE
ALPTRAFT RETICLE
GROUND PLANC
GROUND TEXTURE

Sky and ground are differentiated by
gray tone shading and by ground texture
alementa. Tail of steering symbol al-
ways points up; roll pointer points
down.

Inside-cut, status.
N.A,

Major pitch lines ave coler coded: black
for positive; wnite for negative pitch
angles. Perspactive of ground testuts
elements indicates dirsction of nearest
horigon in nose-down sttituds.

A-6A

Command pitch and roll,

FIXED WING

ADI

FLIGHY DINES 10R

FLIGHT PATH APEX

Pathway and flight director symbols dis-
placed from null position at display
centar to indicate requiied changes in
heading and/or pitch.

Fly-to, command, compensatory tracking,

Scale faccor 1: 3.3 (compression)
horizontally and vertically,

Steering commands based on displacement
and rate— roll sum and pitch sum steer-
ing. Flight path apex shows dirvection
and wmagnitude of required change. Flight
director shows rate and error summed.

Qualitative indication of turn rate
provided by rate of lateral movement
of ground texture,

Vertical orientation,

HORLION LENE

GROWD TLXTURE

fky and ground are differentiated by
gray tone shading, clouds, ground
ente, and pitch line cod-

Inafde~ort, stutus,

N.A.

Perspective of ground texture elements
indicates directiop of nearest hortzon
in nowe~down attitude,

AAA'S FIXED WIRG VSD [

Deviation from runway heading. [
G
s _—
\ R

Gt TAtH
T Thunar)

GAIND Te R TR

Pathway locked at runway heading. Ro-
tation and lateral translation of path-
way indicate deviation from runway
center line.

Fly-to, command.

Total coverage approximately + 11°
scale factor 1:1.

Changes in headlng are also indicated by

lateral movement of ground texture
elements.

Qualicative indication of turn rate [
provided by rate of lateral movement 1
of ground texture,

Vertical orientation,

S
e L Y

e AT BLANE

-~ HORLION ¢ (41

GROUKD TCatRT

N e

Sky and pround are differentiated by
ground texture grid and clouds, ‘

Inside-out, itatus.

NA,

Perepective of groupd texture grid indi- |
zgtes direction of nearest horigon in
nose=down sttitude. 4

I2




FIXED WING VSD

AAAIS

Deviation from runway heading.
e
-
/ —ﬁ
! FLIGHT PATH
{AumAY)

GROUND TEATURE

——,— 3

Pathway locked at rurway heading. Ro-
tatiun and lateral transilacion of path-
way tndicate deviation from runway
center line.

Fly-te, command.

Teta. coverage approximately # 11°,
Scale factor 131,

Cumges in heading are also indicat2d by
tateral movement of ground texture

elementy,

Qualitative indication ¢f turn rate
provided by rate of lateral movement
of ground texture,

Vertical orientation,

TR clowns

ey PLARL

~ HORLION LINE

GROUND TEATLAL

Sk, and ground are differentiated by

ground texture grid snd clouds,

Inside-out, wtatus,

N.oAL

Perupective of ground texture grid indi-
cates directfon of nearest horizon in
noxe-uown attitude.

A"7D/E FIXED WING HUD

ILAAS

HUD

FIXED Wing

Command heading and pitch,

P
N e
e A ~FLIGAT DIRECTOR
el
%mw PATH MARK(R
v

e

2/

LI

% o

Flight director symbol displaced from
null position at flight path marker to
indicate rejuired chungey in heading.

Fly~to, command, compensatory tracking.

Not gpecified.

Qualitative indication of turn rate
provided by rate of movement of head-
ing scale,

Vertical orlentation,

HORE [0k \ 1N

4 - 80 PLICH Ll

Minus pitch liues are danhed and marked
with negative numerals; plus pitch lines
are solid and marked with rumerala.

lonide~out, atatus.
N.A,

All pitch scale numerics sre earth eta~
bilizad. Hence, if they appear upside
down, they indicate an inverted attitude.

Not apecified.

Command heading and pitch.

. P11CH FLIGHT DIRECTOR

e FLIGH" PATH MARREN

Two flight director components are driv:
en individually from null position at
Elight path marker to Lindlcate required
changes in heading and/or pitch,

Fly«tc, command, compensatory tracking.

YRoll” flight director commands heading
change rather than rell.
director components are combined into a
cross (flight director symbol) when si-
multaneous heading and pitch commanded,

Both flight

VSD

FIXED WIKQ

ILAAS

Command heading and piveh.

Two flight director components are dri-
ven individually from unull pusition at
flight path marker to indicate requir-
ed changes in heading and/or pitch,

Fly-to, command, compensatory trecking.
Not specified.

The flight director command congisty
of a plitch tlight director svmbol and
a "roll" flight director symbol. The
latter commanus changes {n heading,

not roll,

Qualitative indication of turn rate
provided by rate of movement of head-
ing scale,

Vertical orientation.

% v 1 BTTON LN
-

ShY PUANE

-

-+ WOK| (0K LINE

GROUND PLAKE

Sky and ground texture are ditferintiat-
@d by gray tone shading, Pitch lines
ars marked with numerics, Zenith and
nadi:- are & cloxed and open cross re-
apectively,

Inside~out, status.
N.A,

411 numarals are ssrth srebilized,
Jence, 1f they appear upside down, they
ind{cate an nverted sititude.

ROTARY WiNG
FIXED WinG

{EVD

Command heading, pitch and roll.

Norden

B

H e AR STt

Symbol displaced from null position
av display center to indicate requir-
ed changes in heading, pitch, and/or
roll. Can also rotate about its axis
at any point to indicate bank command,

Fly-to, comnand, compensatory tracking.
Not specitied.

Nurmaliy a zevo-reader symbol, but can
also be used as a predictor (future sta-
tus) or rate command symbol. Can also
be varied in slze or shape to provide
sdditional command cues.

Rates of rurn,

RATE OF TU#N INGICATORS

A “rate vector' symbol, orizinating
from center of horizon, extends to
left or right by an amount proper-
tional to rate of turn, Reference
marke designate l-, 2~, & a-min turns.

Status. Markings move tou the right
for a righ' turn.

1, 2, and 4 minute turn rates.

Rate of turn markers move indepen-
dently of heading scale.

Vertical orfentation,

TTONNWET T e s
NI

g ORI 20N LINE

0]
-
L o TLRRAIN FEAT RS

$ky and ground texture are differen-
tiated by gray tone shading, cloud
symbols snd 4 grid pattern,

Inslde-out, stdtus.
N.A,

All nusericwe are earth stabilized.

1f chay appear upside down, they indi-
cate an {nverted sttitude. CGround tex-
ture perspective indicates location of
nearest horigon {n nose~down attitude,

Conman
from n
aymbol
headir

Fly-tc

Not s

In ve
vecto
the r
be a
or in

Qual
prov
a1y

Vert

Al
(%4
ce




TAKEOFF 3-¢

AAS VSD

HIXED WikQ

fooand heading and pitch.

fliwht director components are dri-
y individually from null position at
vht path marker to indicate requir-
changes in heading and/or pitch.

-to, command, compeusatory tracking,
f speciried.

b flight director command consists
v plrch flight director symbol and
rol " flight director symbol, The
ter commands changes {n heading,
roil,

ftatdive {ndicatfon of turn rate
L.t by rate of movement of hesd-

ploal vrtentation.

A ‘;T—'\Tfi"‘)\ et 0T PIGH LIKE

e SN ALt

L, o

WORLION | INE

T %
\\ 7L— GAOUND “LANE
P )

wround texture are diffarintia®-
P vras tune shoding, Pitch linee
wrked with nureries, Zenith and
‘.m; & closed and open cross re-
fraly,

ot slytus,

ivtals are earth stabilized.
o 1f they appe r upside down, they
4t an (nverted att{tude,

ROTARY WiNG
FIXED WINQ

Norden IEVD

Command heading, pitch and roll.

Ch "‘_"'d-_’i:_l,__mn ALRCAAFT Sy
v A i, # 1

Synbol displaced from null position
at display center to indicate requir-
ed changes in heading, pitch. and/or
roll., Cap alsoc rotatc about {ts axis
at any point to ind{cate bank command.

Fly~to, command, compensatory tracking.
Not s-ecified.

Normally a zero-reader symbol, but can
aleo be uged as a predictor (future sta-
tus) or rate command symbol, Can also
be varied in size or shape to provide
additional command cues.

Rate: of turn,

7/ | MIE vreTon s
Pt

RATE OF TURN TNCICATORS

A 'rate vactor” symbol, originating
from center of horizon, extends to
left or right by an awount propor-
tional to rate of turn. Reference
marks designate 1-, 2-, & 4=min turns,

Status. Markinge move to the right
for a right turn,

1, 2, and 4 ninute turn rates,

Rate of turn markers move i{ndepen-
dently of heading scala,

Vertical orientation.

.;K‘:‘Vﬁ;/;]rtmw STBOLS

r gl

o T Alkea i RENCE
SO —m ST
. o a2

- F etk reas

. 1.]5““4,,_mu1m g
RV
e

Sky and ground texture are differen-
tiated by grey tone shading, cloud
wymbols and a grid pattern,

Inside=out, wtatus.
N.A,

All numerics are earth stabilicged,

1f t'.ey appear upside down, they {ndi-
cate an invertec attitude. Ground tex-
tuse perspective {udicstes location of
nearest horigon .n nose-down attituds,

ROTARY WIKG

IHAS VDI

Cowmand headlng and altitude.

COMKD STEERING YECTOR

AIRCRAFT FORE-ATT ALLS

Command steering vector symbol displaced
from null position at aircraft reference
symbol to indicate required changes in
heading and/or altitude.

Fly-to, command, compensatory tracking.

Not specified,

In vertical direction, command ateering
vector acts as an altitude command;

the response to symbol digplacement may
be a change in aircraft piteh ateitude

or in lift factor (rotor hlade pitch).

Qualitative indication of turn rate
provided by rate of lateral movement
of ground texturs grid.

Vertical oriuntation.

= SKT PLANL

HORI 20K LKL

ALRCRAFT SQRE-AFT ALl,
> GROUND FLAM

GROUND T RTURE
Sky and ground texture are differenti-

ated by gray tone ahuding and ground
elerants,

Inside-out, status.

N.A.

All numerice are sarth stabtl{zed,
Ground texture grid perapective indi-
catse location of nearest horfson in
nose-down uttitude,

VSTOLHUD/VSD

C

‘

Praceding Page blank
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Dl .

ALTITUD

VERTICAL VELOCITY

INFORMATION

SympoLoay

DESCRIPTION
RESPONSE

SOALING

REMARKS

INFORMATION

sYmpoLOGY

DESCRIPTION
RESPONSE

SCALING

INFORMATION

sYMBOLDOY

DESORIPTION

RESPONSE

SeALING

Radar altitude.

MADAR ALTITUOF SCALE

ALTITUOE 1HO&X

Fixed scale and moving pointer indicate
radar altitude.

Status, pointer moves up tor increased
altitude.

Scale factor 1% = 200 ft,

Scale divided {nto 200 ft. increments
0 to 1400 ft. with numerals at 0 and
1000 ft.

Rate of ascent/descent.

= VEATICAL VELOCITY SCALE

P VERTICAL VELOGHTY THDEX

Fixed scale and moving pointer {ndicate
vertical velocity.

Status, Pointer moves above zero for
ascent, below zero for deacent,

Scale factor 1° » 200 fpm.
Scale divided {nto 200 ipm increments

with numersle at O and - 1000 fpm,
Range + 400 fpm to - 1000 fpm.

N -

VSD DISPLAYS | F'l 1 1 B FIXED WiNG HU D F'l 1 1 B FIXED WING DV' l A"GA FIXED WiNG AD' AAA'S FIXED WING . VSD

Commend altitude (baromatric).

NV
! .Ill' 'Tﬁi m\ ALTUTUDE ERRes STMOOL

REFERLNCE MARKER

Error symbol moven vertically from fixed
reference mark to indicate deviation
from command altitude. At null position
gap in symbol is centered on reference
mack,

Fly-to, command.

Scale factor 1 inch equals 800 ft
altitude errur.

Manually selectabls . or off. Altitude

also read in neareat 100 ft, on counter
above VI,

command airspeed.

B R L A
r e
Dyt 5:_/_'4‘\ AIRSPEED (RROR STMBOK
_.A" T

CEFLRFNCE WARMER

Error symbo) moves vertically from fixed
reference mark to indivate deviation
from command airspued, At null position
ppkin symbol is contered on referunce
Lark,

Cormand. Fly-~from (upward aymbol dis-
placement commands decresss in sirspeed.

$cale ractor 1 fuch equals 80 ktw

Atrspesd slso read to nearsst 10 kts
on & counter above V1,

Command altitude.

—_—

FLIGHT pATY

GROUAG TOriuKE

Size and pattern of ground texture ele-
ments vary with status altitude. Angle

formed by pathway apex varies as func-
tion of deviation from command altitnde.

Pilut uses pathway as altitude cue as he
would runway in contact flight.

White ground lines on black; 0-100 ft &
over 1000 ft* black on white: 190-100,

Runway altitude ls reference altitude for
take-off. Transition from tak:off vo
enrota aitituds rade by manutall: chang-
1y command altitude selecti-n,

tio quantitative indication of vertical
velocity; however, pathway displacement

programmed for both altitude error
4nd command rate ot change,

Command airsnecd.

Qe S

e ALRSFELL DT ATG Y

~~~~~~ — B

Movement of dashed lines on right ot
tiight path indicates deviation from
command aivepecc,

Conmand, Fly-to.

Rulation of rete of movement to magnis
tude of error not apecified,

When actual alrspeed wquals command air-
spred, the dushed lines are stationary,
When actusl grester than command, 1ines
wuve dowiaward, and vice verss,

Al
Indy
the
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vSD

ure eles
Angle
[SE R hstv

aliitude.
cue as he

Pttt g
Foow,
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et to

1l ly chang=
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'
|
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error

A'7D/E FIXED WING HUD

Status and command altitude,

ATITUOE SEALE
"

‘_)_,_,—Anlmm nore

N L 1 {

\ It e
. ENCE Nk

Altitude scale fixed, Thermometer type
indexer moves on scale. The number at
the scale basv (e.g. 9) indickates the
scale begins at 9000 ft,

Status.

Net specified.

1000 [t scale structure has 100 ft {n-
crements with major marks every 250 ft.
Radar or harometric altitude is dig-
played dependinp on node, Max range
not specified,

Rate of ascent/descent,

AT 0L SUALL

“YIRTICAL VELOCE®Y IMDEY

Fixed scale and moving poir r indicate

vertical veloclty,

ntatus,

ot speci‘ied,

Al:itude scale a'so serves as vertica,
velocity scale,

ILAAS FITED WiND HUD Is FIXED WiNG VSD

Status altitude.

-4"\j
e T AN s
—

Altitule Lape moves wgainst fixed refer-
ence line tu provide cwantitative atti-
tude iutormation,

Stacus., Tape moves downward for {n-
crease in altitude.

Scale factor 100 ft/in.

Scale has 20 feet focrements with numer-
{es evervy 100 ft to 5000 i, There are
400 ft of scale in view at any one time,
“ielck wall' appears at O ft. Scale is
catth stabflized (rolly with horizum),

Norden %' 1EVD

Altitude .

Altitude tape moves against fixed vef-
erence line to provide quantitative
altitude information.

Status. Tape moves downward for in-
creased altitude.

1 raster line equals ! foot altitude or
approx. 60 teet per inch.

Scale has 100 ft {ncrements. Barometric

or radar altlitude not specified (either
may be used).

Rate of ascent/descent,

N

S ;
- r/l(i”(‘\ WELGUITY

Vertical velocity represented by bar ex-
tending from altitude veference mark.
Length of bar proportional to verrical
velocity,

Status. Bar extends upward for ascent:
downward for demcent,

Not specifled.

IHAS ROYARY wWiNa vDi

Status radar altitude.

AT SCALL

Movable vertical tape read against fix-
ed fiducial marker fnd{caces radar al-
titude,

Status. Tape moves downward for fn-
creased altitude.

400 ft of scale in view a4t anv vine Cive
50 't increments; numerlcs every 1ttt
Scale nat displayed above 5000 ft.
"Brick wall' appears at 0 ft. Seale
rolls with raster (earth stabflized),

Rate of ascent/descent.

L LA
N A0

[AnvarNY

Vertiral velocity displaved by bar vm
anating from altitude fiducial marker,
Lenath of bar proportional to vertival
veloe!ty,

Stitus, Bac extends upward tor oo g
dovnward for descent,
Scule factor 1 {n = 200 fpm,

Tudex marks at 100 fpm Increments,
Range + 400 fpr,

AN

) from
eagii=-

1.;&::-1 EYIN
fonary.
to linek

Status airgpeed.

n . s RERSFEEL TALE

Alrepeec scale fixed. Thermometer type
indexer moves on wcale to provide quanii-
tative airepeed. The nunber at the base
of the scale (c.g, &) {ndicdtes the
wcale beging at 400 kts,

Stutus,

Not epecified,

Scale haw 10 koot increments with dotw
evary 1 knots and major marks every 50

knots. Max, range not specified. Alr:
speed not displayed in weclutiered mode. l

B

Status airspeed,

Moving vertical tape raad against fixed
rafiience line indicates status eir-
speed,

Status. Tape moves upward with ine
creased alrspesd,

Not specified,

Note sirspeed and altitude tapes wove
{n opposite direction for increasing
values, Numerals at 10 kt {ntervals
from - 50 to + $70 kte,

Status alrepeed,

LA NAR

ARG MM S

Movable vertical tape read against fix-
ed fiducial marker indicates afrepeed,

Statys, Tape moves downward for in-
crease in airspeed,

Scale facter 10 kts/in, P'

5 kt scale increments with numerale ev-
ary 10 kte, 40 kts of scale dn Ji-w
at Any given time, Negat' e sirspred
indi:ated by minus eign. See also
ground speed).




TAKEOKF 4.8

AU ADEX

&

ixed refer-
tive alei-

wi honumers
ihere are
vne time,
seale is
horizon),

ROTARY WiNG
FIXED WiNG

Norden IEVD

Altitude.

Altitude tape moves againat fixed ref-
erence line to provide quantitative
altitude {nformation.

Status. Tape moves downward for in-
creased altitude,

1 raster line equals 1 foot altitude or
approx. 60 feet per inch.

Scale hag 100 ft increments. Barometric
or radar altitude not specifird (either
may be used).

Rate of ascent/descent,

A7

F‘,umcn VELIITY

Vertical velocity represented by bar ex-
tending from altitude reference mark,
Length of bar proportivnal tuv vertical
velocity, "

Status. Bar «xtends upward for ascent;
downward for descent,

Not speciflied.

Status alrspeed,

| e s

Moving vertical tape read againet {ixed
refarence line {ndicates atatus sir-
apend,

Status. Tape moves upward with in-
creased alrapeed,

Not specified,

Note alrspesd and altitude tape., move
in opposita divaction for increasing
vialuss, Humerals at 10 't intervale
from - 50 toe + 570 ks,

ROTARY wWiNG

IHAS

Status radar altitude.

VDI

ALTITUDE STALE

Movable vertical tape read against fix-
ed fiducial marker indicates radar al-
titude.

Status, Tape moves downwdrd for in-
creased altitude.

400 [t of scale in view a% anv one tiwej
50 ft increments; numerics every 100 ft.
Scale not displayed above 5000 ft.
"Brick wall" appears at 0 ft., Scale
rolls with raster (earth siabilized).

Rate ot ascent/descent.

L VERTLEAL YELOCITY
INDlLCATOR

g iUty MR

Vertical wvelocity displ.ved hy har em~
anating from altitude fiducial marker,
Length of bar proportional to vertical
velocity,

btatus, Bar extends upward tor ascent;
downward for descent,

Scale factor 1 {n = 200 fpm,

Index marks at 100 fpm Incremen‘s
Range + 400 fpm,

Status airspeed,

Movable vertical tape read against fix-
ed fiducial marker indicates ajrspsed,

Status, Tape moves downward for {n-
cresis in sirspeed,

scale factor 10 kts/in,

S Kt scale incremunty with numersle ev-
ary 10 kts, &0 kte of scale {pn view
at any given time, Negative a
indicated by minue sign, (Ses aleo
ground snsed),

4

VSTOL»+HUD/VSD

Praceding page biank
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VSD DISPLAYS F" 1 1 1 B FIXED WING HUD F- 1 1 1 B FIYED WiNG DVI

VELOCITY YECTOR

RUNWAY KEADING ERROR

KUNWAY DISTANCE

INFORMATION

SYmBoLoaY

DESORIPTION

RESPONIE

SOALING

INFORMATION

SYMBOLOGY

DESCRIFTION

RELPONSE

$CALING

INFORMATION

sYmsoLoay

OESCRIPTION

SOALING

KTMABNS

A'GA FIXED WING ADI

Actyal flight path threugh the airmass,

‘_’,)—‘——’—'mucm VECTeR

WRLION LINE

The position of the velocity vector sym-
bol with respect to the horizon line
and/or the flight path apex denotes the
actual flight path or velocity vector
of the aircraft.

Fly-from (velocity vector flown from
present position to desired position),

Vertical scale factor 1:2.,5; horizontal
scale factor 1:3,3 (both com;ression).

The symbol marks the projected point of
impact on the ground-sky plane if the
direction and velocity of the afrcraft
are not changad,

AAA'S meowne VSD |

Actual tlight path through the airmass. K
P
\ L S AL BRI

/

Ihe position ot the velocity vector sym-
pol with respect to the horizon line \
and/or the Elight path apex denotes the
actual flight path or veloeitw vector
of the ajrcraft.

Fly-from {velocity vector flown {row
present pousition to desirad position).

sScale factor 1:1,

The syrbol marks the projected polnt o
impact on the ground-sky plane 11 the

direction and velocity of the aircraft
are not changed.

vee stewering.




AAAILS

VSD A‘?D/: Hige ming HUD

QULE N

ILAAS

HUD

ILAAS

Avtual THight path tarough the aivmans,

FIXE0 Wing

VSD

ROTARY WiNG
FIAED WING

Norden IEVD

\\3\'\' T e SRR

7

—a
“-*‘.N

"

RN

dhrevtion and velovity ot

bar Lhbwgdb, AVoal Phanit patt Whjoaph Ve ainara, Actual 11ialt path theough the alymuas
N [ o =
. - et o s
| =
3 ‘ ' . .- =
v g
; AR " \
i . S RPN TN - —
: L2, X . ‘ IR AL LN =
i R N N Bhd v Pa peossiten o bl bhagld path wad ke Flight path rarker dunotes gctual flignt
PN Wity ¢ o0 v kel téin bhae MAED drapa b Lo e B teen Thar deiebue bopath o or abroratt veloclty vectors bBrin
SR oAb e e bes dhe Ve ae baad higat pall ot el 1 veotopf iy fes Lateral displacenent from cotder,
i ey oy TS TUR R NI Yo Al adropaty, o berteon Hine position in velation
o Vo tu ndteates afreratt [HIght path,
i R L E Y Fhect ohaaaed fhbgod palh arost Hewa Shvate (rbbght path worker tlown to
. © swiie o ositg.n ‘ Ty Pomeal oo bl aidon i, roving vt Pined,
. H Poege ttind, Nl mpec b, Hot spevitivd,
1 T T T T S Y T TL ’ Thhs b habidat ity tlEeht part I this pecdnantaatbon, the 1ibeht path The sytahod
+ v oEks o prace AL Whe Caa B A a4 tea Aty Ui Loreinus ot i Fepresented by the retation hetween
. U At Vet e weles tEy vecbar wilh the tHght path marker and hortzon sves
. e beape 0o the deal wenld, buls, Sebther sembol posdtion diagsbaved are nel changed,
Paolages tly e latad Lo the real world,
w i
H
'
-

e posttbon of the thab path marker
with respect to the horizon liae and

heading index denctes the actual
path or velocity vecter of the afrerafe,

tiight

Fly=trom (Fhight path cavker 1 town trom
prosent posation to desited posit ol

Ehe projecter point ot

tmpact on e ground-sky plase it the

the direvalt

]
Deviation trom runway headiee .
. Wy ry 7
(AN
- e § i
|
[

Kol specified,

Not specified.
Not specifivd,

Keterence docutents fndlvace the display
of runway headfoxg ceror tor the takecoft
mode but ne symbatopy (s depicted,

Distance alony Che vunway,

Not specified.

Not specified.
Lot specifled.

Reference documents indlcate the display
ot runway distance for the takeoff mode
but no symbology is depicted.

Not

D
bl

syihe




TAKEOFF 3-6

f VSD | Norden "= JEVD | IHAS *™** VDI | VSTOL~HUD/VSD

|th alrmags, Actual flight path through the alrmaud.

) RTINS
PPV NIOR AN
ALY POIYY rHeO
U ﬁ\ ORI 0K LINL
ACTUAL WLALING S THORE
SEUIRTIT
path market Position of velocity vector symbol {n
Tine and relation to horfzon line and actual
heading stroke indicates actual path

vtual f1ight
the atreraft, of aireraft through the alrmass.

i
+ tlown trom Fly~from.
o veition)

; Not specitled.

et pedut of During vertical dgcent ot fheucent, = m-
e 3t the bol will be of f displav. Dvnamics of

the adteratt symbol during hover not specifled.

Deviation trom runway heading.

[NV
}
|

—

i
. ey

4
-

Not speciftled,

Not gpucltied.

Not specitied.

- —

Reterence documents {ndicate vhe display
of runway heading error for the takeotl
mode but no symbology Is depluted.

Digtance along Lthe runway.

e \\"\1.‘777 I

e

Not specified,
Not specifiad, Precedi“g nage hlank
Not specified,

Reference documents indicate the dieplay

of runway distance for the takeoff mode
but no symbulogy is deplcted. l
47




M VSD DISPLAYS

GROUNDSPEED

HOVER GROUNDSPEED

LATERAL GROUND VELOCITY

INFORMATION

sYmsoLoay

DESCRIPTION

RESPONSE
SCALING

REMARKS

INFORMATION

SYMBOLOGY

DESCRIPTION

RESPONSE
SCALING

REMARKS

INFORMATION

SYMBOLOGY

DESCRIPTION

RESPONSE

SOALING

F'l 1 1 B FIXED WING HUD l F-l 1 1 B FIXED WING DVI ’ A-GA FIXED WING ADI | AAAIS FIXED WING VSD A




ROTARY w'Ng IHAS ROTARY WIN
mrowwe VSD A'7D/E wowne HUD | ILAAS  neowe HUD ILAAS wwve VSD | Norden o wo NEVD
Ervor from -ommand grout:
-
L7
For farward speods g
horfaon at el tTRRTE
grid scove np o
cate differeace hetwern
ety nround apeed
Fly=tar Fleruty move o
sreed vreater Phan -
lepent moverest aopr oo
Fer. e g s
Bewaise et peeriv
1 to move toward or s
Status groundspeed (hover),
—
|
I
1=
!
l WALIMAL M
Hurizontal elements of yroun. texture Yoy graund moeeds fess
grid move down the display at velocity horizental elerents ot g
proportivnate to groundspeed, prid meve down the dis
prepertionate to actutl
Status fndlcator, gqualitative, Status indleator, naati
Not speciffed, Maximum velocity of bert

2.5 to/ene = 30 kis,

For rotary wing aircraft, ground tex- At zero groundspeed, the
ture grid moves up or down, At zero grid s stationarv, Hee
groundspeed, grid fa stacionary, spective, elenents appra

ward or away from olserv

Cross heading velocity,

Lateral ground vaelocity,

TNV

-RADIA FLEMEAT

‘ Radia) elements of ground texture prid Radial vlements of grow
move laterally to denote lateral velo- move laterally to dennte
city., At zero lateral velocity, ele- city. At zero lateval
ments are stationary, mante are »tatiorary.

Stutus indicator, qualitative, LElements Status indicator, quali

move opposite to motion of aircraft. move opposite to motion
Not speciflied, Elemant speed proportio
2.5

velociiyv ) max kpeed 2.5

7 Praceding




TAKEOFF 6-¢

HXET MING

-

VSD | Norden ‘22w JEVD

N s .

Status groundspeed thover).
N7
N - h H
S

|

it

- IRLJGHTAL L) CMEN®

Horizuntal elements of ground Lexture
grid wove down the display at.velocity
proportivnate to groundepeed,

Status indicatur, qualitative.
Not apecified.

For rotary wing aircraft, ground tex-
ture grid moves up or down. At zero
arvondapeed, yrid 1s stationary,

Lateral ground velocitly,
VY77
i DR
' B
ke

Tt 5

T MM ELNENT

Radial elements of ground texture grid
move laterally to denote latersi velo-
city, At zero lateral velocity, sie-
mente sre stationary,

Status indicaior, qualitative, Elsments
move opposite to motion of sircraft,

Not specified,

IHAS ROTARY Wik VD|

Error from comrind grevadapeed.

e TREND 1A

"o HORLIONTAL ELEMINTS

For forward speeds of 0 kts or more,
horizontal elenents of grownd tevere
Rrid move up aad down Jdaplay to (nld
cate difference hetween copmand and
actunl ground speed,

Flv-ts, YFlements move down to Ind{cate
speed greater than cormmand: viee veraa,

tlement moverc:st {4 prapertionate o are
ror, reaching cax wel, o at onokts orrer,
Becanse ot perspective, cloments appear
ty move toward or away From chuorver,

stitus sroundapeed (hovord,

L GROVNG Ty TRe

LR N LR

For pround mpeeds lers than 30 kts,
horizontal elements of pround texture
grid move down the display at veloclty
preportionate tu actual ground apeed

Status Indicator. Oualitative,

Haximum velocity of horizoutai elements
2.5 infsec = 30 kts.

At zery groundspeed, the ground texture
prid Is ataticnary, Because of per-

apective, elements appear to move to-
ward or away trom observer,

Cross heading velocity.

- GROURE TERTURD

RADIAL £LEMENTS

Radial elemente of ground texture grid
move laterally to denote lateral velo~
city. At rero lateral velocity, ele-
mente are stationary.

Status indicator, qualitative. Elements
move vpposite to motion of aircrafe,

Element speed proportionate to lateral
velocity; max wpeed 2.5 in/esc = 30 kts,

Preceding page blank

[VSTOL~~HUD/VSD

| Cw
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TABLE 5 - SUMMARY OF VSD INFORMATION FUR TAKEOFF

PUTCH TRIM

o

W

S

n) ~

= — = = a = [ ta — )

- e 2 wn — o] N 23] o oy

= [ “a - = ja et = = e =
=al N ul o]

—4 Ll 127] ~ w0 0 2 )

S I TR =T = Il IR B I W o

— — el -4 ™~ e fE o << =~

| l | “ 1 3 ) = 2

fie I L - . — Pt P4 - =

PLTCH ANGLE oY VA AN A A I
VoY Y Y

ANCLE OF ATTACK

ROLL ANGLE

=~

NN N

HEADTRG

STEERTING

=~
NN N

~

=

TUHRN BATE

VERTLCAL ORTENTNTLION

ALTETURL

VERTLCAL VELOCLTY

ATRsPLLD

D N N S S B N N

VELOCTTY VECTOR

— - -

NN N NS

N NN N~

GEIDUEATH

wAVEOPY

PATHWAY

SThEsL Ly

BUNWAY BLADTILG FREOR

RUNWAY D stanc

HOVE G Pos T ok
HARGE Jo v
RO DS D
-

Hovis

aRoUNhsPrEh

LATERAL CROUND VETOCTTY

b i S—

Praceding page blank
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TABLE 6 - ANALYSIS OF VSDs FOR EN ROUTE

EN ROUTE

~.

—

R T
['N-Ul-v-v-v-;u.. \
n _—a0

r Vs

D

VSD DISPLAYS

PITCH ANGLE

PITCH TRIM

INFORMATION

SYN.BOLOGY

DESCRIPTION

RESPONSE
SCALING

REMARKS

INFORMATIOK

$YMpOLOGY

DESORIPTION

RESPONSE
SOALING

F-111B HUD

Pitch attitude.

FIXED WiNG

v,
3
-

" Jo* BITOR VI

PIION LAGULR

) .

! ey [

. “H_ﬁw"mmn RETIOW
|
|
H

X, ) —~—

HORLION LINE

U= 200 PITCH LNt

Hor{zon line and pitch lines move ver-
tically as a function of afrcraft piltch
angle with respect to horfzontal ref-
erence plane, Pitch read at alrcraft
aymbol,

Ingide-out,

Approximately + 30° vertical coverage,
Scale factor lib (compression).

Pitch ladder shows 5° increments O to
4 20", Auxtllary plten lines at + 30°

(s0l1d line) and - 30° (broken line).
Nadir and Zenith not displayed.

Horizon line adjustment.

ALRCRAFY RETICLE

\
1
—
i
H \
. "N 10N L INE

A manual control permits vertical ad-

justment of the horizon line to compen-
sate for differepces {n pitch attitude
for vavious conditions of Jevel flight.

Range of adjustwent + 20°,

The loca] horizon is veed for level
flight reference,

F"' 1 1 1 B FIXED WiNG DV'

Pitch attitude.

T
(‘m S TEE O O i

e
e

Horizon line and pitch lines move verti-
cally as a tunction of afrcraft pitch
angle with respect to horizontal refer-
ence plane,  Pitch read at alreraft
symbol,

Inside-vut.

Approximately + 30° vertical coverage,
Scale factor 1:6 (compression),

Pitch ladder shows 10° major and 5°
minor lacrements O to + 30°. Auxillary
pitch Lines, at + 30°, + 60°, and + 90°
(not shown), are color coded! black for
positive, white for negative.

Horizon line adjustment,

SN
f*l-l'l"'r&luﬂ'\ .
/ [ 1] JRCRAP T RETICLE
| - 1

EFERENCE MARNLR

HRIIGH | (8E '

A manusl control permits vertical ad~

justment of the horizon line to compen-
uate for differences in pitch att.tude
for various conditions of level flight,

Kange of adjustment + 15°,

The local horizon {s used for level
flight refersnce.

A-6A

FIXED WING

ADI

Pitch attitude.

HORFZON LN

= 1 (UL IAL MARKERS

GROUKD TEXTHRE

I

Horizon line and pitch lines move verti-
vally as a function of afrcraft plech
angle with respect to horizontal refer-
ence plane, Plteh read at display cen-
ter,

Inslde-out,

+ 15° vertical coverave, Scale Factor

1:2.5 (compression).
Auxillary piteh iines, at + 30°, + 60"

and + 907 (not shown), are color coded:
black for positive, white for negative,

Fiducial marker adjustment.

FIOUC A WARL
(ELpCTaONIC)

= 5y A WAk
(PALNTED ON (RT3

MORLION ¢ INE

A manual control permits vertical ad-
justoent of fiduciasl markers to compen-
for differences in pitch attitude for
varfous conditions of level flight.

Range of adjustment + 15°,

AAAIS neowe VSD

Pitch attitude,

AU G AT W

PR

lorfzon line moves vertically as a tuns
tion of atreraft pltch angle with vo

spect to horizontal veterence plane,

Inside-out,

+9° vertical coverage, bSeaie tactor
i1,

Display center is not marked,  He sval
provided for quantitative reading of

pltch angle,

tiorfzon line adjustment.

A manual control permite vertical ad-
justmant of the horizon line to com-
pensate for diffarences in pirch atti-
tudg far various conditions of level
flight,

Range vf adjustment + 6°,

hetent in manual ceomtrol uedd tor
level {light reterence,




A

(1304 \\‘\T T // |
Cipa - R R

pEn-
or

|

AAAIS

VSD

FIXED WING

Piteh attitude.

_FCIGHT PATH APEY

- ORLION LINE

- oG TS TN

Hertzan Tne noves vertically as a func-
tion of airveraft pltch angle with re-
spect to horizontal reference plane,

inside-oul,

+ 9% vertfcal coverage, Urale factor
IERIN

Display center is not marked, No scale

provided tor quantitative reading of
pitch angle,

Horiaun line adjustment,

U ———

\ HOKEZOK LINE

[

A manual control permite vertical ad-
justment of the hotizon lins to com-
pensate tor differences in pitch acti~
tude for various conditions of level
flight,

Range v adjustoent ¢+ 6°,

Detent in manual control used for
level tlight reference,

A-7D/E

HUD

FIXED WING

¥light path angle.

PR

FCIGHT PATH MARMER

Cu it g tae

florizon and pltch lines move vertically
wlth respect to tlight path marker to
indicate Flight path angle (plich minug
angle of attack)., Level f1ight when
horfzon and flight path markur coincide,

inslde-out,

Scale factor 13l

fuxillary reference lines at + 5%, + lo0°
and ihereafter at 5% dntervals to ¢ 90°%,
Pitch angle not displayed. Flight path

marker Lw velocity vectar terminus,

ILAAS HUD

Flight path angle.

FIXED WiNG

e PETON (Db

-—

| -
\,‘[:,m PR MARRER

Tkt

Hovizon and piteh lines move vertically
with respect Lo {light path marker to ind
divate t)tght path angle (piteh minus and
gle of atta. ). Level tlight when hor-
fzon and flight path marks coincide,

Inside-out,
Scale tactor 1:l.

Plteh scale cunters on unmarkes display
boresight but is read at flight path mar
ker, Pitch lines at + 10°, + 30°%, & 50°
and + 70°, Pitch angle not displayed,

Flight path marker = velocity vector,

ILAAS

Pltch attftude,

Horlzon line and pitch 1
cally as a function of o
angle vlth reapect to he
ence plane, Pltch read
marks,

Instde-out,
Scale factor about 1:2.9

Piteh seale has + 107,
+ 70° murked with 1, 3,
tively: nadir, - 90°, s
zenjth, + 90, a cloaed
sembles flight director

Horizon line adiustment,

<RI

~ &

A manual contyol permits

sate for differences ir

flight referenc~,

FIXED WiNg

VSD

v 1t RGN CINE

Cn U LN

ine move verti-
treratt pitch
rlzontal refer-
trom fiducial

(compression).,

4+ 30°, + 50° and

5 and 7 rewpec-
an open cross;
cross that re-
command symbel,

PLACIAL MARN

WORTEM | 14

vertical ad-

justment of the hortizor line to compen-

pitch attitude

tor various conditions of level flight,

Range of adjustment + 10° to -20°,

The local hoitzon fe used fur level

ROTARY WiNG
HXED Wi

Norde IEVD

Piteh attitude.

(ff- \\'Wrr]z e i
i __Y'__Q/'.p

- 180 (P08 PHINT
L

2., [ HORVEOM LENe

-
T MRCRAV T Wb ERENCE
Svomk

HoPitn
HLPERENCE 3 {NE

Horigon line and pitch lines move verw
tically as & function of aircraft pitch
angle with respect to horizomtal refer-
snce plane. Pitch rend at sircraft
aymbol.

Inside-out,

scale factor 1:% (compression).

Pitel ladder shows + 0°.




EN ROUTE 1.7

All Weather VSTOL display is
not shown in the en route phase.

VSD

S FIXED WING

e

+10° FLICH LN

V17
T—
* 5% PLTCH LINE
Fee P

D
T FHUCIAL WAk

R Lot ke wnken

uorizon Ling

[ER) we!
af afrcraft pitch
» horizontal refer-
t read from fiducial

l’”t et 1i2,% (compression),

Ple has + 207, 4+ 30°, + 50° and
®ed with 1, 3, 5 and 7 respec-
Piir, -~ "M%, (4 4n opeh cyous|
. a4 clused cross that re-
Yioddiector command aymbol,

FIOGCIAL MARK

WOR ] JON L 1NE

coatrl pernite vertical sde

rizor line to compen=
e in pitch attitude
conditiong of level flight,

tistent 4 10° to ~30°,

Iorerizen s ysed for level

LS RUTATON

ROTARY WiNg
FIXED wine

Norden IEVD

Pitch attitudes

+ 10% PLIEH
REFERENCE LINE

1RO LAROR #OINT

it HOR1ZOW LINE

e A[RCUATT REFERENCE
Sra0L
- A0 PTGy
RLFIRINCT | INE
Horizon line and pitch lines move ver~
ticslly as s function of sircraft pitch
angls with respect to horizomtal refer-
ence plane. Pitch resd at sircraft
symbol.

Inside-out.
Scale factor 1:5 (compression).

Pitch ladder shows + 10°,

ROTARY WINO

IHAS VDI

Pltch attitude,

PITCH L ines

- 5110k/ROLL
REFERENCE MARKER

ALKCRAF T FOML-AFT Ax1s

Horizon line aad pitch lines move ver-
tically as a function of aifrcraft pltch
angle with respect to horizontal ref(r-
ence plane, Pltch read from pitch and
roll reference marks,

fnside-out.
bisplay represents + 27° of pltch,
Scale factor 1:5 (compression).

Pitch scale has * 5° and * 10° {ncre-

mante continuously through range.

VSTOLwHUD/VSD

Preceding page blank
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ANGLE OF ATTACK

ROLL ANGLE

IKFORMATION

SYMBOLOGY

OESCRIPTION

RESPONSE

SCALING

REMARKS

INFORMATION

sYmeoLoay

DESCRIPTION

RESPONSE

SCALING

RIMARYS

INFORMATION

$YMB0LOQY

DESCRIPTION

S0ALING

vsooisetays | Fa111B weowe HUD 7 F-111 meowe  DVI

Roll attitude.

TN
n” 2 ¢

—

+ Ja* PITCH LINE
o I

¢
¢ i

RS — }

y
: \
! HORTZON | IAL

~ e

TSR0t PETCH N

Horizon line and pitch lines rotate to
indfcate roll.

Inside-out, status.
Scale facror 1:1,

Perfplicral geales are aircrafte-stabil-
ized (do not roll), No scale marks for
quantitative reading of roll angle,

Maghetic heading and vourse,

o @t RS PO

I \<
TN T kot st
_t sy

)

HADING PUINTER

Heading tape woves to indivate actual
heading. Kead at fixed index, Course
pointer moves along svale to indicate
actual course.

In&ide-out, status,

Coverage about 10°, Scale factor 1:3.2

(compressionl,

Scale marks at 2° {ncrements with num-
erals every lU°, Manyally selectable
an or off,

Roll attitude.

ANV T R e s

by I‘Hﬁ‘l‘t-kn_ N
L

PITCH LADDER

WORTZON € INE

GROUKLS TLxTURL

Hurizon line, pitch lioes, and ground
features rotate to indfcate roll, Quan-
titative informatiom provided by roll
pointer and reference marks,

Inside-out, status,

Scale factor lid,

Peripheral wcales are earth-stabilized
(roll with horizon)

Roll reference marks at + 10°, + 20°,
+ 30° and + 60°,

Mai~utic heading and course.

i '-er,':")/cwm POINTEH
ERRY T mf

= MEAGENG ikl

AN POINTER

Head‘ng tape moves to fndicate actual
heading, Kead at roll nointer, Coutsn
pointer moves along ecale Lo indfcate
actual course,

Inside-out, dtarue,

Coverage 75°, Scale factor Llie

{compression),

Scale marks at 10* major and 3° minor
with nuswrals every 30'. Heading scale
is biack with steering commands present
and white without steering when scale
{s primary veterence. Manusl op/off,

ADI

A-6A

Angle of attack.

FIXED WING

- VELOCTTY ¥ECIaR

et 1OUC AL WARKER

Angle of attack shown by vertical sep-
aration of valocity vector symbol and
imaginary line between tiducfal narkers.

Inajde~out, status,

Scale factor 1:2.5 (compresslon),

Roli attitude,

—KOLL SUALE
{FAINTED OK CRT)

ROLL MAKKER

HORLZON I8¢

GROUND TEXTURE

FLIGHT vAy

Hyrtzon fine, pltch lineg, sky and
ground featurea, and tlight path retate
to indicate roll, Quantitative {nforma~
tion provided by roll pointer and ref-
vrunce marks.

Iuside-out, status,
Scale factor 131,

Roll reference marks at 15° {ncrements

0 Lo + 60°,

AAAIS FIXED WING VSD

Koli atticude.

il 3 INE

= GRUNE )8k

[\

Horizon lHue, flight path, and sky and
provnd features retate to hdicate
rull,

irglde-outl, status,

Scale facror Lil,

roll

tu wcale marks for reading of
angle.
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1
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RAIS

vsD

FIRED WING

attatode,

\‘\ L
~

\/»\mwn o

Gowatie, Dhignt pathy, and sky and

Lobcatres

Lot

ratate to Indfcate

tatus,

wirks Aot reading of roll

Status angle of attack,

A'7D/E FIXED WiNQ HUD

Position of
flight path marker in relation to
it indicates actual ADA,

AOA aymbol Ls [ fxed.

Status, fly-from,

Length of bracket » 2 units AOA,

Center of AOA symbol represents ncm-
inal value of 17.% unfts, AOA symbul
blarked whenever AOA less than 12
units,

Roll attitude.

SRRt Lt

Horizon line and plteh linea rotate to
indicate roll,

Insfde-out, status,

il

v tactor

Perfplweral scales ave alrcraft stabilized

tdo not roll),  No scale marks tor gquan-
titative reading of rol) angles.

Magnvtic heading .

ot ACHNG Sehct

/ BRI -
’ "L:CL_'\;N
Ty WLAGING NG

Heading tape moves horigontally to indd
caty actual heading., HRead at the fixag
heading index,

Ineéidevout, status.
Scale factor lid.b,

Heading not Jispleved in decluttered
mode.

ILAAS HUD

Beviation from command cngle of attack.

FIXED WiNQ

ANGLE OF ATT:TC

“
/ IS \/mmm AR

-~
/ — e ML O ATTACL
P A NDL S
- il
4 T ANGLE OF ATIACK
A T TN BEFERENCE MARK
\ P

~N

- FLIGHT PATH WARKER

ADA evror inder muves vertlcally with
reference to the right wing of the
flight patl. marker to indicate AOA er-
rov, AOA reference marks are {ixed
with respect te the flight path marker.

Fly-from. A high svmbnl fadicates a
ACA errer and is a command to dec.ease,

Not speclfied,

Roll attitude,

e 107 PITCH LN

-—

~.
ik zon ¢ I

Horizon line and pltch Jines rotate to
indfeatoe roll,

Inside~out, slatus,

Seale tactor 1:),

Though uot specified, It 15 assumed that
horfzon and pitch Jines potate about the
unmaried display venter Choresight).

ILAAS

VSD

FIXED WING

Roll attitide.

-\/@:“;‘li%{u\%-w-—- (LR

220N UINE

\‘ /

RHorizou line and pitch Lines rotate to
fudicdate roll, nuantitative inforeation
provided by rull pulnter and relerence
marks,

Inslde-out, status,

scale tactur dia,

Periphural scales are varth stabilized
(roll with hovizon), Reicrence sarks at
10° Intervals, 9° to 607,

Magnetic heading,

Q/Q\SII[ZX
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=
=
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e HOBT 0N T

TS e

Heading tape m horizon moves (o indi-
cate actual hesading. fead 3t tixed
heading index merker,

Inwide-out, status,

Seale tactoo approximately 1:7.% ((om-
pression).

Scale warks an 3° increments with numer-
aly every 10°, leading erale also ap-
pears on ¥ 30° pitch lpes,

HOTARY WING
FIXED WiNg

Norden IEVD

Rell attitudes

N &M RLFERENC] MARKS
1
rmmem R POINTLE

Rt
[

*ERTRIML

(CEICRIPU

Lines

Horizen liae, pltch and sky and
nd features rotale tu dudicate rold,
Quant {tative informat?fon provid 4 by
roil pointer and refarence marke,

Inside=oul , status,

Soale Factar 1:1,

Peripheral scalve eve alrcraft siabii-
ized (do not roll). R ference marks
at (%, £ 10°, 4 20°, + w7 and + 60°

roll angles.

Magnet {c heading,

LT al AT hoMLKC
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PLROING MARY

P
e
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Heading tape movas along norizm to In-
dicate actual headfne. Read at ger.
error poeint {center of ajrcraft vefer-
wnca gymbol),

Insidecout, wlatus.

0% coverage, Foule faetey 1:4 (oom

yreesion),

Scale marke at 1° {ncrements, witl wu-
nerale everw 10°, Changes in heading
also {ndicated by novement 8nd changes
in orientation of ground toxture.

IHAS

Roll

attitud

Rorizon Jine
indfoate

colt
col

Lo Bde-out, o

Stale vavtod

Poripieral s
Qroll with hoo
"% miner

Magnetis Head

Heading tape .
cate actual h
section ot ac

Insiuve oyt &

Scale tactar

Hesle ragve
vrais cvery
ppears on ot




EN ROUTE 2.7

FiXED WINQ

VSD

N0,

177 I'—A——-rmu o

piteh llpes rotate to
antitative tnformation
weluter and reference

Cbes ave earth stabilized
3 Reference marks at
PR SO VA

SITIRN

e,

—
"\ PPN

o,
-] Kl worrzon im

RN

0 herizon moves to indde
- sioigs Read st flaed
irrer,

P

Foorroxinately 1:2,5 (comm

‘ LU ucrementE with pumer-
" fvading weale aluo ap-
Piteh Mpea,

ROTARY WiNG
FIXED WiNG

Norden IEVD

Roll aititude:

‘“‘\_’ T Iz_//hou RUFERENCE MARKS

_lﬂtl POINTLR
s

—

BIRCRAMT KEFLRENCT
SYBOL

TERRALN FTATURES

Horizon line, pitch lines, and sky and
ground featurcs rotate to indlcate roll.
Quant itative intormation provided by
roll pointer and reference marks.

Tneide-vut, status,
Scale factor il

Peripheral scales are aircraft stabil-
1zed (do not roll), Reference marks
at 0°, & 10°, + 20°, 4 30° and # 60°
roll angles

Magnetic heading,
o100 HEAD bira WM &) C

OREADINe MARES

mmn REFLRERCE

LLRD LRKOR POINT

Heading tape moves along hovriton to {n-
dicate actua) hesding. Read at sero
wrror point (centey of aircvaft refer«
ence symbol),

Ineide-out, statue,

$0° coveraga. Scale factor 1:4 (com-

prersion),

Scale marks at 1* increnente, with bu-
merals every 10°. Changes in heading
aleo {ndicated hy movenert snd chanpes
in orisntation of yround texture.

Roll

in 5°

Scass
erals every 10°,
appears on ¢ 30° pitet lnes,

IHAS

attitude.

RITARY WING

VDI

HORI 20K LINE

PITCH/
KT Canct etk

KOLL MARMER

Horfzon line and pitch lines rotate to

indicate roil,

Inside-out, status.

Scale factor 1:il,

Pevipheral scales are earth atabilized
{roll with horizon),
minor and 10°

Roll scale varked
major increments,

Magnetic Neading.

HEADING STMLL

Hemding Leps on horizon woves to indi-
cate actual heading.
aection of actusl heading étroke,

Read At intor-

Insdde-out, status,

Bcale tactoy 1:5,

marin in 5° fncresents with nume

Heading scale also

VSTOL»«HUD/VSD

Preceding Page blank

55




VSD DISPLAYS

STEERING

TURN RATE

INFORMATION

$YMBOLOQY

OESCRIPTION

RESPONSE
*CALING

REMARKS

IRFORMATION

$YMBOL0QY

DESCRIPTION

RESPONSE
SCALING

REMARKS

INFORMATION

SYMBOLOGY

ScaLINg

F"l 1 1 B FIXED WING HUD

Command heading.

F]

— \ STEERIAG STHBOL
i
)
Sl
N
\
i
—_— AINCRAFT RETECLE

’
|

N
S

Symbol displaced from null position at
aircraft reticle to indicate required
changes in heading.

¥ly-to, command, compensatory tracking.

Scale factor l:6 (compression).

Simple displacement commands, Symbol
limits at + 25° of heading error.
Symbol can also {ndicate pitch commands
given auch inputs.

Yualitative indication of turn rate
pravided by vate of moveme.at ot mage
netiy heading scale,

Vertical ovientation,
v o et BT IN
ar R
4 i &
, . ALRURALT REDJCLE
N
B Ll
: HORLION | 1M
i
- T e
S T i et L

+ 30° pitch jine 18 svlid, - 30° piged
Yine §a3 breken,

Inaide-out, slgtus,

N.A,

Vertical orientation cues nut shown
on dicplay in pitch sttitudes beyond
+ 50°,

F" 1 1 1 B FILED WIKG DV' A'6A

Command heading.

SNV

STEERING STe0L

ALRCRAFT RETLCLE

Symbol displaced from null position ot
aircraft reticle tc indicate required
changes in he. diug.

Fly-tc, command, compensatory tracking.

Scale factor l:6 (compression).
1 inch = 11°,

Simple displacemant commands, Symbol
limits at + 25° of heading error. Sym-
bol can also indicate pitch ~cmmands
given such inputs.

Qualitative indication ot turn rate
provided by vate of lateral movement
of magnetic heading scale and groynd
Ltexrure,

Vertical orfentation,

ek G l-‘:'!/ RS
o T

PO L. ik
VOR1 LM LIME

IRCRATT KETHCL

sky and ground are differentiated vy
78y tone ehading and by around texturs
viesents, Tail of stesring symbo} al-
ways points Gp| roll pointer pointe
down,

Ineide-uut, wtatus,

N.oA,

Major pitch 1ines ave coloy codeds black
tor pesitive; white for negative piteh
angles, Perspective of ground Centule
wiements indicates dirwction of nearest
horiion Ip moss=down sttituds.

ADI

FIXED WING

Command pitch and roll.

FLIGHT DIKELTOR

o FLIGHT PAfH APLX

Pathway and flight director sywbols dis-
placed from null position at display
venter to i{ndicate required changes (n
hending and/or pitch.

Fly-ta, command, compensatory tracking.

Scale factor 1:3.3 (compression
horizontaliy and vertically,

Sieeting compands based on displacement
and vate-— roll sum and pitch sum steer~
ing. Flight path apex shows direction
and nagnitude of requlired change, ¥Flight
direcror shows rate and error summed,

Qualitstive indication of turn rate
provided by rats of lateral movement
ot ground texture.

Vertical orfentation,

e MORLHOR

WAQURD TR T

Sky 4nd ground sre differentiated 'y
gray tone shading, clouds, ground
texture elements, and pitch line cod-
ing,

Inefde-out, etalus.

N.A,

Perspactive of ground texture slemenis
tndicates divection of nearsst horigon
in pokerdown attitude,

AAAIS FIXED WING VSD

Commard neading.

—

L LTITY g
-

= FLIGHT P74 £EL

PR —

Lateral cvanslation and rotation o
flight path syubol about ap:« ludi-
cates deviation fvom command hoadlny.

Fly~to, command.

Total coverage approximately + 11°,
Scale factor 1:i.

Apex limits at display edge.  Status
indication of headieg chatge atso vro-
vided by lateral mcvement of grount
and sky elements,

Qua’itative Indicstion ot wurn rate
provided hy rate of lateral .ovement
of ground texture,

Vertical orfentation.

e

Ve D

{ A
PRI
ORI

gky and ground sie differentiated oy
poubd texqure yrid and cicuds,

ngide-out, status,

NoAL

Ferepective of grouad tustyre grid ind.-

cates dlraction of nearest horisen in
wee-dovn attifude.

e




AAAES FIXED WINO ‘ISD l A'7D/’E FIXED WING HUD

HA!

ILAAS iowe HUD ILAAS  oowne VSD | Norden %l IEVD

L Coumand heading and pitch Command heading and pitch. Command Lerding and pitch. Comnand weading, pitch, roll. Command

4 N ¥ I ek - ‘\_\ = — ' _\H\i [“ 7 7

o _\ / I N —bHICH PLIGHT DIRECTOR /\ ] . ' . e
- I PN = TLIUHT DIRECTOR i = \‘Fﬁ-/—‘mm PATH MAKN R .. L A e el LEAL AIRGRAFT STMBOL
a - l i LT PATH MARKER = o . :
! = -
o - ; — »
. e RO (TR SS=efLiGKT i —— |
= e ! A I ST o o 5 et .\~mw: QIRECTOR. COMMAN
= et e l - \_—’,’/
tranglation - ud retetfon of Flight director symbol displaced fron "wo flight director components are drive] Two flight director components are dri- Symbol d.splaced from aull position Cromman.’
nath gymbal chout apex ivdi- aull position at Flight path marker to n individually from null position &t ven individually from null position at at display center to indicate requir~ fom nu
,‘ o Lot lon 1rowm cemmand heading, wndfecate vequired changes [n heading. flighc path marker to indicate required flight path marker to fndicate requir- ed changes In heading, pitch, and/or s mbol
changes in heading and/or pitch, ed changes in heading and/or pitch, roll, Can also rotate about its axis iead fng
at any point to tndicate bank command,

i Flooro, o e, Fly=ta, cernand, compensatory tracking. Fly-to, command, compensatory tracking. Fly-to, command, compénsatory tracking. Fly-to, command, compensatory tracking. Fiv-tye,

s coverage approsimacels o 110 Not specified, Not specified. Not specifled. Not specified. Sotospu
tactor i,
tleftn a0 display edge.  Status "Roll" flight dlrector commands heading The flight director command conslsts Normally a zero-reader symbol, but can 11 vert
Hotvat b e teaddng change also pro- change rather than roll. Both fiight of a pitch flight director symbol und alun be used as a predictor (future sta- vectot
veral wovement of g nd director components are combined ‘nto g a "rol!" flight director aymbol, The tu8) or rate command symbol, Can also the res
“ cross (flight director symbol) when si- latter commands changes in heading, be varied in mize or shape to provi.e bo a
1 multaneous heading and pitch commanded, not roll. additional command cues. cr in 1
) e
Rates of turn.
| AT 50k
1
CATE b Ve Th: AR
A 'rate vector” symbol, srigluating
from center of horizon, extends to
left or fight by an amount propor-
tiona! to rate of turn. Reference
marke desipnate l-, J-, & 4-min turns,

H Status, Markings meve to the right

t for a right turn,

"‘ 1, 2, awu 4 minute turn rates.

)

k Yibitati e andivatdor or carn rate Qualitutive Inafcation ot turp rate ualitative fudication ot rurn rate Ra'e of ture markers move (ndepen- Gualit
Provieed ay rete ot lute, ol wovement proyvided by rate ol movement of head- provided by rate ot mosement ot head- dently oi headiu, scale, Proviic
St d lextupe, ing scale, ing scale. ol REen

SN ORI
vertio ol rfentation. Vertieal orivncation, Vertival orfeatation, Vertical orientation, Vertd
o - TN e
LY pLARE - \ I £y i
L srt v AN S-S
PRSI i T e Lt " - WO TR L TN
SRS > - -
; . | I A b G
e gawr THET LT T "}‘-.\ ‘M"‘m
L T et TR R T T
Ceoand preund ate dittereantiated by MinGus pit 0 ainen are deshed eng mavked Shy and ground texture sare ditferentiat- Sky and ground texture ave differen- Skv an
' tenture grid and o ivuds, wich hegative pumersie; pius pitch lines #d by gray tone shading., Pitch lings tisted by gray tone shading, cloyd ated b
ave #0l1¢ 8Rd marked sith numerwls, are marked with numerics, Zenith and sywbols and & grid pattermm, elemen
nadir are u closed and open crods re-
wpectively,
A, Bratus, Ins v s-out, status, Inside-cut, status. luside-out, status, Insiue
i N.A, N.4&, N.A,

4 :
ivia Fevo Ot prognd Leaturs gU0d tna.s All vrtch soale DulieTice aT¢ «d5th star All numersle are esith i tab;lized. All nunerfcs are varth stabilized, 411 oy
Blem St Cich o0 puestert Derpikon i nilived. Hence, 3 they appesr upside Hence, 1f they appedr upsice dovn, they It they appear upside down, they indi- Lrounc
VY onosecdown antacade, down, they indicste an fpverted dttitude indicate an inverved atgitude, c8co o7 inverted artivrude, Grourd tea- cates
= ture perspective indicatas location of noge-<

Rearest horivon in nose-dewm sttitude.
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INFORMATION | Command adtitude,

$YMBOL00Y

\ BURCL TR

T

DEIORIPT'ON | Kvrer symhal woves vertically tfrom fixed
teforonce mark to (ndlcate deviation
from command altitude, At aull pasition
wap (n owvmhol (0 contered on reference
wark,

RESPONSE Flysto, command,

$0ALING Scale factor 1* o approgimately Soi fe
of attitide ervor

REMARKS Manuably welectable on or off,

Altitude alun read to nearest 10O (¢ on
counter ahove V],

INFORMATION

symuoLoay

URICRIPTION

RESPONNE

SCALING

WHEMARYY

INFOUMATION | ¢ vomard atewpenid,

SYMBOLOGY v

[ETTRNTT TN

Ve nuoens

svebol soves vertlsally from fix
pdicate deviation
Monall positien

Yy}
ed teleter: ¢ mark b
Froe goepaid gErspred,

OELEMPTION

vlepene

Fap 16 BVER 1 ga cedleted .wm
LEIRY
LIl 1 B Plyotree tuy and dhaplace sal
dMRAn Y Al kapesd fe Fegaet
K Sade Tabel T om oappresdeaieis 2 kde,

gy Stiwpeesd aise tedd te nearost 30 ate

s oued 21 abhove SV

viooisrLavs | Ful11B  iuiowme HUD | F-111B 0w DVI

Command altitude (harometric),
TNV Ty

/."' 'll| lE*| " '4\ BN fhae moy

"

LU T

Frror wymbol moves vertically from fixed
reterence mark to {ndicate deviation
from command attttude. At null position
wiap dn owymbol s centyred vn retarence
mark.,

Flyvto, ¢mmand.

Svale factor 1 {nch equalw 800 ft
altituds ceror,

Manally selectable on or olt, Altitude

alwo cead {nonearest 100 1L, un counter
alove IV,

vormand atrepeed.

(SRR
LIRANEL o e AR RR A
" [y B

[ Y

B g

fricr svmbel moves vertboaliy tiva 1 laed
telerenc v mark to fndivate deviatjon
from emsand alyapeed. At null posttion
fAp bk osymhol s ealered on o referpne s
mark.

tiv-tras tupeard svabel Jia-
Ledtaids de. tedse in aloapeed,

feamand.
itavesent

Sotle Faaiver b oamh egisls 0 pbg

Mia~pwed alee twad Vo negrest |10 gt

C0oa - ountet adowe Y]

A-6A ADI

Command altitude,

FIXED WiINQ

- FLIGHT DjmICton

Vortical alsplacement of FLight directoe
wymbol frew aleceaft peticie prowenrq
quickenvd altitvde holdirg commands,

Fly=to, Upward wymbul movement command.
altirude increaage and/or cate of climh,

Not apecified,

AAAILS 1o vme

VSD
Command altitude, "

/ [

RTRUERTET

~
%
TN

Ground rexture and pathway provide atts -
tude refareance plane. Stae and pattetn
of Rround texture elements varv with
dtatus altftude,  PFatheav varles as
deviatlon from command altitudn,

Pllot controls altitude w0 that pathway
Appedarn to be at fixed altitwde helow,

O=100 gy 4
[T FINTYS

White ground tines on black:
over 1000 Fri hlack on vhite:

vhen afreraft above commind abtitude,
pathway narrows,  Wbhon below coepand ()
titude, pathway whilens and cventualty
Hips to top of diaplavy so an to apne o
wer alreratt,

oquartitatbve tmdboaldon 0 Lerrr
veloctiyg Bowevsr, pathivay slapl v
by proglammed 100 botn
wdcommand rate of g

1L b ey

ormand att speesl

s ement ob dashied btnes onorjgbt o1
PIERRE path dudi ates stenfatyon tyom
ceemAnd alvepred,

P4l ion o vate ot - T. Gagiia
fade o wbtor onob osgs :

aEeb dabual Atispesd oquals il LREES
spevd, the dashed Dines re s ob fopaes
Sed actual groater fhas EER LN PO B TP
SR b W, and v e ey




raEn wl

St

« VSD

S e

FLiant PRt Ay

s

and nathway provide wltd-

e

chane,

Fathway
rerand

i tude .

Size and pattern
vlaments vary with
varise as

ot ihde e that pathway
it tude below,

' ovhite:

Tacks f-lub te 8
tea-toan,

e maneh altitude,

s

betow command als

rdeas and eventually
tiirdav sooas b appear

v

st

tithan e

foverttoatd
Huplacewent
LR AN

to aagnt

ais == ant 4ir
DX LERIE 1 I

EEATER
wraa.

lines

A-7D/E owe HUD | ILAAS 1owe HUD

Status and command altitude,

AL S

e ML N

At m ll‘u
(LAY

Altitugs scale Pixed, Thermometer type
tndexer moven on 4cale.  The number at
the scale bane (cos0 9) fndicates the
swvale begina at W00 ft,

Status,

Nt wpecifled.

1000 £t oacale structure has 100 ft {n-
craments with major marka vyery 250 ft,
Kadar or barvosatele altitude is dis-
plaved depending on mode.  Max ranee
not wpeeified,

Rate of ascent/descent,

' Lh

TarethA it e

Pived weale and soetng potnrer Indieate
vertteal veloclty,

Status,
ot apecified,

Mrftude acale alse wspves ax vertival
velooity wente,

Status abrspeads

N Y ‘ - BT IU TR

T T s s
vy

Abrapeed moale Uraed.  theimometur type
Iindexet weves o soale U provhle quanti-
tative aitspesd.  [he number ot the base
S the seale e, o, 81 dndicatve the
syale hegine at avt kts,

Tratis,

Sar spedtled.

oate s 0 kaot gnciements with sdots

wvets o0 Bpita gnd matop sarkas evety W
kpcte. Max, tauge el ospecitled, Al
spevd hot stisplayed 1w de futtared sode,

ILAAS VSD

Status altitude.

FIXED WING

;:
/\ =
._-—-—-Il"ll ATENCT ANDEN
sEITo
£
sﬁhh
T
- \ Y -
-

T /

Mtitude tape moves against fixed refure
ence line to provide quantitative alti-
tude informatfon,

Status.  Tape moves downward for [n-
crease in altitude,

Scale factor 100 re/fm.

Scale has 20 teet tnerements with namers
fes ovory 100 FU to 5000 ft, There are
400 Fr of scale tn view at any one time,
"irick wall® appears at 0 tr, Seade s

ear b stabllized (rolls with hoviaom).

Norden "ivi

Altitude,

IEVD

l HAS ROTAl

Status radar altitud,

Att{tude tape moves against

tixed rof~

eronce lire to provide quantitative

altitude {nformatlon,

Status, Tape moves downward fur in-

creased altltude,

1 raster line equels 1 tool altitude or

approx, b Teet pov tnch,

Scale haw 100 fr increments,

or radar al. ftude net specttied felther

may be used)

Rite of ascent/descont,

Harometric

Mavable vertival rapr
v phdue Ll marker
titate,

Status,  lape moves
teassed atttenie,

ANEC L e
Wt rement s
Seale net disy
FResek w1t ey
rells with racter v

Kate o ascwent e

Vertical velovity represented by bay

tending from altitude relferenee mark,

Length vl bat proporticnal
veiovity,

Statas. har extembs apward ter ancent;

duwtiwakd {or descent,

ot specitind,

status alrapesd,

N

Hoving vert leal tape read apainat fixed

to vertical

[T N

reference tine lndicates atatus atfr-

apead.

Stat ., tape moves upvarst
creaned alrspeed,

Kot wpecklted,

Note alrspesd and attitude
in oppesite direction foy
values, Humerala at 10 kit
trom = W to ¢ $70 kts,

with in-

tapes mive
increasing
Intervals

X

Vertfoal velooity
At fag Froor it
[T AL Y RS T
vel e,

Stutus, Bt exten!
downmwartd ter descer

Soale facter 1oin

Indes marss at 1 -
Bangge 8 g

Status afvapoeed,

QUSRS

Movahle verttea! tap
ed flductal marker o

Atatus, lape *soves
crause in gitapec i,

Acade factor bokre

SRt avale o revent
Y I R A L
at any kiven tiry
indivated by mtnoe -
droundepeed, !




N ROUTF. 4.7

ILAAS

VSD

HIXED WiING

v alttides

e RADAT AL TITGES INDEE

ATIMOE seALE

Stude tape moves agelnst fixed refer-

Ve to previde quantitative alei-
futoreat e,

suLL Lane meves dowavard for {m-

st tude.

saeter eore/in,

¢ oteet fnerements with numers
Pt Lo 5000 ft, there ave
seale fnoviow at any one time,
watl" appears at 0 ft, bcale ia
Srabitiens trolls with horlzon).

o

Norden "ivwe IEVD
Altitude. N
f“““ “\1‘1’7'7',1

A TIOE SEALL

J\.._vp tL TR LN

.4, A:“"

Altitude tape moves againet fixed ref-
eronce line to provide quantitative
altitude information.

Status, Slape moves dowaward for {n-
creased altitude,

1 raster line equals 1 foot altitude or
approx. 6U feet per inch.

Scale han 100 ft {ncrements, HBaroretri-
ov radar altitude not apeeckfied {exther
may be usad).

Rate of aucun[/\l':(ent.
TP

S '

- \.w...@ i

[ o e ! }

H v*v

Vertical velocfty represented by bar ex-
tending from altitude refervace mark.
Length of bar proportionai to vertical
velocity.

Status.  Har extuends upward tor ascentg
downward For descent,

Not spncitied,

Status atrvepeeds

["T} A\ 'ZZ;"T’ e
L~ I

ATHYPLED PEVERENCE 1IN

Moving vertical tape resd against tixed
reference liie Lndicutes atatus air-
apaed,

Status. [ape movea upvard with tn-
creansd atrepewd,

Nat specilied.

Note atrapesd and altitudé tapes mave
in oppostte direction for increaning
values. Numarals at 10 ki fntervals
trom - S0 to & V70 kte,

ROTARY wika

IHAS VDI

Statue radar altitude.

ALTITSCE srAe

e 13T 1T WM

BRECH Wkt

Movable verticsl tape read amgatnst 1i:-
ed flduetal marker {ndleates radar al.
titude,

Status, Tape moves downward for fu~
creased attitudes

400 Fr of acale fu view at anv one 1i7e;
L Aneremertss numertes every 1000 Ft,
Seale not displayed abowve 006G Tt
"Brick wall” appears at 0 ft, Seale
roils wi*h rasxter (earth atabilized),

Rate ot ascenl/descent,

Vertical velocity divplaved by B
anat lag from altitude flductal ra '
Length of har proportienal to vertds xl
velocitv,

Status,  Bar extends upyat:?
doweward for descent,

Scate factor ) {u = 200 {pm,

tudex marks at 100 1pe
Range & A0 tpm.

inurenents,

Status alrspeed,

et el .

ik AR

pECUTERE

Movable vertica! tape read agafnst fix-
ed fiduclal marker Ladicates afrapend,

Status, Tape moven downward for in-
creane in alrapeed.

Scale bactor 19 ktasin,

3kt seale increments vith numerals sve
ery L0 kba, 4D pte of weale teovies
at any given time. Nesative afrupesd
indleated by minus sfan.  iSee alwe
proundapeed. )

VSTOL+=HUD/VSD

Preceding page blank
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vsooiseavs | F-111B nwwe HUD [ F-111B wowe DVI | A-BA #IZID WiNg ADI | AAAIS oo VSD_l :

INFORMATION Adtual Zlight path through the afrnass. Aztual flight path through the airmass. A
sYMBOLOQY
(=] .
> DESCRIPTION The positicn of the velocity vestor avm-
. el with reapect to the horiren line .
: and:or 4l 2 R
ol
g RESPONSE
d SCALING
> REMARKS H
1
INFORMATION
$YMBOLOGY

DESCRIPTION

PULL-UP

RESPONSE
$CALING
REMARKS
INFORMATION
$TMB0LOGY - )
/
OFSCRIPTION voanosata
RS i
N\ REPONSE Fens
seaLing e
e ) . .
RCMARKL "
e tel tay
Treset “tav Pt
{ b oAy A [ '
HE e ose PRI
/ eHriv, ai B l




Phue alvmass .
J

Yeetor svme
o tine
tenotey the
ty vector

—————

it

dhewn from the
ited position)

topofnt ot
othe
ooadreratt

e~ ———

At

et w

T e
R

g Y

s i

crpathay
certleal

S1. taurae

Coraten

v A,
e st uree,
frtreet rouly

Tooay
Ay Lan he
st ad,

ILAAS HUD

Actual flight path through the alymass.

FIKED WiNG

FLIGHT PATH MARMER

I S

\ T ko LINE

The poy{tion of the flight path marker Flight path marker denotes actual flight
with respect tu the hovizon line denvtes path nr alrcraft velocity vector. Drift
the actual tlight path or velocity vector] {s fts lateral displacement from center.
of the ajrerafe. fhe horfzon line position in relaticn
to it indicates aircraft flight path,

Fly-to (tixed flight path marker flown Fly-tn (fl1ight path marker flown to

from present position to horizon line). moving hortzon line).

Not specified, Not specified.

in thiy mechanization, the flight path tn this mechanization, the flight path
position vepresents the terminus of fs represented by the relation between
the atrcraft valocity vector with the flight path marker and horizon awm-

redpect to the rant world, vola. Neither symbol position displayed
1s directly related to the real world,

Pull-up command,

e p e e

rull-up indicated by targe flamsiing X
at dlaplay center.

tiigcrete,

Pulleup command appears automatically
{f terrain following syniem falls,

FINED WIND Norden Tt IEVD

ILAAS VvSD

Actual flight path through the atrmasc.

W?) _FLIGRT AT MaRER
A S T 2
AR 7

ORLION LN

BLADING 1np(x

The positlon ot the CLight path marker
with respect to the horlzon line and
heading tidex denctes the actual flighe
path or veloclty vector of the afrcraft.

Fly-trom (f1lght path merker flown from
pr.scnt posltfon to desired pusition).

Not upecified.

The symbol warks the projected pafnt of
Impact an the ground-sky plane {1 the
direction and velocity of the alrcraft
are not changed,

IHAS ROTARY WiNG vD

Actual flight path through the atrmaxs

NELOCITY yio vk

Al
PACE POiNE: ey

It LN

TS A0uA ROIG e

Position of veluclty vector symhol in
telation to horlzon line and actual
heading stroke {ndicates actual path
of alvcraft threugh the afrmass.

Fly-from.

Not specified,

During vertfcal amcent or descent, wv
bol will be off displav. Dvnanies aof

} symbol during hover not specifivd,

Pre




EN ROJUTE 5-7

AAS wwwa VSD | Norden TWitwi IEVD | IHAS ™™™ VDI ’VSTOL'": HUD/VSD

Actual flight path through the airmass.

taal tllgit path thieugh the atrmass.

REN ‘_"\1_’_777) FUIGHT PATH KANIER
a7 - VELOGIT YECHOR {1
N 2ACT POUNT) STIOL

HONLZ0W L Ini

SACTURL HEADING STRned
HEACING InDg e

-

position of the flight path marker Position of velocity vector symbol r
t tespect to the hortazon line and relation to horiron line and actual!
e fndex denotes the actual flight heading stroke {ndicates sctual pach

st veloctty vectar of the alreraft, of afrcraft through the airmass.

c-trom (¥ 1ight path marker flown from Fly-from.
Lot pesitlon to destred position).

spee P Led, Not specified.

wwihol wieks the projected point of During vertical ascent or descent, aym=
it o the ground-sky plane if the bol will be off displav. UDvnamics of
Ctien and celocity of the alecraft symboul during hover not specified.

wet changed,

'

Preceding page blank
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RANGE TO GO SIDESLIP

GROUNDSPEED

[ VSD DISPLAYS

INFORMAT!ON

SYMROLOGY

DESCRIPTION

RESPONSE

SCALING

INFORMATION

SYMEOLOQY

DESCRIPTION

RESPONSE

SOALING

REMARKS

INFORMATION

symsoLoay

DESORIPTION

SOALING

REMARKS

l'.- 1 1 1 B FIXED WING H u D l F" 1 l 1 B FIXED Wina DVI I A"SA FIXED WING AD' ' AAAIS FIXED WING Vsl




AAA'S FIXED WIHG VSD -7D/E FIXED wWiNG HUD

Lateral velucity.

STOESLIP REFEM NTE

SIUESLIP INDTCATOR

The sideslip Indicator moves cight and
left from fixed reference to {ndicate
lateral velacity,

Status, Indicator moves right for side~
slip to the right,

No* gpecified.

Sideslip diaplayed only in attack wode.

ILAAS mowe HUD [ ILAAS  neowm VSD Norden "XED wino. IEVD

Lateral velocity (see remarks).

o~ ALLRAL VELOCITY

Rate vector, “riginating from the dis-
play center at the bottow of the view-
ing area, extends left or righc n
proportion to lateral velocity.

Vector moves right for lateral velocity
to the tlght.

About 10 knots per inch,

lateral velocity for rotary wing afr~

crafry wlip/akid for fixed wing alr-
cratt,

IHA

¥or (o
hortze
grid m
cate
autuat

Fivotn
speed

Elemer
rar, t

Becaus
to mov




L

EN ROUTE 6.7

AS  nown SD Norden %W IEVD

Lateral valoclty (see remarks).

-
K ' -

= & LATERAL YELOCITY
Shes ) XN

i ol

Rate vector, originating from the dis~
play center at the bottom of the view~
ing area, extends left or right in
proportion to lateral velocity,

Vector moves right for lateral velocity
to the right,

About 10 knots per inch.

Lateral velocity for rotary wing air-
craft; slip/skid for fixcd wing air-
craft,

frror from command groundspeed.

For forward mpeeds of 30 kts or nove,
horizontal clements of ground texture
srid move up and dows diaplav to (andf-
cate difference between commund and
actugl ground speed.

Fly-to, | Elements move down tu {ndicate
speed greater than command; vive versa.

€lement movement {8 proportionate to er-
rov, riaching max vel, et 30 kts ercor,

Because of prrupective, elements appear
to move toward or away frow observer,

[THAS e VDI | VSTOL»~HUD/VSD

Preceding page biank
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VSD DISPLAYS F-l 1 1 B FIXLD WIND HUD F" 1 1 1 B FILED WING DVI A'GA FIXED WINQ ADI AI : IXEU .'me .

) INFORMATION I
& | svmeotoay
[T7]
w
7
-]
=
=) [ oEscripTION
=]
13
O RESPONSE
e
g SCALING
: g REMARKS

INFORMATION ¢

SYMBOLOGY

DESCRIPTION

RESPONSE

SCALING

REMARKS

LATERAL GROUND VELOCITY

INFORMATION

SYMBOLOGY

DESCRIPTION

RESPONSE

SCALING

REMARKS




i

L R VSD A'7D/E £1LED WING Hun I ILAAS FIXEL WING HUD l 'LAAS FIXED WiNG VSD

ROTARY WING
FIXED WiNa

Norden IEVD

Status groundspeed (hover).

rﬁ-;\v.xv 7

s |

T T
R T Pl

* Ly PONLIONTAL ELLMUNT

Horlizontal elements of ground texture
grid move down the dlsplay at velociey
pruportionate to groundspeed,

ostatus Indicator, qualitative,
Not gpevified.

tor rotary wing aircratt, ground tex-
ture grid moves up or down, At zero
groundapeed, yrid {s stationary,

Lateral ground velecity.
SNV
r =) -

hi i
= e o
- -

Radial eiements of ground texture grid
move laterally to Jenote lateral velo-
clty. AL zeco lateral veloclty, ole-
ments ore statlonary,

Staivs lodlcator, qualitative,
mnove - pposite Lo wation ol wiroainy,

fements

Hot wpecified,

"
ROTARY

IHAS

Status groundspeed (hov

for ground specds luess
horfzontal ele ta ot
gtld move down the disp
proportionate to actual

Status indlicator.  fual

Max fmum velacity of hor
2.5 In/sec = W htw,

A zero proundspecd, t
Rrid (s stationary, i
spective, elerents appe
ward or awav fram obser

Cross headlng veloevity,

Radial elements ol

AT
tateraliv to denot

rove
clty, At
mnt s

zero Dateral

are stationars,

Slatiis inciedaor, aquaii

fave ops i et etion
Elerent
veloefty:

speed proporti

ran apeed O




EN ROUTE 7-7

VSD | Norden Txvic IEVD

Status groundspeed (hover).

SANr7e

HORTIONTEL LLEMENY

Horizontal elerents of ground texture
grid move dow. the display at velocity
proportionate to groundspeed.

Stdtua indicator, qualitative,
Not specified,

For totary wing airvcraft, arouvnd tex-
ture grid muves up or lown. At zero
proundspeed, grid {8 stationary.

lateral ground veiocity,

‘\\‘\\l (']/"

Kadlal lemepts ol g courd texture grid
move laterally t- Jdenote lateral velo-
lty. At zevo lateral veloclty, ele-
ments dre stationary,

Status indivata, qualitative, #lements
move opposite to ration o alreratt,

Not specittad,

[IHAS " VDI | VSTOL = HUD/VSD

Status groundspeced (hover).

WIREZONTAL HLLPE N

For ground speeds lews than 30 kts,
horfzontal elerments of ground texture
grid move down the display at velocity
croportionate to actual pround spued,

Status Indicater, Qualltative,

Maximum velocity of horizontal eletments
2.5 tn/sec = 3 kts,

At zero groundspeed, the ground texture
grid is stutionary, Because of per-
spective, elerents appear to move tu-
ward or awur from ohserver

Cross beadlng velocity,

Radial elements of ground texture giid
rove laterally to denote lateral vels

efty. At zero lateral velovity, vle-

ments are stationary,

Status indfoater, qualltative, 1lements
move upposite to motion of alreratt,

Plerent specd proportionste to lateral
velocity; max speed &9 infsee = 4 ks,

Pr

eceding page blank




TABLE 7 - SUMM*™V OF VSD INFORMATION FOR EN ROUTE
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TABLE 8 - ANALYSIS OF VSDs FOR LANDING

LANDING

T

VSD DISPLAYS

PITCH ANGLE

PITCH TRIM

INFORMATION |

SYMeoLoGy

DESCRIPTION

RESPONSE
SCALING

REMARKS

INFORMATION

$YMBOLOGY

DESCRIPTION

RESPONSE
SCALING

F-l 1 1B FIXED WING HUD

Pitch attitude,

et 18RI LI

[} ! UK LAGOLR
- SN
v
___:_%mw *mttan
b i 0
i /

WORLION L INE

. v.e, ) B
; 92 EETEN
Y
s
R e
- 30Y pHTOH LIng
Horizon line and pitch lines move ver-
tically as a function of aircraft piteh
angle with respect to horizontal ref-
erence plane., Pitch read at alrcraft
symbol.

Inside~out,

Approximately + 30° vertical coverage.
Scale factor 1:6 (compression).

Pitch ladder shows 5° increments 0 to
+ 20°. Auxillary pitch lines at + 30°
(solid line) and - 30° (broken line),
Nadir and Zenith not displayed.

Horizon line adjustment.

oL
) AJRCRAFT RETICLE
——
- _..[_—_‘_::_"\k
! ! 2/ HORLION LINE

N —_— -

A manual control permits vertical ad-

Justment of the horizon line to compen-
sate for differences in pitch attitude
for various conditions of level flight.

Range of adjustment ¥ 20°,

The local horizun {s used for level
flight reference,

F" 1 1 1 B FILED WING DVI

Plech attitude.

PL1CH s Adota

Horlzon line and pitch lines move verti-
1ly as a function of alrcraft pitch
angle with respect to horizontal refer-
ence plane. Pitch read ac afrcraft

symbol .

Ingide-out .

Approximately + 30° vertical coverage.
Scale factor 1. (compression),

Pitch ladder shows 10° major and 5°
minor increments O to + 30°. Auxillary
pitch lines, at + 30°, + 60° and + 90°

{not shown), are color coded: black for
pusitive, white for negative.

Hor{zon line adjustment.

ATACRAFT RETICLE

AEFERERCE MARRER

MOREION L NE

control permits vertical ed-
of the horizon line to compen~
differencea in pitch attitude

A manual
Justmant
sate for
fov various conditions of level flipghe,

Range of adjustment + 15°,

The local horizen {s used for lavel
flight reference.

A-6A ADI

Pitch

FIRFD WING

attitude.

SRR I

FITUOTA AR

ARG Tt

e i

Horizon line snd plteh lines wove verti-
cally as a functlon of afrcrare piteh
angle with respect to horlzontal refer-
ence plane. Pltch read at display ren~
ter.

Inslde-out,

+ 157 vertical coverage. Scale factor

1:2.5 (compressfon) .
Auxillary piteh lines, at + 30°, + 60"

and + 20° (not shown), are color (ided:
black for positive, whlte for negatlve,

Fiducial warker adjustment,

IOk AR
{HLCTRONIC)

FIoUCtAL MARL
(PAINTED DN LR!:

HORY {0% L INE

A manual control permits vertical ad-

Justment of fiducial markers to compen-
sate for differences {n pitch attitude
for various conditions of level flight,

Range of adjustment + 15°,

FIRLO wing VS

AAAIS

Piten attitude,

lorizon Line movesn vertically as
tlon of atrcrafe plich angle witn

apect to horizontal reterence plane,

Ins{de-nut .,

9¢ vertical coverage. Seale tat
1

M
1l

Diaplay center is not marked, b
provided for quantitative reading
pitch angtle.

Horfzon line adjustment.

ALK fh

A manual control parmits vertical a
justment of the horizon Lline to co
pensate for differences in pitch av
tude for various conditions of leve
flight,

Rangs of adjustment + 6°,

Letent in manual control used tor
level flight reference,

t
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i
e

Ve

A7
e SIER

v '3 N

CIRAR ™ TPV i 1} -

vod ‘t.“ﬂ‘ .
e -

T

EERTHONT

Wt

vertbeally an g funes
foeiteh angle with ve-
it reterence plane,

3

M oerape, Seale factor

No geale
adlng of

Conot oma
mitat bve te

ndLment

permits vertical ad-
carizon line to come
tevences in pitch atti-
s vonditions of level

i vontrol used for
terence.,

PERS LR

N LR I

(> -~ —. -

—F _>._-1-,4_._.. I AN
v‘] . ? LN

Horfzon amd piteh Hnes move vertically
with reapect to [Ligist path mavker to
(ndleate FEIRhE parh angle (pit-h minun
angle of attack), Lavel tlight when
fortzon and flight path marker cofncide,

Luaide-out,
\

Scale factor ltl,

Auxillary reference lines at r 5%, * 10*
and thevealter at 5* {ntervals to i+ 90°%,
Pitch angle not displayed, Flight path
marker is velocity vectar terminua.

RTRREUNS YO FENTY

~..
S WETY

Hortzon and piteb Hoew move vevtioally
with tespect o T1iIgat path matker to dn
dicate t1ight path sngle (pltch minus an
kle of attack),  Level FlLIght when haee
{2on and flight path marks colncide,

Innide-out .

Scaie¢ facter i1,

Plteh neale centern on unmarked display
boresight but 18 read at [light path mard

knr. Pltch linea at + 10%, + 30°, & %0°
and 4+ 70%.  pltch angle not displaved.

Fligﬁt path marker » velocity vector.

ILAAS

Bitoh attitude

\;KL‘J._' "’“) Coee
1 = ::*?.‘__,
e VRN 4 SHETAPNN

s ——— .\\l‘

vVSD

Hike WIng

Tt H wans

LI R

Hortzon line and piteh Uine rove verti-
catly ad o functlon of atreratt plieh
Aauple with respect to hortzontal rafer-
enre plane.  Plich road fror flducial
marke.

Tuside~out,
Scale factor about 1:2.% (nompreawton).

Biteh meale haw # 10%, v 30°%, + 50° and
* 70* marked with 1, 3,75 and 7 respecs
tivelyvi nadle, - 90°, {n an open croms:
zenlth, + 90°, a clomed cross that re-
nembles flight director vommand aymbol,

Horlzon llne adjustment,

AL AR

RCTHE R

/
A wanual control peemitw vertical ad-
justment of the hoelzon llne to compahe
sate for differences in pitch attitude
for various conditions of level Flight,

Range of adjustment + 10° to ~ 20°,

The local hor{zon {a uped for level
flight referance. '

ROTARY WiRG
Nte wing

Norden IEVD

LU ant i Ginles

. [T
BRI
N1 A RE L
L LIE R

UL AR M vy
ey

O T
i LOTTHINTY

Hortaon line and pitch lines move ver-
tically as a function of alrcraft piech
angls vith respect Lo horizontal refer-
once plene,  Fitoh read at atrveraft
aymbol,

toslde-out,

Scale factor 1Y (compresxion)

Pitch Jadder shows & 10°%,

LTI T

THAS

Flroh aevatades

Hortaen line and pitoh
tlcally as & funcrion
angle with respect o b
enve plane.  Plteh read
roll reforence wario,

Tunide=out
Diuplay represents ¢+ O
Scale tactor 1S (compy

Plteh scaln han ¢+ 5 an
merta continucusly thee
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LANDING 14

o

Lo

[

NERTIAE
1[.\" R IR
Jtal getey-
LRI PY |

Porrtnagion),

b*, + ® and
fnt Y reapec-
b open cruasy
an that re-
T nd wvmbol,

ST Y

RTHERYL

crtical ad-

te to compers
teh attitude
tovel flight,

to - 20°,

for level

A0100Y WiNg
HUus win

Norden IEVD

Fuloh attjtude,

AN I

- e SREN N
R e
oam
t Al ’l;&”“ LA YT
N T e
e R P
I LIRS ETL RN 1)

Hortgwn Line and plach Lines mave wwite
Pheallv as a fumctivive oF adrvratt plich
angle itk yonpe -t to hetisontal vetes-
shce plans,  PFitch voas at alrcyahy
avabal,

Tastde-vut,

Scale tactor 113 (compresation)

Piteh ladder shows ¢ e,

LU T

IHAS

Fatih atbitude,

BTN

WA e

Y

Py et b

Horioon LiRe and puich lides save ver-
tisallv as & function af atgcvafy plich
ARgle vith veapuct Vo hariguntal vefer-
sncy plane.  Blich vead feor pivch and
il referencs marbs,

Tnmtdeaayt,
tisplay repressnts & 11° ol pirch,
Scale facter 118 {(coapreanion),

Piteh scale haw 2 5% and & 10° incres
wents continuousiy through rangs.

—
VDI

VSTOL " HUD/VSD

Pitsl attitude,

o -=
o (TN
| Vet ew RN
kY
P -, SN TIRT
o e ki W
//

RERTI TN

Hativan tine ta dinplaced vertically as
& Tunetien «f abrevaft plich, which (s
toad at horasiat veference, Ausillary
pltch vefurance ilnes avre hraken turv
RUEECH up atttitude, wodid for plich down,

LETIT LRSI N

Kot apevified,

this display format reproneits & voncept
unly, Detalls of mechanteation are not
spocified,

Preceding page blank
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i,

ROLL ANGLE OF

HEADING

ALARRIPTION

Liti L]

0ALING

INTORMATION

MaoL00Y

DEICRIPTION

REGPONSE

$CALING

REMARKY

INFORMATION

3ymaoL0ayY

DESCRIPTION

RESPONSE

SOALING

REMARKS

(oo TRITI0 o HUD

WAL Bk Ty on vomaald abgie a1 athash,

W hiid
Bt

DL RTARTRY

The A pyibial 3a dhaplecud vervivaliy
Tyve Lhy lolh witg ot bis ALEsEabY yo-
Vhele b depate A0h stiats AL Vhe aul)
e Ab i the awbed B o ntergd abony
e wing of bhe avbvraly dwbisls,

FIysboy ommand,

Braly bactar  1° wquele 0V AvA wrin

frvapfsesiunt,

Tiw dvatanee Welesvn he by i Al bags
wf Lhe aymbel Feptusents ¢ 1 0w
ervur,  the wombul Blinkae e deiot
tapending atall,

el attitule,

113 11} X [P SETLIOINTY

LR

PRTUENTY

W deon Tine and pitel Hines vetate o
tndivate satd,

T fde-out, status,
Svale tavtov 11,

Pevipheral mcaled ave slvoratt-utabile
taed (do wot roll) . No weale marks toy
quant itative reading of roll angle,

Magnetic heasding and coutse,

o JE— VIO R Y]
NN
- ~

. \\ AT A
U/ AADIN POIAER

fleading tape woves to inulcate actual
heuding. Read at fixed index. Course
poiuter moves along scale to indicate
actual course,

insfde-out, atatus,

Coverage about 16°, Scale factor 1:13,2

{ecmpression),

Scale marks at 2° {ncremuntn with num-
erals every 10°. Manually melectable
on ar off,

F-1118 DVI

BV laVIxR Fios rovroaid angle of altacl,

it wing

T ohmy W By
TCLRL S
LULLER U1

The A symbal ie diapdsoed Vortically
Fowi the Foletency wafbel to dunale A4
wivai, A% the Aull penivien the symhal
i LI Voiviaites mai by

Fiv-to, vomaend,

Nealy fastor 1 inh wquals &° AvA,

ihe distan e betyssn The heptauntal Savw
ul Gl uyehal yupreseitas ¢ 1% AUA errar,
the aymbel Biinka to denote ispending
stall,

kall abtitude,

\"v-‘l RS :a-‘ TR sk

LT SO
v— - Ty eIve
——e
| - R |
H ' " g LI RTRYTY
‘ ) i TSt oM

RS T g

Hovigon Hine, pitoh Vlaes, and grouod
Teatuves votate to ndfcate vall,  tuan-
titative taformation provided by 1oll
parintey and tefurence marke,

Tnmlbdwanut | wtatus,
Scale facter 21,

Periphural scaley are eavth-stabiligeq
(roll with horiaon),

Roll veference marks at ¢ 10°, + 20°,
+ 0% and 4 60°,

Magnetlc heading and course,

- NS IR

a-ulcw. schit

MAGING $OINTER

Heading tape moves Lo fndicate actual
heading. Read at roll polnter. Course
pointer moves along scale to indicate
actual course,

laslde-cut, status,

Coverage 75*, Scale factor l:b

(vompression) ,

Scals marks at 10° major and 5° minor
with numerals avery 30°. Heading scale
is black with steering commands prewent
and white without steering when acale
is primary reference. Manual on/off.

A-GA ADI

Angle 1 attars,

IR0 ke

IR IC DRI

g Vs n WL

ARgie of 4tk ahewh by veitical aep-
AVALLUR vl velwetiy vreiu) avebkal and
Inaglihary Pine between | bla tal mahere,

Taido-vut, atatus,

Kcale bactay LU Y Luvaplenatand,

bl adtbitwde,

R
IV W e

SEFNTEY

Timal e AW

(CICNRTIARN

e bt

Hovteon thaey pitoh Junes, shy anld
sround teatures, and THght path vorate
te dndivate ol guant Ltative futorea-
lon provided by roll potuter ami oot -
erenee maths,

tuwbde-outy atatus,

Seate tactor L3t

Boll reterence mavhs at 15° {ocrements
Uoto + 60Y,

AAAIS ... VSD

Kbl attitude,

St

Nevdaon Line, thight pats, el o et
ground tuatures totaty o b aty
roll,

Tuslge-out, statuy,

Neale factor dri,

No veale marks fur reading ot rel
angle.




AD{

Lo

(RSN
Coand

it nhura,

irotate
wmlorma -
brete

fncrements

N Wind

AAAIS

Roll attitude,

S BROAL TEET: g

=BG PR

o
——t——B

Hevizen Pine, titpht path, and sky and
ground teatures rotate to indirate
roll.

tnsidesout, stiatus,

Scale factor Lif,

No scale marks for reading of rall
angle.

VSD | A-7D/E wowe HUD

Ntatuw angle of attack,

Wt A ey

MW aymbal ts Tixed,  Tosttion of
flight path ma. ker in relation to
(U todicates actual AvA,

Status, flv-from,

fength of bracket « ! units AN,

tenter of AN svmbol reprosents nom-
tnal velue of 17,9 units, ACA symhol
blanked whenever aod less than 12
units,

Robl attitude,

h Bt LN

Horlzon llne and piteh Lones rotate to

tndicate roll,

Inside-out, status,

Scale factor l:l,

Peripheral scales are aircralt stabllized
(do not roll). No geale sarks tor quan-
titative reading of roll auglus,

Magnetic heading .

"o
- + -
.. .- WEADING {NDLX
- } |
=

Heading tape moves horizontally to indi-
cate actual heading. Read at the fixed
heading index,

Inside~-out, status.
fcale factor 1id4.4,

Heading not displayed in decluttered

mode.

ILAAS HUD

boviation from command angle of atvack.

P40 WING

Ml O ATIACY
7wkt W

e MNGLL F VTTRCY
14100 (NDE0

B R L
LAY W

\mw PATH WARLLN

ACA error dndex moves vertically with
reference to the right wing of the
flight path matker to Indicate AOA er-
ror. AUA eference matks are fixed
with respect to tic Flight path marker,

Fly tvome A high symbol indicates o +
AQA errov and (8 4 cormand to decrease,

Net spevttled,

Roll anpte.

107 PIT CENE

ok oK L

Horizon Line and pleeh [nes rotate to

tndicate roll.

Inside-out, status,

Svaling factor 1:1,

Though oot specified, it Ls assumed that
hotizon and plteh llnes rotate about the
unmarked dlgplay center (boreslght),

VSD

TIRED ¥IND

ILAAS

Roll attltude.

,@%--«m sea

AR
N E tA T b
5 .
rom

torizon line and piteh lines rotate to
indfcate roll, Quantitative informatfun
provided by roll painter and reterence
tarks ,

[natde-out, status,

Scale factor 1:l,

Peripheral scules are earth stablifzed
(roll with horizon). Reference marks at
10° f{ntervals, 0° to 60°,

Magnetic lieading,

HCADING. SLALL

Heading tape on horizon moves to indi-
cate actual heading, Read at fixed
heading index markez.

Inside-out, status,

Scale factor approximately 1:12.5 (vom-
prasaion), :

Scale marks fn $* incraments with numer-
als every 10°, Keading wcale alev ap-
pears on t 30° pitch Jynaa.

ROTARY WiNG
FIXED wiND

Norden IEVI

Rell attitude.

-‘-\-rr77—‘/2/wu HURINTE >

oL e

Horleon line, piteh Lines, and sky
features rotate to {ndicate roll,
Quant{tative {nformation provided by
roll pointer and reference marky,

tuside-out, status,

Svale factor L:l,

Peripheral scales are alrcratt srabi
{zed (do not roll), Revercnce marks
at 0%, 4 10°, + 20°, 4 30° and & 6O°
roll angles.

Magnetic heading,

e ; E(“ T ;7 PALETTEY
gy e = RS
Ll - e 1" HEADING MARK

e ALRCRAF! REFERE
LMoL

2ERG LRRGR POSH

Heading tape moves along horizon to
dicate actual heading., Read &t zerc
error point (center of alrcrafr refe
ence aymbol).

Inside-vut, status,

§0° coverage. Scale factor li4 (cor

prasuion),

scale marks at 1° increwents, with r
merale every 10®, Changes in headir
also indicated by movement and chanj
in orfentation of ground texture,




LANDING 2-8

AS v VSD Norden

vy,

ROLL SCALE
" AT R thots

JARLYY4

tine and piteh lines rotate to
crell, Quantirative information
I by rull polnter and reference

ot status,

ctor 1il,

rul scales ate carth stabilized
th horizon). Reference morks at
ervals, 0° to 60°,

WEADING SCALE

HOR1ION 4 1WE

HEADING INDER

tape on horfsen movas to indi-
thal hesding, Read at fixed
irdex marker,

Ly gtatus,

8ctor spproximately 112,95 (com-
.

ke 10 5 (ncrements with numer-
™ 10° Hesding wcale ulwo ap-
" £ 30" pieeh Jnea.

ROTARY WING
FIXED WINQ

Roll attitude.

ROl REFERENCE MARKS

k3L POINTER

=——HORLION L INL

[ AtRcart 1 REVERENCE
StwBoL

Horizon line, pitch lines, and sky
features rotate to indicate roll.
Quantitative information provided by
roll pointer and reference marks,

Ingide~out, status.
Scale factor 1tl.

Peripharal scales are aircraft stabil-
ized (do not roll), Reverence marks
at 0%, # 10*, + 20°, + 30° and & 60°
roll apgles.

Magnetic heading.

10 HEADTNG MUNERTC
1+ MEADING WARKS,

AIACRAFT REFERENCE
g0y

2600 FRRON POINT

headin, tape moves slong horison to in-
dicats actus! heading, Read at zero
error point (center of mircraft refar-
snce symbol).

1de-our, sEtetus,

S0 covarage. Scale factor 114 (com-

pression).

Scaie marke at 1° increments, with nu=
merala every 10°, Changes in hesding
also indicated by movemant and changes
in orfentation of ground texture,

Roll attitude.

HORTZON LINE

PITCHIROLL
A7 R{ERENLE MARKLR

ROLL MAAKIR
Pl

D', s scae

Horizon line and pitch lines rotate to
indicate roll,

Inside-out, atatus.

Scale factor 1:1,

Peripheral wcales are earth stabilized
(roll with horizon), Roll scale marked
in 5* minor and 11° major increments.

MagneiLic heading.

HEADING SCALE

ACTUAL HEADING STROKE

Heading tape on horizon moves to indi-
cate actual heading., Read at inter-
section of actual he 1ing stroke,

Inside-out, status,
Scale fsctor 1:5,

Scals marks {n 5* tncrements with num-
arale svery 10°. Heading scale also
re on % 30° pitch lines.

IEVD | IHAS "™ VDI | VSTOL"~HUD/VSD |

Roll attitude,

ROLL SCALE

UL tanEr

Herizon line and pitch lines rotate to
indicate roll, Quantitacive information
provided by fixed roll index on movable
ucale,

inalde-out, satatus,

Scale factor 1:1.

Scale marked in L0 increments to + 30°,

preceding pege blank

C .
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VSD DISPLAYS

STEERING

TURN RATE

VERTICAL ORIENTATION

INFORMATION

SYMBEOLOGY

DESCRIPTION

RESPONSE
SCALING

REMARKS

INFORMATION

symeoLoay

DESORIPTION

RESPONSE
SOALING

REMARKS

INFORMATION

$YMBOLOGY

DERCRIPTION

ftsroNIE
SOALING

F-111B wwwe HUD

Command heading.

2,

\\ STLERING STMBOL
[ .

I
' y ATACRAPT RETLCLE

Symbol displaced from null poeitlon at
alrcraft reticle to indicate required
changes {n heading.

Fly-to, commund, compensatory tracking,

Scale factor l:6 (compression).

S$imple displacement commands. Symbol
limite at + 25° of heading error.
Symbol can also indicate pitch comw
mands glven such [nputs.

Qualitative indication of turn rate
provided by rate of movement of may-
netic heading scale,

Vertical orlentation,

o
[ E RS © 360 PITOK LINE

- '
[} e " MICRAFT KETICLL

0 HORLZON LINE
) \ 300 PrIOH LINE

+ 30° pitch line & solid, =~ 30° pitch
line is broken,

‘
h
v
i
T
1
(
H

Ineide-out , statum,
N,A.

Vertical orientation cues %ot shown on
display in piteh attitudes beyond
+ 50°,

F- 1 1 1 B FIXED WiNG DV'

Command heading.

ALRCRAFT RETICLE

Symbol displaced from null position at
aircraft reticle to indicate required
changes in heading.

Fly-to, command, compensatory tracking.

Scale factor 1:6 (compresaion).
1 tnch « 11°,

Simple displacement commands. Symbol
limits at + 25° of heading error, Sym-
bol can also indlcate pitch commands
given such inputs.

Qualitative {ndication of turn rate
provided by tate of lateral movement
of magnetic heading scale and ground

texture.

Vertical orlentation,

St A LY S-SR

-

PLTCH LADDER

——
- ——
oy HORLIOK | {NE

ALACRAFT RETILLE
GRMD PLA L

GROUND TERTURL

Sky and ground are differentiated by
gray tone shading and by ground texturs
elements, Tail of steering aymi,! al-
ways points up; roll pointer points
down.

lneide-out, status,
N.A,

Majur pltch lines are colar vodad: black
for positive; white for negacive pltch
angles. Perspective of ground texture
vlewents indicates direction of nearest
horizon in nose~dowr artitude,

| AAGA v ADI

Command pitch and roll.

e PLIGHT DIECTOR

Pathway and flight director symbols dig-
placed from null position at display
center tu indicate required changes (n
heading and/or pltch,

Fly-to, command, compensatory tracking.

Scale factor 1:3.3 (compression)
horizontally and vertically.

Steering commanda based on displacement
and rate—roll sum and pitch sum ateer-
ing. Flight path apex shows direction
and magnitude of required change. Flight
director shows rate and crror summed,

Qualitative indication of turn rate
providud by rate of lateral movement
of ground texture,

Vertical orientation,

HORLZ0W L INL

oo Teaton

Sky and ground are differenriated by
gray tone shading, clouds, grourd
texture elemsnts, and pitch line cod-
ing,

Inside-out, astatus,
N.A,

Parspective of ground texturs elemunts
indicates direction of nesrest horizon
in nose-down attitude.

AAA.S FIYED WING v

Deviation from runway heading.

S
~,

\ T VAT

et

LR

P

o
S
——

-‘a\\"‘uh.n‘ LEY

ey 3
R iRuNmAY Y

ARt

f.ateral translation and votation
tlight path symbol about apex fn
cates deviation from coumand hea

Fly-to. Comnand.

Total coverage approximately + |
Scale factor 1:1,

status indication of headlng cha
also provided by lateral movemeu
ground and «ky elements. The 11
path terminates at 200 bt. ahove
way.

Qualitative indication uf turn
provided by rate of laterai mu
of ground texture,

Vertical orientation,

RN

Sky and ground are diffarentic

ground texture grid amd cloude

Ina{de-oiti, wcatus,

NoA,

Perspective of ground texture
dicates direction of nearest
in nowe-down attitude.




vSD

FilED WiNG

- runway heading,

Kt vt

e TEVTR

potion and rotatton of
vibol about apex indi-
itren trom cormand heading,

Caee wpproximately £ 11°,

noot tead!ng change

ateral movement ol
I've tlight
above run-

vierehits,
voat DG T,

ve fndication ub turn rate
vite ol lateral movement

etute,

cutation,

{ e HORTZON L SHE
)
\\
N SOUE 16A7URE
—_—
b it re differentiated by

<10 e prid and clouds,

t, status,

o1 ground texture grid in-
corion ot aegr: ! herizen
et dttatude,

A.7D/E FIXED WING HUD

Command heading and pitch,

LA R

SOt PAT WAy e

Flight director symbol displaced trow
null position at flight path marker to
Indicate required changes [n heading.

Fly-to, command, compensatory tracking.

Not specitted.

Qualitative ladfcation of turn vate
provided by rate of movement ot head-
ing scale.

Vertival orieatation,

o RITCH LN

/ jad v FLIGH! PR WARKER
PG PATY AR
- (e N
b/
= % ~HORIJON LINE
] o,

Minus pltch lines are dashed and marked
with negative numerals; plus pitch lines
are eolid and marked with numarals.

Inside~out, status,

N.A.

All pitch ecale numerics are earth sta-
bilized. Hence, 1f they appear upside
down, they indicate an inverted attitude.

ILAAS HUD

Gommand heading and piteh.

FIKED WiNO

LU

e FLLNT #3 D0 MARKE
——

B PUTT INRI0E

Twe Flight director components are drive
on individually trom null poxition at
1{ght path miatker to indicate roquived
changes in Leading and/or pitch.

Fly-to, command, compensatory tracking.

tior specifled,

"Roll" flight director commands heading
change rather than roll,  Both flight

director compunents are combined {ntu a
crogs (flight director svmbol) when si-
multansous heading and pitch commanded.

FIXED WiND

ILAAS VSD

Command hoeatling and piteh,

TGt UL R e

fwe flight director components are drq-
ven tndividually teom aull position gt
flight path marker to fndicate require
wd changes o headiong snd/or piteb,

Fly-to, command, compensdtory tracking.

Net wpecified,

The flight director command cunsisty
of « piteh flight director bol dud
a "roll” flight directer svabol, The
latter commands changes 10 aeadfng,
not rolt,

Qualitative indlcatlon vt tucn rate
pruvided by rate of movement of head-
ing scale,

Vertical orlentation,

P et LN
e taN

WRTLK I8

Sky and ground texture are differentist-
ed by gray tone whuding. FPitch lines
are marked with numeries, Zenith and
nadir are a closed and open cross re-
spectively,

Inside-vut, status,
N.AL

All numerale are earth stabllized.
Hence, 1f they appeur ypside down, they
indicate an inverted attitude.

ROTARY WiNG
FIXED WiRG

{EVD

Gomoatd Beading, plteh and voll,

SANUL7

Norden

: & - ‘_L._..“_—‘ L TR 8
! T

T
e

Symbol dlwplaced from null poaition
at dieplay cenver to indicate requic-
ed thanges (n heading, plech, and/or
rell, Can aleo rotate abeut {ts axis
at wny point to {ndicate bank command.

Fiy=~to, commund, compensatory tracking,
Not speclfied.

Normally a zevo-reader symboel, but can
alwv be used as o predictor (Ffuture sta-
tus) or rate command symbol. Can also
he varied In size or shape te provide
additional comrnnd cues,

Ratues of

/.;w . '\\ ‘\l 7’7// T PEULRTLCI 2

turn,

-

e

'

i
i
i
P
H

HATE et e RN

A Urate vector” synbol, orlgtnating
from center of horigon, extends to
left or right by an amount propot-
tiona! tu rate of turn. Reference
marks designate 1-, 2-, & 4-min turns.

Status. Markings move to the right
for a right turn,

1, 2, avd & minute turn rates.

Rute of turn markers move Indepen-
dently of heading scale.

Vertical otlentation.

(TN T2 s o
; P )

Rt ORLZON LINE
o i
. t '
Vs 1R ORI T o mrtant
SN m o0
iy e GRURD TCHTURE

Sky and ground texture are differen-
tiated by gray tone shading, cloud
symbole and a grid pettern,

Inside~out, status,

N.A,

All numerics are earth stabilirzed.

1f they appesar upside down, they indi-
cate an inverted attitude, Ground tex-
ture perspective indicates location of
nearest horizon in nose-down attitude.

IHAS ™

Command steering vy
from wull position

symbol to (ndid aty
head ing and/7er ait

Flysto, command,

Net spuci! fod,

th vertfcal divent
vevtor acts as an
Lthe tespanse Lo sy
te a change tn aly
or dn L bactor

Qualltative India
provided by rate o
of ground texture

Vertical ortentaty

Sky and ground ter
ated by gray tone
elements,

Inside-out, statu:

N.A,

All nunerics are «
Ground texture gr
cates location ot
nose~down attitude
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LANDING 3-2

VSD

D WING

weoaed pitehy
[
s,
' e = FLIGAT PRI WARRER

) -

L <

L4 SV
/“‘*ulu!bunuen(unun
[N

1o Lot coRponents arve dri-

1 trom null positton ax
Jparicr te Indicate require
Coandioe amd/or pliem,

sl coneensatory trackiug,

tor cvemand consista
itveter symbol and
itector avmbol,  The

\ e In heading,

i ation of ture rate
bll(v ob movement of head-

vabitien,
1y
b + 100 AT LN
~—~l B

. se9 ML
JF 4—-3/

o
B ORI 10N LINE

" § H
GRAUND PLARL

[k N

sind testure are dlfferentiot-
tong whading, Plteh linea
with nureries,  Zenith and
fosed and open Cross re-

vy,

Lo ire carth stabilized,
Loy appear ypaide down, they
i tnverted attitude.

ROTARY WIRY
F3ED WINQ

IEVD

Cowmand twading, piteh and voll,

SN P2

% <. ".’_‘.A_..__--um HHW by

Norden

LT
IR

Symhol dixplaced from aull posttion

at display center to indicate requic~
ed changes in heading, pitch, and/or
roll. Can alwo rotate about {ts axis
at any point to tudicate hank command,

Fly=tu, command, compeiisatory tracking.

Not wpecified,

Norwnally a zevo=-veader symbul, but can
also be used aw a predictor (tfuture sta-
tus) or rate rommand aymbol. Can alwo
he varied in site or shape to provide
additional command cues.

Ratus of turn.

—»; 4\\ ‘\' r//‘ i L/,u!( viIa st

BATE b A TROIATONS

A “rate vector” symbol, originating
from center of horfscr, aktends to
left or vight by an amount propor-
tlonal to rate of tutn., Refereunce
marks demignate l-, 2, & 4-min Lurns,

Status. Markings move to the right
for a right turn,

1, 2, and 4 winute turn rates,

Rite of tu'n markers move indvpen-
dently of heading acale.

Vertical vrientation,

v 1\( Ii] 1 /‘ 7‘1,_¢urmn yomaLy
X e T s
R I

HORYJON LEINE

O ~ ALNCHAST REPURERCE
T
v
GROUAL TEETURL

Sky and ground texture are differen-
tiated by gray tone shading, cloud
symbols and @ grid pattem.

Inside~out, status.
N.A.

All numerics are earth stabilized.

1f they appear upside down, they indi-

cate an invertad attitude. Ground tex-
ture perspective indicates location of

nedrest horizen in nose-down attituds,

'HAS ROTARY WiNG VD'

Command heading and altitude,

Command steering vector symbol displaced
from null position at atecraft taference
aymbul to Indluie vequired chenges tn
heading andsor altltuae,

Fly-to, command, compensatory tracking,
Not apecified,

tn vertical direction, command steering
vector acts as an altitude command

the response to symtol displacement may
be A change in atvcraft pitch attitude

or tn 14y factor (roter blade plteh},

Qualitative indisation of turn rdte
provided by rate of lateral movemant
of ground texture grid,

Vertical orientatfon.

-

-SKT PLANL

HOREION LINY
ANCRATT FORE-ATT Ats
GROUND PLME

oo T GROUAD 1EX tURE

Sky and ground texturs are difYerenti-
ated by gray tone shading and ground
elements.

Ingide-out, status.
N.A.

All numerics are earth stabil{zed.
CGround texture grid perspective inai-
cates location of nearest horizon in
nose-down attitude.

VSTOL++HRUD/VSD

Gommand heading and piteh,

< FLIGAY COPmIAL TbG s

7 1O T IO ORANDY

ALV T Lo
RUTRI

tlight command director moves in rela=
tion to fixed atrcraft vefurvuce to ln=
dicate roquirved changes in heading
and/or plteh,

Fly=to,

Not apecifiad,

Vertical oriuntation,

/wunm Uine

ATRCRALT SrMBa
r(annsmm i3]

BUTON SEALL

Pitch lines indlcate vertical orienta-
tion, Dashed pltch liner {ndicate poa-
itive values; Bolid lines negative
values.

Inside-out, status.

N.A.

o
\’m.et\\\?, wee W
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VSD DISPLAYS

VERTICAL VELOCITY ALTITUDE

AIR SPEED

INFORMATION

SYMBOLGGY

DESCRIPTION

RESPONSE
SCALING

REMARKS

INFORMATION

SYMBOLOGY

DESCRIPTION

RESPONSE
SCALING

REMARKS

INFORMATION

SYMBOLOGY

DESCRIPTION

RESPONSE
SCALING

REMARKS

F' 1 1 1 B FIXED WING HUD F' 1 1 1 B FIXED WiNa DV' 7 A‘GA - FIXED WING ADI

Radar a't{tude.

L/nw AT seat
ES ! \
v
] B A TITUDE (wDEL
)

¢

Fixrd mcale and moving pointer indicate
vadat altitude.

Status, pointer moves up for increased
altitude,

feale factor 1% w» 200 ft,

Scale divided into 200 ft. increments
0 to 1400 ft, with numerals at 0 and
1630 fe.

Yate of ascent/descent.

1)

VERTICAL VELOCETY SCALL

T vERTICAL YELOCITY 1NDER

Fixed scale and moving puinter indicate
vertical velocity.

Status. Polnter moves ahove zevo for
agcent, below zero for descent.

Scale factor 1° = 200 fpm.
Scale divided into 200 fpm f1crements

with numerals at O and - 1000 fpm,
Rauge + 400 fpm tv - 1000 fpm.

AAAIS FIXED WING v

Command attitude,

-~ NS

S§ize and pattern of ground textu
ments vary with status altltude.
formed by pathway apex varicuw as
tion of deviation from command a

Pilot controls altitude so that
appears to be at flxed altltude

White ground lines on black: 1-1
aver 1000 ft; bhlack on white: It

Flight path terminate at 200 ft
runway: pilot continues approact
touchduwn under VFR conditions.
texture alritude cues avallable
touchdown .

No quantitative tndtcation
veloclty; however, pathway Aisyp
is programmed tor bouth altl:de
and command rate of change,

Command afrepred.

peal

Movement of dashed lines vo ri
flight path indicates deviatio
command 4irapeed,

Compand, Fly-to.

Reiation of rate of movement !
tude of error not specifivd,

When actual airepeed equals of
speed, the dushed lines are st
when actual greater than comms
move downward, and vice versa.




Dl

AAAIS FIXED WIKG VSD

Command aleftude.

T ST TTR AT

N
RO TR

~-—— N
By mammee S

stee and pattern of ground texture eole-
ments varv with status altf{tade.  Angle
formed by pathway apex varies as func-

tion wf deviation from command altitude,

Pilot controls altitude so that pathway
appears to be at fixed altitude below,

White ground fines on black: [-100 ft &
cver 1000 ft: black on white: 10O-1000,

Flipht path terminates at 200 ft above
runway: pllot continues approach to
towchdowin under YFR conditions,  Grouna
texture altitude cuns avajlable to
touchdown,

No quantitative indlcation ot vertical
veinclty, however, pathway dieplacewent
ts programmed tur boeth altitde error
and commard rate of change,

Lommand afrdpeed.

pons gual —ALRUPHLE NS ATR
_-J\‘-j’

Moveuwent ot dashed lines on right of
flight path indicates deviation from
cunpaind alispesd,

Command,  Fly-ta,

Reiation of rate of movement to magni-
tude of error not specified,

When actual afrepeed equals command alr-
speed, the dashed linvs are stationary.
When actusl grester than command, lines
move Jownward, and vice versa.

A"7D/E FIXED WING HUD lLAAS FIXED WING HUD

Status and command altltude,

AT R TR AL
- ¢ e

LA TN

P
Mg StieE
ENCE NMREY

Altitude scale fixed. Thermometer Lype
tndexer moves on weale.  The number at
the scale base (¢.4. 0) indicates the
dcale beglns at 0 fe,

Status.
Not spucified,

1006 ft scale structure has 100 ft In-
crements with malor marks every 250 ft,
Radar or bavometric altitude ts dis-
plaved depending on mode, Max rance
aot gpecified,

Rate of ascent/descent,

Fixed scale and moving pointer indicate

vertfcal veloeity,

Status,

St mpectfled,

Altitude seale also serves as vertical

velocity scale,

Status alrspeced,

— Mt ok

ETTECTRRTAY

TS L MR
N N

Alrspeed scale Tiacd, Thermometer type
indexer moves on srale to provide quantio
tative abrsperd,  The nuwber at the base
of the ecale (c.7., 1) indicates the
stale begins at 100 krs,

Blatya,

Not specified

Scale has 10U knot fncremeats with dots

every 10 knots and mator narks every 50
knots. Max. range not spoified.  Air-
apevd not displaved an dedluttired mode.

".AAS FIXER WING vsD

Status altitude.

o,

’%

I
= *A,_.___-Tv BAAR ALTITGE (MR
= W
.t:..,._;-\ q
=
= !
sq\\“\[
= —_———l
= F TG A

S

Altitude tape moves againut [lxed refer-
ence line to provide quantitative alti-
tude information.

Status. Tape moves downward tor in-
vrease {n altf{tude.

ficale factor 100 £¢/1n

Seale has 20 feet Increaents with nuser=
fen every 100 fL to 000 ft. Thore are
400 ft of scale {n view at anv vne time,
"Brick wall" appears at U ti. Seale is
carth stabilizel (rolls with horfzon),

Norden %itvie IEVD

Altitude,

IS
T A -

e ..
» ‘u.:..{} Sy
: . POUSALTIETE BT LA

Altftude tape meves against fixed ref-
erence line to provide quantitative
altitude information.

Status. Tape moves dowaward for fn.-
creased altitude,

I radater line equals 1 foot altitude ot
approx. 60 feet per iuch,

Scale haw 100 te increments.  Barametpic
or radar aitlitude not apecificd (eithet
may be nsed),

Rate ot ascent/desceut,

IV L7

t

- - YO SR

Vertival velocity represented he har es-
tending from altitwde veference mark.
Length of bar porperttonal te vertteal
velarfty,

Satus. 840 exbends upward for scent
dowineald 1or desscut .

ot specitled,

Status A vapeed,

; '\\“‘1'7/’” i

T B
.

Moving vertical tape read apainst tixed
reference qine Indicates status air-
apeed,

status,  tane moves upward with ln-
crédeen alrepeed,

Kot spoecified,

Note ajrspeed and altitvde tapes move
40 cpposite divecttion for incrvasing
valurs, Numerals st 10kt intervals
from - S0 to o+ 970 ke

Preceding page blank -
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FIRED WiNO

AS VSD

Cyrtnde

\V\jr17y

e el ADAR ALTITIOE |NDEN

TSALTITUDE SCALE

votape s ves against fixed refer-
vty revhile quantitacive alti-

bt et

ape moves downward for in-

' Woaltirnde,
1 toro e tefin
toct fncrements with numer-
! vrota 3000 fr,  Tiere are
ctowabe inoview at oany one time,
S appuars 4t O ft. Scale ik

< otrells with horizon),

e
' [

LA

ROTARY WiNQ
FIXED WING

Norden IEVD

Altitude,

Altitude tape meses agailnat fixed ref-
erence line to provide quantitative
altitude (nformition.

Status. Tape moves downward for in-
creaned altitcude,

1 raster line equals 1 foot altitude or
approx, 60 feet per inch,

Scale has 100 ft [ncrements, Burometric
or radar altitude not specitied (either
may be used).

Rate of ascent/descent,

O\ ‘\l rr/

|
) -
i i

Ty L

ViEHTy

Vertical velocity represented by har ex-
tend{ing from altitude refercnce mavk.
fength of bar porportional te vertical
velacity,

Status, Bar extends upward tor ascent
downwary for descent,

Not specified,

Status afrspeed,

SN

i= :‘uq.g{%}‘\;‘ -

I TR N

b T e R s

Moving vertical tape read agalnst fixed
1eference line indicates statue air-
speed,

Stgtus, Tape moves upward with {n-
creased airepred,

Net specified,

Noté ajrspeed and 8ltitude tapes muve
tn vppusite direction for increaning
values, Numerale ar 10 ki intervals
from - %0 to + 370 kts.

ROTARY WiNG

IHAS VDI

Status radar altitude.

PR

AUTTE e ta WA

Movable vertical tape read agatnst fix-
ed fiducial marker indicates radar al-
titude.

Statua. Tape moves downward for in-
creased altitude,

400 ft of meale in view at any one time:
50 ft {ncrements! nunecics every 100 ft.
Scale not displaved above 5000 fr,
"Brick wall” appeurs at 0 tt, Scale
rotls with raster f(earth stabilized).

ascent/descent

Rate ot

Vertical velocity o splaved by bar em-
anating from altitude tiduclal rarder,
Length uf bar propartional to vertical
velocfts,

Status,  Bar extends upwara 101 15 ent;
downward tor descent
Seale tactoy 1 i = 200 fpm,

Index marks at 160 tpm {ncrements,
Range + 400 tpm,

Status alrspeed,

FIl iAo ek

MEPEEL AL

Movable vertical tape resd against tixe
ed flducia] marker indicates iirspeed,

atus, Tape moven downvard for in-
cresse §n alTspeed,

Scale factor U kte/in,

5 kt scale {ncrements vith numerala eve
ery 10 kts, 40 kte ot svale in view
4t any given tirme, HNegslive atrsnerd
{ndicated by minus sign, (sew alsu
RFCURd epewd),

VSTOL+HUD/VSD

Status altitude,

ST D MR

Alttityde read on moving tapy agafnst
fixed Index,

Status. Tape moves downward for {n-
creased altitude,

10 1 {ncrements: numerals everv SO ft,
Full range of scale not 4pecttiud.

Status sireperd,

A repeed {ndex moves along the alrspecd
scale to indicate » tual aivapeed, ip-
dicated ajrapewd read direct'v frop

the vertical lines,

Statui, Moving puihter—tixed scale,

C

kach vertical line oo aisspund wigle
Tepresente 4 10 Kt incremnt, Yits ars
a4t BU Rt Intervals.  tensitivity gpd
srcuracy to 1 kt or 1ess 18 baiieved
required n ¥R hoves, r
W ‘; -

Seale factor not specitied,

Praceding page blank



RISPLAYS

INFORMATION

ML

L LI T ]

RAPONLE

Wawe

REMARRY

INFDUNATION

L] T U

DEsCRIPYION

RVPORYE

WALING

MMARRY

INFORMATION

1YMB0L00Y

DLISRIPTION

Litii L]

KeALING

REMARNY

F-1118 .one HUD

F-1118B

bvi

FIAED WIND

A-6A ADI

Actual rlight path through the alrmass,
LISSCR LTV IRATY

~

sonltoa L

The pesftion ot the veloclty veetor

hol with respsct to the herfzon line
and/or the fLIght path apea denvten she
actual Flight path or velocity vector

of the alreraft,

Hym-

Fly<tfrom t(velocity vectur flown from
present posltion to desired position),

Vurtical mcale factor 1:2,5; horfzontal
scale facter 113,33 (both campreaston) .

fhe xvmbol marks the projecied polnt ot
fmpact un the pround-sky plane if the

dlrection and veloctty of the afrveratt
ate net changed.

Pull-ap Command,

PP ST

—bLTuNE PAT

Fathway apes [a displaced upward sharply
to comnand a4 pull=up manewer. ¥For a
planned prll-up, a downward moving black
bar serves ar an antieipatory commaind,

Fly-to, command,

Variable,

Pull-up based on atreraft closure specd
and pull-up "g" required for weapen

delivery.,

Deviation [rom command wltdeslope,

U AN THNT

.
LT ARTLRY

Vettival Jisplacement ot the movab.e re-
ticle trom the alvcraft reticle {ndi-
cates glideslope deviatton, information
Aohs rated by Automatlc Carrler landing

wyutem tData Link),

Flveto, comsmund,

Nob wpecit fed,

Symbol 1a displaved only when Data Link
weRRARY ln Tecelved, The steevlog
symbol (8 net nhiown wher the movable
reticle iw on the display.

bBeviation fvom command wlideslope.

S MR

= 1
»

—
YLV NTRITNG

-

PRECISLON COURSE ¥IC-

TONENG STAROL (ert i

ihe horizontal member of the PCVS symbol
moves up and down to indicate glideslope
deviation, 1nformation generated by
Autumat i¢ Carrier Landing System

(Data Link).

Fly=to, command,

Not apecified.

PCVS symbol {s analogous to convention-
al «cross pointer. Symbol is displayed
only when Data Link message ia received,
The steering symbol {m tot shown when
the PCV5 {s on the display.

Deviation from command glideslope,

Not specitied.

Not specified,

Not specifired.

A planned modification calls for glide-
slope to be shown by the flight path
symbol., Deaign description not yet
available., Present operational display
does not have thle feature.

AAAIS 1o VSD

Actual PVight path through the alimass.

S
iy

)

CUIC Y

. §

e ponition ot the veloelty veotor o
bul with respect te the horlaon lne
and/or the [light path apex denotes the
actual tlight path or velocity B
of the afreratt,

Fly-from (veloclty vector tlown trow
presont position to destred positlon),
i,

scale factor

The mymbul norks the projected polnt
fmpact on the ground-sky plane (1 the
direction amd velov ity ot the afrorate
are not chauged.

Deviation from command glidesiope,

The flight path s driven by (L5 pitde
slope deviation signals, 1t tunctions
as a form of altitude control: Loo high,
patlvay narrows; too low, pathwav wildens
and eventually "[lips" to tep ot display

Fly-to, command .

Net specifled,

Pilot uses bottom corners ot display as
referance marks to indicate the nul!l
size of the flight path., Path ternin-
ates at 200 ft. above runway,




1

AAAIS VSD

FIKED WiKa

Actaal tlight path through the alrmass.

YOI VELTOR

ftion ot the velocity vector sym=
with regpect to the horizon line
the tlight path apux denotes the
tlight path or velocity vector
cadrarati,

andioy

tron tveaoity vector tlown from
Wt pogition to desired position).

Lo tastor bily
Py seembed mavks the projevted pofat of
topocl on the ground-sky plabe [ the

dtres tton amd velocity of the alrcraft

ve ot changed,

Deviat fon trom command glideslope.

FLIGHT PATY

the tlight path {s driven by 1LS glide
Pepe deviation slgnals. It functions
1s 0 form of altitude control: toe high,
pattiay Larrows; toe low, pathway widens
dod eveatually "flips" to top of display

Fiv-to, command,

ot apec i ted

rilel used bottom corners of display as
rererence marks (o {ndicste che null
stae ot the [1ight path, Path termin-
Atey gt 200 1t, above runway.

A'7D/E FIXED WING HUD

Actual flight path through the alrmass.

- PLIGAT PATY KARREN

HURI20M £ I8t

The pesition of the flight path marker
with respect to the horizon line dehotes
the actual flight path or velocfty vecte
of the atrerafe.

Fly-to (fixed €light path marker {lown
from present position to horizon ine).
Not specified.

tn this mechanization, the flight path
position represents the terminus of

the aircraft velocity vector with
respect to the real world,

Deviation from command glideslope.

< FLEGHY PATH MARRER
o

“HLIGHT LIRECTOR

Vertical deviations of the {1{~lt direc-
tor {rom the flight path marker I(ndicate
vertical displacement from the command
g'ideslope,

Fly-to, command,

Not specified,

Perspective lines also provide glide-
alope cues. In USAY version, symbol
driven by flight director computer.

ILAAS HUD

Actual flight path through the sairmass.

FIXED WING

~FLIGHT PATH WARKLR

Flight path marker denotes actual flight
path or aircraft velocity vector, Drift
{s {ts lateral displacement from center,
The horizon line position in relation
to it indicates alrcraft flight path,

Fly-to (flight path marker flown to
moving horizon line).

Not specified.

In this mechanlzation, the flight path
Iy represented by the relation betwacn
the flight path marker and horizon sym-
bols, Nefther symhol position displayed
is directly related to the real world.

FIXED WIKQ

ILAAS

Actual tlight path through the airmass,
K’QWYL\' 77>,

MR IO L[N
ﬂl/

AFLIGHT PALN MARNER

T eautne e

The positiop of the El{ght path mavker
with respect to the horizon llne and
heading tndex denotes the actual flight
path or velocity vector of the alrcraft,

Fly-from (flight path savker flown from
prasent position to desired position).

Not spucified.

The symbol marky the projected point of
fmpact on the ground-sky plane it the

direction and velocity of the aircraft
are not changed,

VSD | Norden

ROTARY WING
FIXED WIND

Deviation from command glideslope.

AIRCUAPT REFERENCE
L

of
\ S
>‘]\m SY0

Vertical displacemant of ILS sy:hol
from conter of aircraft refersnce ~vm-
bol indicates glidealope deviation.

Fly-to, command.
Scale factor spproximately 150 ft/in,

Diameter of aircraft reference symbol
circle equals * 85 ft deviation, Full
rangs of symbol movement is equivalent
to * 250 ft,

IEVD | IHA!

Actual f

of atre

Fly-Lron

Not spes

During
bol will
symbol «

-———a—-———_—*ﬂ_ﬁ——

Deviatd

Vartica
vector
vaLtor

See BL

Pre

b
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S weove VSD

slight path through the ajrmass,
Yy ry FUGHT PATH WARRER
\7/)_/
. ~
oy

v of the fiight path marker
*‘ sect to the horizon line and
< denotes the actual fl4,ht

HORL 20K 4 INE

NLADING [NOCH

(tliyht path marker flown from
eanition tu desired position),

B el

Paarks the projected point of
v the ground-sky plane {f the
anoamd velocdty of the alreraft
} i

ty vector of the atrcrafe.

ROTARY WING
FIXED WINO

Norden IEVD

Deviation from command glideslope.

REFERENCE POINT

AIRCRAPY #ETERENCE
STHEOL

(S

TSt s

Vertical displacement of ILS wsymbol
from center of aircraft reference aym-
bol indicates glideslope deviation.

Fly-to, command,
Scale factor approximately 150 ft/in.

Diameter of aircrafr reference symbol
eircle equals & B85 ft deviation. Full
range of symbol movement is equivalent
to ¢ 250 ft,

lHAs ROTARY WIKG VD| ‘V

Actual flight path through the airmass.

YILOCETY VECTOR ([N
T PACT poINT Srhedt

WOR| 20K LINE

ACTUAL HEADING STRORE

Pogition of velocity vector svmbol in
relation to hor{zon line and actual
heading atroke indicates actual path
of atrcraft through the airmass.

Fly=from,
Not specified.

During vertical ascent or deycent, sym=
bol will be off display. Dynamics of
symbol during hover not specified.

Deviation from

command glideslope.

COMMAND STELRING YECTOR

ELDCTTY VECTOR (1M

PACT POINT} STMBOL

Vertical displacement of velocity
vector &ymbol from commund steering
vector indicates glideslope deviation,

See steering.

Preceding page blank

VSTOL»+HUD/VSD

v

Actual flight path through the airmass,

YILQC1TY YECTOR
- /
“ . /{
s

Velocity vector symbol indicates the di-
rection of alrcraft travel through the
alrmass.

Status.

Not specified.

Vector may be near zenfith or nadir for
some takeoff or landing maneuvers, Svm=
bol would presumably be off the display
in such circumstances.

beviation trom command glideslope.

Gu I DE 5LOPE

AIRCRAI T WING

Glideslope lines move against fixed re-
presentstion of r;lrcruft wings,

Flv-to, command,

Not specified.

The above information is inferrved, The
document dewceribing the display is not

clear on this point. 77

C



VSD DISPLAYS

WAVEOFF GLIDEPATH

SIDESLIP

INFORMATION

SYMBOLOQY

DESCRIPTION

RESPONSE

SCALING

REMARKS

INFORMATION

SYMBOLOGY

DESCRIPTION

RESPONSE

S0ALING

REMARKS

INFORMATION

SIMBOLOGY

DESCRIPYION

$0ALING

F- 1 1 1 B FIXED WiNG HU D

Deviation from command glidepath,

RS

Horizontal displacement of the movable
reticle from the ajrcraft reticle fndi-
cates glidepath deviatfon. Information
generated by Automatic Carrier Landing
system (Data Link),

Fly-to, command.
Not specified,

Symbol is displayed only when Data Link
megBage is received. The steering sym-
bol is not shown when the movable re-
ticle {a on the display.

Breakaway command.

A large X outomatically appeary at dis-
play center when alrcraft exceeds land-
ing perfotmance envelope. Symbol
blinks at 2 to 3 cps.

Command dlscrete to execute a go-around,

N,A.

Originates with receipt of waveoff mes-
sage and continues unti] messape termi-
nates. Alsc for interruption of Data
Link (missed message). tUsed in weapon
delivery to mean break off attack.

F-111B DVI

Deviation from command glidepath.

FIXED Wik

/nmm ATie

7 PRECESION COURSL YiC-
TORING 170U {PEYS)

The vartlcal member of the PCVS symbol
moves left and right ro indicate glide
path deviation, Information generated
by Auvtomatic Carrier Landing System
(Data Link)

Fly-to, Command.
Not speci{fied.

PCVS symbol ts analogous to conventtional
cross pointer. Symbhol ta displayed only
when Data Link message is received. The
steering symbol 18 not shown when the
PCVS s on the display.

Breakavay commund,
- \ -l.. 7™~
—
-
T

—

A/

Large X automatically appears at display
center when afrcraft exceeds landing
performance envelope. It blinks at

2 to 3 cps.

BREA AWAY STMBOL

Command discrete to execute a go-around,

N.AL

Originates with receipt of waveoff meg-
48ge and continues until message termi-
nates, Also for interruption of Data
Link {missed mesmage). Used in weapon
dilfvery to mean break off attack,

A-6A ADI

Glidepath to touchdown.

FIXED WiNQ

Not specified,

Nut specified,

Not spocifled,

A planned modification calls for gl lde-
path to he showr by relating the flinhe
path symbol to real world runway, De-
sign description not yet avallable.
This feature not on present display.

AAAIS VSD

Doviation (rom command glidepath.

FIXI0 WING

I

g \
PRNTESLINEEY

et e

Flight path {s driven by LS localiae
signals. Lateral deviation of velocit
vector symbol from pathwav apex: headl
error. Lateral translation of pathwan
from display center: track error,

Fly-to, command.

Not specifled.

Flight path is analog of roeal world
way., Pathwav terminates at o0 tt ah.
ranway,




ROTARY Wikg
Norden “iivx IEVD
Deviation trom command wlidupath,

Vs

ILAAS VSD

HARD Wikp

hIID WIng

ILAAS HUD

Deviation from rcommand plidepath,

A'7D/E FIXED Wing HUD

Deviatton from command glidepath,

AAAIS VSD

beviatton from command glidepath.

FIXED WINO

« ]'/mu(m miw?

[

TG PR Ma

P /n\m;'H nete ’ 8 |
! { ' - : ,‘.—mam AR08 Ay P
| i - e -
! | e FORES IR . T e A areN
N ! B Tl i L
1 = i
Tt e | N N k“‘ e,
oo by Gu) FAt —_— . [
Fliaht path is drivea by ILS localieer Lateral displacement of the flilght direc leading error aymbol on horjgon tine tn- Latoral diwplacement of 1LS symbol from 1
afsnals, lateral deviation of velocity tor from the £light path marker indicate dicates velative headlng to runway or venter of alveraft refurence symhol tn- \
dicates glidepath deviation. \

vo tur svmbol From pathway apex: heading| lateral displacement from command glide- carrier, lLine projecting downward from

ervor.  Lateral translation of puthway path, horizon tine denntes carrier deck cen-
trem diaplay centor: track error. tertine with gap at carrier location,

g

Fly=to, vommand. Fly~to, command. Fly=to, commaad. Fly~to, command,

Not spectiled, Not specified, Not specifled, (Prerumably 1:il.) Scale factor approxtmately 500 [i/in.

1 s - Fiight path s analog of real world run- Perspective lines also provide glide- Deck centerline symhul carth stabillzed, Dameter of alrcraft reference avmhol
inht wav, Pathwav terminates at 200 ft above path cues, In USAF verslon, symbol Gup size proportional to angle subtended elrele equals + 300 ft deviation, Full
driven by flight director computer, by carvier centerline 1000 ft long when range of aymbol movement Ls equivalent

to + 1500 fe.

D= [ILITATN
viewed from a paint on 3.5° glide slope.

(Gap s anme Indicatlon of range to go).

Waveolf command,

b Large flashing X apoears at displav
center upon receipt of AUL waveoff
message.,

tommand descrete to execute a go-
t around.

» NAL

Lateral velocity (see remarks).

SNV

g, i r_:_;“

- o - -
] P .
; - ‘

Rate vector, originating from the dis-
play canter at the bottom of the view-
ing area, extends left ov right in
proportion to lateral velocity.

ral velocity

Vector moves right for 1
to the right.

About 10 knots per inch,

Lateral velocity for rotary wing aiy-
craft; slip/skid for fixed wing air-
craft.
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l lLAAs HXED WiNG VSD 7

Norden "z IEVD
Daviation from command glldepath,

l*\\‘\r r///k, o
' Vel
: :“1 ﬂ:‘-_*:!—-lz;l:v- atinG

—
. ST v

Lateral dinplacement of 118 symhol from
center of atrcraft veference symbol {ne
dicates glidepath deviation,

Fly=to, command.

Scale factor approximately 500 ft/in.

Diameter of alrcraft reference xvmbol
c¢ircle equals + 300 ft deviation, Full
range of symhol movement is equivalent
to + 1500 fe.

Lateral velocity (see remarks).

>

A

E }/uu vECTan

Rate vector, originating from the dis-
play canter at the hottom of the view-
ing srea, extends left or right in
proportion to lateral velocity.

Vector moves right for lateral velocity
to the right.

About 10 knots per inch.
Lateral valocity for rotary wing air~

craft; slip/skid for fixed wing air-
craft,

lHAs ROTARY WiND vol 7

Deviation from command glidepath,

COMMAD ATLARING YL TOA|

YAt vt ((m.
PACY POINT) vt

Lateral displacement of veloclity vecs
tor symbol from the command steering
vector indicates glidepath deviation,

See steering,

VSTOL v HUD/VSD

Boaring line Yreom landing aite,

—BARING AL

Glidepath displayed aw a bearing from
the landing site, Deraila not speci-
fled,

Fly-to,
Not apeciffed.

Directional orientation of bearing line
ambiguous without some heading tndica~
tion, 1t Is assumed that the ajrcraft
positlon {s tixed and the bearing line
moves .,
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VSD DISPLAYS 7 F-111B wowe HUD | F-111B wowe DVI | A-6A FIXED WING ADI | AAAIS owe VSD

INFORMATION

sYmaoLoQY

DESORIPTIUN

RESPONSE

HOVER POSITION

SCALING

INFORMAYION

SYMBOLOGY

DERCRIPTION

RESPONSE

RANGE TO GO

SCALING

REMARKS

INFORMATION

SYMBOLOGY

DESORIPTION

RESPONSE

SCALING

GROUNDSPEED

A



Norden Vi IEVD | IHAS °

Preselacted hover position deviation.

ILAAS nwwe VSD

ILAAS FIXED WING HUD

S HRED WiNG VSD A'7D/E FIXED WINQ H U D

LR PRESELECTIEO MOVIR
- / PosITION
T |
T o o

Two "ground position identifiers” pre-
sented (one representing desired hover
position; the other the actual alrcraft
position). Correct atrcraft hover

position 1s with symbols superimposed.

Fly-to, command.
Not specified,

Ground texture not displayed with
ground position identifiers. Both
ground position symbols are earth
stabilized.

Error from comm

For forward spe
horigontal elen
grid move up an
cate difference
actual ground «

Flyeto, Flemer
spusd greatey !

Element moveme:
ror, reaching

Because of per(
tu move toward




LANDING 7-3

VSD

ROTARY WING
FIXED WINQ

IEVD

Pregalected hover position deviatfon.

Norden

‘ PREIELECTED MVER
! OSITION

DTS e s

SN, o S

Two "ground position identifiers" pre-
gented (one representing desired hover
position; the other the actual aircraft
poafition). Correct aircraft hover
position is with symbols suparimposed.

Fly-to, command,

Not specified.

Ground texture not displayed with
ground position [dentifiers. Bath
ground position symbols are earth
stabilized,

IHAS

ROTARY WiNG

Error from comasnd grou .depeed,

Far forward speeds of 30 ktw or mote,
horieontal elemanta of ground texturs
grid move up and down display to indi-
cate differsnce betwesn command and
sctual ground epesd.

Fly-to, Elsments move down to indicate
speed greater than command; vice veraa.

Elsment movement {s# proportional to er-
vor, reaching max vei, st 30 kts errer.

Bacause of perspective, slements appear
10 wove towaTd or awav from obeerver,

VDI |

VSTOL+~HUD/VSD

Location of hover or landing pcint,.

| RAGE W
o REARTAG NOEY

L RANGE CENZLEY

TS YEHICLE ROSITION

Own positiou is marked at the center of
range circles., Range and bearing bars
intersect to display hover or landing
point.

(Fly-to assumed).

Not specified.

Not specified,

Slant range to ianding or hover point.

Range to the landing site ie denoted Ly
concentric circles about the aircraft
symbol. Range bar sssumed to move;

own position assumed fixed,

Not apecified. (Fly-to assumed),
Not apecified., (Probably variable for

more sensitive control near touchdown,)

It {s assumed that the vahicle aymbo;
ie stationary and the range bar moves
toward it,
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VSD DISPLAYS | F-111B /wowwe HUD | F-111B wwe DVI | A-GA FIRED WING ADI1 | AAAIS Lo wika VSD

INFORMATION

SYMBOLOGY

DESCRIPTION

RESPONSE

SCALING

REMARKS

HOVER GROUNDSPEED

INFORMATION

SYMBOLOQY

DESCRIPTION

RESPONSE

SCALING

REMARKS

LATERAL GROUND VELOCITY |

INFORMATION

SYMBoLOGY

DESCRIPTION

RESPORSL

S$CALING

[ 1 YUY




J I AAAIS FIXED WING VSD A"7D/E FIKED WiNe HUD “-AAS FITED WING HUD ILAAS FIKED ¥iNa VSD

Norden "'vx: IEVD
Status groundspeed (hover).

EAL A/

~MORLIONTA). FLENERY

Horizontal elements of ground texture
8rld nove down the display at velocity
proportionate to groundspeed.

Status indicator, qualitative.

Hot specitiud,

For rotary wing alrcrait, wround tex-
ture grid moves up or down, At zero
groundspeed, grid is staticnary,

Lateral ygeound velority,

SoAGLAL LEMNT

Radial elements of ground texture grid
move laterally to denote lateral velo
city. At zero lateval veloctty, ele-
ments are atatlonary.

Status {ndicater, qualitative, [Klements
move oppusite to motlon of aircrait

Not specitied,




LANDING 8-8

ILAAS

FIXED WiND

VSD

ROTARY WING
FIXED WING

Norden

Status groundspeed (hover),

HORLIONTAL ELLMENT

Horicontal elements of ground texture
grid move down the display at velocity
proportionate to groundspaed,

Status Indicator, qualitative.
Not specified.

For rotary wing aircraft, ground tex-
ture grid moves up or down. At zero
groundspeed, grid is statlonary,

Lateral ground velocity,

EANMLZA

e~ RADIAL ELENEN

Radial elements of ground texture grid
move laterally to denvte lateral velo-
city, At ¢ero lateral velocity, ele~
ments are stationary.

status indlcator, qualitative., FElementa
move opposite to motion of alrecratt,

Nok specified,

IEVD |

ROTARY WINQ

IHAS vDI

Status groundspeed (hover),

HORLIONTAL LU IMLKTS

For ground speeds iess than 30 ktd,

horizontal elements of ground texture
grid move down the display at velocity
propurtionate %o actual ground speed.

Status indicator. Qualitative.

Maximum velocity of horizoatal elements
2.5 tnfuec = 30 kts,

At zero groundspeed, the ground texture
grid is stationarv, Because uf per-
gpective, elements appear tu move to-
ward or away {rom obscrver.

Cross hoading velocity,

Hadial elements of ground texture prid
move laterally to denntz lateral velo-
city. At zero lateral velocity, ele-
ments dre statlonary,

Status Indicater, gqualfitative, 'lerants
move oppesite to motfon i aficraft.

Llement speed proportionate to lateral
velocity; max speed 2.5 insdec = 30 ki,

VSTOL»HUD/VSD |

Qualitative vehicle groundspeed,

T
il 4 omree BEARTNG INDEX

.—’\‘K;:L-mm HEI

wn position 1s marked by det at center
of concentric range clircles. These are
assumed fixed, Forward or reverse
groundspeed 1s shown qualitatively by
movement of range bar.

Alreraft controlled to reduce range bar
movament to 0 at own atrcraft position,

Not specified,

Groundspecd dieplav is qualitative.
Quantitative display in form of scale
or digital resdout not specified.

Dualitative lateral movement.

A . /

|
i ' BLARING (RDL!

e KANGL Tl

Own position warked by dot In center of

concentric range circles. Movable bear-
ing index {8 read against fixed vehicle

and range circle configuration.

Afreratt eontrolled to keep bhearing in-
dex ceptered on vehlcle pos{tion symlnl,
Not specitied.

Quantitative display of lateral wperd
not specified,
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TABLE 9 -

SUMMARY OF VSD INFORMAT1ON FOR LANDINC
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TABLE 10 - SUMMARY OF VSD INFORMATION CONTENT FOR ALL FLIGHT PHASES
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ANALYS1S OF CONTEMPORARY HORIZONTAL SITUATION DISPLAYS

8y compariwon with vertical ajtuation displays, horisontal situation dis-
plays present a considerably simpler analytic problem., Not only are there
tewer examples tv choowe from, but they are remarkably like each other.
Navigation disaplays vonsist basically of a map on which are superimposed
aymbola to denote present position, course, heading, and occasionally sup~-
plementary information about objectives, special landmavks, fuel range, and
the like, For tactical displays the information is much the same except
that a tactical situation plot is substituted for the map. There are dif-
ferencea among USLas, but they tend to be largely matters of display gener-
ation, map orlentation, and dynamics. With respect to information content,
contemporary HSha ave nearly uniform,

A second factor which simplifies the analysis of HSDs is that they tend to
ke single-mode displaya, at leaat insofar as information content is con-
cernad, The scale of the map may be variable for purposes of miision
planning, en route navigation, terminal navigation, and airfield approach.
The orilentation of the map may be variable so that the vertical centerline
of the djsplay lies along aither a north-south line, a selected course,
ot prasent ground track, The map may be fixed or moving. But all of
these have little tu do with the basic information content of the display,
which vemains nearly constant throughout the aircraft mission.

For these reasons we have chosen a much more simple and compact analytic
format, Table 1l contains 1llustrations of four contemporary horizontal
situation displays = three navigation and one tactical. These ave:

Advancud Army Adrcraft Instrumentation System (AAAIS) HSD is an
advanced developmental system, not intended to be standardized

for tactical operational use. Developed under U. 5. Army auspices,
the display has bean installed in the J-50 Twin-Bonanza, the civilian
countevpart of the U-8 Seminole utility aircraft, for flight test

aud evaluation,

ITT Gilfillan Mark 11 HSD, officially designated the AN/ASA-61,
has been developed for low altitude, high speed flight,

Computing Devices of Canada Moving Map Display grew out of a
concept originated by the Royal Aircraft Establishment at
Farnborough and has been flight tested in England, France, and
Canada, It is intended primarily as a navigational aid for low
altitude, high speed aircraft using air data inputs,

Hughes Alrcraft Company Tactical Information Display is part of
the Phoenix Missile System now under development for the F-111B
aircraft, The display uses inputs from either the Phoenix com-
puter or from Naval or Air Tactical Data Systems via Data Link.

89
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These four displays have been selected because they are representative

of HSDs now under development and because they illustrate the variety of
generation techniques now in use. It would have been possible tu choose
others or to include more examples, but this would have been unnecessarily
redundant in view of the great similarity which exists among HSDs. We have
not included examples of the roller map display or other devices which use
a printed chart and mechanical indicators since these are not, by our
definition, E/O displays.

Accompanying the illustrations in Table 11 is a brief description of the
type, slze, method of generation, and specilal features of each of the dis-
plays. The information content of the displays is set forth in tabular

form below the illustrations. The information items listed here are gen-
erally the same as those listed as requirements in Table 3 with two excep-
tions: Fuel Range has been added, and Aireraft Position has been subdivided
into Geographic Reference and Position Relative to Objective.
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TABLE 11 -~ ANALYSIS OF HORIZONTAL SITUATION DISPLAYS

Course
Line

ADVANCED ARMY AIRCRAFT
INSTRUMENTATION SYSTEM (AAAIS)

Bearing
Pointer

Heading
Pointer

Compass

Present
Position
& Heading

TYPE

SIZE

GENERATION

Fuel
Range
Circle

Navigatlonal wap and radar,
7 inch tube (0 inch usable diametor),

CRT vidicon ot 70 mm {{lm,
Sector PPl scan/radar,

ITT GILFILLAN
MK Il HSD

Course
Harker

Special - .
Designators N
' - & Compass
. > : d L~ Rose
Fuel
Range
Clrele
Map o ] N
e /”"’['lu'un\\‘“\ A
// .
/ u
Present
Position
& Heading
TYPE Navigational map.
S17E Approximatoly 8 [nehes dianmeter,

GENERATLION

Direct view stovage tube projected in register with
fiim chart.

b L.
FEATURES Fixed or moving map modes, FEATURIS Moving map,

Rotatable for rorth or heading up, Rotatable for north or heading up.

Map ip shades of gray. Map {n color.
INFORMATION A/C Posltion [ A/C Position Fuel Fuel

. L & § G d Track angze o g G r

CONTENT (Geo  Ref) (Rel to Obj) Heading ourse round Track | Ranze to Gc Time to fio Quantity Flow Rate [ 7
AAATS YES YES YES YES YrS YLS NO NO NO By
ITT GILFILLAN YES YES YLS YES Yis YES Lo NO N By
ChC MOVING Malb YES YLS YES YES Yrs YES »O NO NO BY
HAC TID YES Yis YES M1 NO Y8 YES NO NO

/|

(



a2l

et inoreg

)

Compass
~— Ruse

Fuel
Range
Clrcle

fster with

COMPUTING DEVICES OF CANADA
MOVING MAP DISPLAY

COURSE

Track
Marker

Bearing _,_,...-——-"’""‘"\
Polnter
LB
l#
-l ]
//////f = Map

/

Present
Position

IYPE Navigat fonal map,

S1ZE Approximately 8 {nches diameter.

GENERATION Projected contlawous film strip (35 or 70 nm)

Moving mapy present positlon of fsetable to periphery,
Selevtable Tor north or heading uy .

tap in color.

FEATURLS

Target
Position,
lieading,
& Other
bata

carrler
or befended
Posltion

e
S1ZE

GENERAT 0N

FEATURES

HUGHES AIRCRAFT COMPANY
YACTICAL INFORMATION DISPLAY

Sensor
Scan
Limits

AV

Range
Mavker

N

\,

Presznt
fosition
& Velocity
Vector

Tactical situation Jdisplay.,

Y fnches djameter,

Computer generated symbols on line-written direct
view CRT,

Present position offsetable to periphery and beyond.
Sclectable for north or heading up.
Mapual cursor for data cvatry and readout,

el Fuel - . . e Carrler Dangercus
et Ly Pl Rate Ground Speed Fuel ‘Rdngg Position Weather
i wh BY INFERENCE Yhs NO NO
-4 A S -
0 NO BY INFERENCE YES NO N0
4 —
e No BY INFERENCE NQ No NO
) O NO No YES Y

b.

91

HORIZONTAL SITUATION DISPLAYS



SYNTHESIS OF INFORMATION REQUIREMENTS FROM STUDIES AND DISPLAYS

Table 12 combines the data from Taple 3 and Table 10 to provide a direct
comparison between the information requirements derived from analytic
studies and the information content of contemporary vertical situation
displays. Table 13 is a similar comparison of information requirements
and the content of contemporary horizontal situation displays (i.e.,
Table 3 and Table 11 combined). In several instances both sources of
evidence are in close agreement, and it is a fairly easy matter to accept
or reject the information item as a requirement. For several others,
however, the evidence is inconclusive., These findings are as we antici-
pated. In part, the inconclusiveness can be attributed to our admittedly
imprecise method of analysis and to the diversity of the sources from
which we have drawn. Still, it is also true that disagreements between
display designers and information requirements analysts do exist, and
Tables 12 and 13 reflect this.

The establishment of information requirements is a complex exercise, vastly
more so than would appear from what we have shown here, As we demonstrate
in a later section dealing with terrain avoidance, information requirements
cannot be determined in im vacuo. Requirements must be shaped in light of
aircraft type and uwission, the crew tasks, available data sensing and pro-
cessing equipment, and equipment constraints. It necessitates examination
of the system in all its parts and as a whole. It is an exercise that

must be undertaken for each system in particular. Our purpose here, how-
ever, is more limited. We are seeking to identify those items which by
common agreement or simple logic may be considered the irreducible minimum
of information content for integrated flight and navigation displays. That
is, we do not purport that the items resulting from our analysis represent
the totality of the pilot's informational needs for all aircraft, but
rather that his needs include at least these,

At the risk of seeming overcautious, we would again add the reminder that
the conclusions to be drawn from this analysis are general and tentative.
Not all of the items emerging from our analysis appear to us to have re-
ceived their proper weight. Pull-up and velocity vector are but two examples
where importance varies with the purpose for which the information is being
used., For the en route situation their importance is minor at most, How-
ever, both are extremely important if the display is used for low'altitude
high speed flight. Caution is also called for because the information re-
quirement studies we have sampled vary widely in their origins and methods.
We cannot vouch for the pertinence, soundness, and completeness of each
work., In particular, the subject of HSD information requirements does not
seem to us to be as thoroughly and well handled as VSD requirements in the
studies we have examined. Finally, we have almost certainly blurred some
important distinctions by treating all contemporary displays as if they were
alike when, in fact, they differ in rationale and purpose.

Praceding page blank
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TABLE 12 - COMPARISON OF INFORMATION REQUIREMENTS VS. DISPLAY CONTENT - VSDs

TAKEOFF EN ROUTE LANDING

INFORMATION STUDIES | DISPLAYS | STUDIES | DISPLAYS | STUDIES | DISPLAYS
Pitch Angle 7/7 9/9 6/6 9/9 16/16 11/11
Pitch Trim 3/7 5/9 3/6 5/9 4/16 5/11
Angle of Attack 4/7 3/9 1/6 3/9 7/16 5/11
Roll Angle 7/7 9/9 6/6 9/9 16/16 11/11
Heading 5/7 6/9 5/6 6/9 8/16 | 6/11
Steering 3/17 9/9 3/6 9/9 11/16 11/11
Turn Rate 1/7 1/9 2/6 1/9 2/16 1/11
Vertical Orientation - 8/9 - 8/9 - 10/11
Altitude 6/7 7/9 6/6 8/9 15/16 8/11
Vertical Velocity 5/17 4/9 4/6 3/9 7/16 4/11
Airspeed 7/7 5/9 5/6 6/9 15/16 6/11
Velocity Vector 2/7 6/9 2/6 6/9 6/16 8/11
Pull~up - - 1/6 3/9 1/16 l/ll___
Glideslope NA NA NA NA 9/16 9/11
Glidepath NA NA NA NA 9/16 | 10/11
Waveoff NA NA NA NA 2/16 3/11
Pathway - - - 1/9 - -
Sideslip 1/7 - 2/6 1/9 1/16 1/11
Runway Heading Error - 2/9 NA NA 2/16 -
Runway Distance 1/7 1/9 NA NA 2/16 -
Hover Position - NA - NA - 3/11
Range to Go - - 2/6 - 7/16 1/11
Groundspeed 1/7 2/9 3/6 1/9 4/16 1/11
Hover Groundspeed - 2/9 - 2/9 - 3/11
Lateral Ground

Velocity - 2/9 - 2/9 - 3/11

All figures are ratios of the number of times listed to tne total number

of studies or displays considered for each flight phase.

A dash ( -

indicates the item is not listed as a requirement or not displayed.
indicates not applicable.
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TABLE 13 - COMPARISON OF INFORMATION REQUIREMENTS VS. DISPLAY CONTENT - HSDs

INFORMATION STUDIES DISPLAYS
A/C Position (Geo. Ref.) 3/16 4/4
A/C Position (Rel. to Obj.) 3/16 4/4
Heading 9/16 4/4
Course 1/16 3/4
Ground Track 2/16 3/4
Range to Go 7/16 4/4
Time to Go 2/16 1/4
Rial Quantity 6/16 -
Fuel Flow Rate 6/16 -
Groundspeed 5/16 3/4
Fuel Range - 2/4
Carrier Position 4/16 1/4
Dangerous Weather 2/16 -

All figures are ratios of the number of times listed to the toal number of
studies or displays considered. A dash ( - ) indicates *he item is not
listed as a requirement or not displayed.
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We do not believe these deficiencies will detract seriously from the
presentation of a valid broad-spectrum picture of the current state of E/O
displays, Our concern, which is the reason for repeated caveats, is that
readers who are less familiar with the source materials may inadvertently
generalize beyond our intent. Therefore, our final summary contains not
only an estimate of what the assembled data indicate but also interpretive
commentary, based on our own experience, to correct any imbalances and
omissions that may have resulted from the analytic method we have used.

Summary of VSD Information Requirements

The following is a listing of the items identified through our analysis as
possible information requirements for vertical situation displays. They are
listed approximately in order of importance and rated according to a four
point scale: Mandatory, Desirable, Optional, Not Required. A brief com-
mentary is added for each to explain the requirement and justify the rating
given. A tabular summary of these requirements is provided in Table 14

at the end of this section.

It should be noted that the list identifies valy the kind of information
required, No distinction is made on the basis of the form of the informa-
tion (Z.¢., qualitative vs. quantitative), thc source (e.g., pressure or
radar altitude), the degree to which it is processed (e.g., indicated va.
true airspeed or mach number), or the manner of presentation (e.g., status
vg. command vg. error). In cases where these distinctions magy be important,
explanation is included in the commentary.

Roll and Pitch Angle (Mandatory for all flight phases) - There
is unanimous agreement among analysts and display designers on
these items, whose importance is obvious. In addition to quali-
tative roll and pitch information, quantitative indication is
needed for some aircraft and certain maneuvers, e.g., pitch
angle control for weapon delivery or specific roll angles for
procedural turns. In general, the need for quantitative infor-
mation will be determined by aircraft type and mission and anti-
cipated operational procedures.

Vertical Orientation (Mandatory for all flight phases) - The
rating is based on the emphasis given to this item in current
displays. It is not specifically called out in the analytic
studies, perhaps because it may be considered implicit in the
presentation of roll and pitch attitude, We prefer to stress
it by calling it out separately. It is especially important
in view of the use of E/O displays in all-weather and night
situations.

v
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Altitude (Mandatory for all flight phases) - While there is
general agreement on the importance of altitude information,
some difference of opinion exists as to whether radar or baro-
metric sources should be used at low altitudes (Z.e., at less
than 5000 feet above terrain). There is also disagreement on
whether the presentation of altitude should be as status, com~
mand, or both. A resolution of these issues can usually be
reached by examipation of the aircraft mission and the antici~
pated conditions of operational uge. Altitude information, in
some form, should be considered an essential ingredient of
integrated flight displays.

Airspeed (Mandatory for all flight phases) - Nearly all the
analytic studies list airspeed &s a requirement, but only about
half of the displays examined here actually present this infor-
mation. The importance of this item seems intuitively obvious,
and we have listed it as mandatory for all flight phases. As
with altitude, the choice of command or status presentation
will depend upon the mission and the anticipated operational
conditions. These considerations and the kind of data proces-
sing equipment available will also determine whether the infor-
mation is to be displayed as indicated airspeed, true airspeed,
or mach number.

Steering (Mandatory for all flight phases) ~ All contemporary
displays present some form of steering information for all flight
phases. The analytic studies show considerably less unanimity
except for landing where 11 of 16 reports list steering as a
requirement., Our rating has been guided by the emphasis placed
on steering by the display designers and by our own view that
steering is of critical importance in an integrated flight dis-
play. In most cases steering is presented on contemporary dis-
plays as command information relating to the horizontal component
of the aircraft flight path., In a few cases the vertical com~
pcnent is presented as well. In specifying steering as a require-
ment here, no preference is implied. The question is, however,
of great importance; and 1t will be taken up, along with the
related topic of quickening, in the next chapter in a discussion
of display dynamics.

Glideslope and Glidepath (Mandatory for landing) - This is actual-
ly a form of steering information, where glideslope refers to the
vertical component of the flight path with respect to the landing
site and glidepath refers to the horizontal component. The form
of the information and the nature of the presentation are partly
dependent on the kind of on-board or external guidance system
available, There is strong but not unanimous agreement among the
studies and display designers on the need for this information for
landing.
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Angle of Attack (Mandatory for landing, desirable or optional
for takeoff) - The rating of this requirement is subject to
qualification. Less than half of the studies and the displays
examined here consider it a requirement for landing. Fewer
still 1list it as a requirement for takeoff. We specify it as

a mandatory item for landing with the condition that it applies
primarily to jet aircraft for carrier landings and short-field
landings (with or without arrestment). For takeoff and other
uses the rating depends upon the importance of angle of attack
information in controlling the particular aircraft.

Hover Position (Mandatory for landing, optional for takeoff) -
This requirement applies to rotary-wing and V/STOL aircraft only.
Hover position is not cited as a requirement in the studies we
have examined, but - as noted earlier - there is a heavy fixed~
wing bias in the documents sampled. The threce displays which

are designed for helicopters or V/STOL aircraft all present
hover position for landing. This information, which 1s somewhat
like glideslope and glidepath information for fixed-wing aircraft,
is therefore given mandatory status for rotary wing and V/STOL
aircraft for landing. Hover position seems to have lesser im-
portance for takeoff, but it has sufficient value to merit list-
ing it as an optional item for display.

Hover Groundspeed (Mandatory for landing, optional for takeoff) =
The requirement applies to rotary-wing and V/STOL aircraft only.
The rationale is like that for hover position.

Lateral Ground Velocity (Mandatory for landing, optional for
takeoff) - The requirement applies to rotary-wing and V/STOL
aircraft cnly. The rationale is like that for hover position.

Pitch Trim (Desirable for en route and landing, optional for
takeoff) - Roughly half of the studies and displays cite pitch
trim information as a requirement, For displays which are not
flight path centered, it is probably more important than the data
indicate, since it affords a convenient and simple way of using
the display horizon line as a level flight reference during cruise
at varying conditions of pitch trim. Support for this contention
can be found in the fact that conventional electro-mechanical
attitude indicators customarily have a pitch trim adjustment fea-
ture., A problem with pitch trim adjustment is that the pilot must
remember to remove the correction factor by resetting the display
to obtain true attitude reference for landing.

Vertical Velocity (Desirable for all flight phases) - The avidence
from the studies and diaplays does not conclusively support this
as & requirement. The rating reflects our own view that vartical
velocity information is extremely useful during climbout for
monitoring climb schedule and ancicipating level-off at cruise




altitude. Apart from its use en route whenever altitude changes
must be made, vertical velocity information is valuable for al~
titude holding since it is a more sensitive index of performance
than altitude alone. It is of particular importance for descent
from altitude, approach, and landing, where it may even deserve
mandatory status.

Velocity Vector (Desirable for en route and landing, optional for
takeoff) -~ This is a controversial item since its importance is
partially dependent upon whether the display is centered verti-
cally about the flight path or the aircraft pitech axis. For
flight~path centered displays, velocity vector information is
mandatory; for pitch displays it is less important although ob=-
viously still useful as an indicator of aircraft performance in

the vertical situation plane., Our rating of desirable is tentative.

Heading (Desirable for all flight phases) - This item should not
be confused with steering. Heading refers to a status indication
of the direction of the longitudinal axis with respect to north
(either true or magnetic); steering implies a commuand indication.
The importance of heading will vary somewhat with the quality of
steering information available and with the need for north refer-
ence on the VSD during the mission. If there is also a horizon-
tal situation display in the cockpit, the importance of heading
on the VSD may diminish. That is, heading is more appropriate
and valuable on the HSD, where it is integrated with other related
elements of aircraft performance (course, ground track, drift,
etc.). On the VSD it is somewhat isolated and less useful except
in circumstances where the pilot must hold 2 certain heading or
where steering commands are given in the form of heading, such as
in a ground controlled approach.

Turn Rate (Desirable for landing, optional for en route) ~ The

need for this information has received scant support in the studies
and displays examined here. The rating is based partly on our own
view of the usefulness of turn rate in approach and landing for
making procedural turns under air traffic control. 1t should be
noted that some contemporary VSDs do not contain turn and sideslip
information as an integral part of the display but present it,
instead, op the conventional "needle-ball" instrument mounted in
proximity to the display.

Sideslip (Optional for en route and landing) - The need for this
information is not well supported in the studies and displays.
However, see the remark under Turn Rate abova.

VWaveoff (Optional for landing) - This is an optional item appli-
cable only to carrier-based aircraft vperating under the Auto-
matic Carrier Landing system or similar external control via data
link,

’
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Pull-up (Optional for en route and landing) - This is an optional
item for most aircraft. However, if the mission of the aircraft
entails terrain avoidance or terrain following, it becomes a man-
datory requirement.

Range to Go (Optional for en route and landing) - This 1s more
properly an HSD information requirement. However, for certain
tactical applications it may be useful to present range information
in combination with a display of the vertical situation. It may
also be useful for landing, providing there is suitably accurate
range sensing equipment.

Runway Heading Error (Not required) - This item is presented on
only two displays for takeoff, and it 1s mentioned in two reports
as a landing requirement, These are insufficient grounds to
justify making it a VSD requirement. In the case of landing it
appears to be gynonymous with glidepath, and as such it 1s covered
above,

Runway Distance (Not required) - There is virtually no support for
this as a takeoff requirement; it is mentioned in only one report
and presented on only one display. For landing it appears to be
the same information as Range to Go which is discussed above.

Groundspeed (Not required) - For fixed wing aircraft this appears
to be a requirement more appropriate tor HSDs than for VSDs. As
a requirement for rotary-wing and V/STOL aircraft it is discussed
under Hover Groundspeed above.

Pathway (Not required) - This item is contained on only one dis~
play, where it serves an an indication of course and ground track.
It seems more appropriate to display this information on an HSD
in conjunction with other elements of the horizontal situatien,



TABLE 14 - COMPOSITE TABLE OF VSD INFORMATION REQUIREMENTS

INFORMATION RATING*
REQUIREMENT T|E|L COMMENTS
Pitch Angle 1111 |Unanimous agreement
Roll Angle 1{1]|1]Unanimous agreement
Vertical Orientation 1]11]|Rating based on emphasis given in current
displays
Altitude 1[1|1|Nearly unanimous agreement
Airspeed Nearly unanimous agreement
Steering 11 | Rating based on emphasis given in current
displays
Glideslope 0 Nearly unanimous agreement for landing
Glidepath 0 Nearly unanimous agreement for landing
Angle of Attack 2/3 0 | 1 | Especially important for carrier landing;
importance for takeoff depends on aircraft
Hover Position 3|0 1] Required only for rotary wing and V/STOL
Hover Groundspeed 30| 1]Required only for rotary wing and V/STOL
Lateral Ground Velocity |3 |0 | 1 | Required only for rotary wing and V/STOL
Pitch Trim 312| 2 |Evidence not conclusive; probably more
important than data indicate
Vertical Velocity 22| 2| Evidence not conclusive; probably more
important than data indicate, especially
for landing
Velocity Vector 3|2} 2] Controversial item; ratings tentative
Heading 2 2 | importance based on quality of steering
and availability of same information on
HSD
Turn Rate 03| 2]|0ur opinion; not fully supported by data
Sideslip 0|3 3| Need not well supported
Waveoff 00| 3| Need not well supported
Pull~up 0|3 3 |Mandatory if display used for low altitude
high speed missions
Range to Go 0|3 3| More important as HSD requirement
Runway Heading Error 0,0 O] Not a requirement
Runway Distance 010, 0| Not a requirement
Groundspeed 00| 0)Not a VSD requirement; see HSD
Pathway 0|00} Not a VSD requirement; see HSD-Course
w 2 = Desirable 3 = Optional O = Not Required

1 = Mandatory
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Summary of HSD Information Requirements

The following is a listing and brief discussion of the items identified
by our analysis as information requirements for horizontal situation dis-
plays., They are arranged roughly in order of importance and rated on a
four point scale: Mandatory, Desirablz, Optional, Not Required. These
requirements are summarized in Table 15 at the end of this section.

Aircraft Position - Geographic Reference (Mandatory) - All four
of the displays analyzed provide this information, which is basic
to any navigational display. The studies, on the other hand,
appear to be considerably less emphatic about the need fcr posi-
tional information. In part, this may be attributable to the
fact that the studies are more concerned with VSDs than HSDs.

Our view is that the evidence from contemporary displays, and
1 simple logic, dictate making this a mandatory item.

Aircraft Position - Relative to Objective (Mandatory) - This item,
too, is emphasized more in current displays than in the studies.
The mandatory rating is based on the obvious importance of this
information and on the weight of current practice in display
design.

¢ Heading (Mandatory) - All the displays and a majority of the
studies indicate that heading is a requirement for horizontal
situation displays. As noted in the pravious section, heading
is also a VSD information requirement, although it is less im-
portant on the VSD than on the HSD where it is integrated with
the other essential alements of the horizontal situation.

Course (Mandatory) - Thia item refers to the desired path of the

) aircraft over the ground; and, as such, it is command information,
Course is congidered mandatory for navigation displays. It is

not necessarily aso for tactical displays, especially for inter-
cept, where the air situation is more important than the dispo-
sition of targets in relation to the ground,

Ground Track (Mandatory) - Ground track refers to the actual path
or track which the alrcraft makes over the ground. It should not
be confused with course, which is command or intended path, The
interplay of ground track with course and heading provides the
pilot with an index of aircraft performance in the horizontal
situation and with derivative information such as drift, These
thres elements and aircraft position thus constitute the basic
elements of the horizontal situation display.

Range to Go (Mandatory) - The dieplays and studies agree on the
{mportance of range information, It is not clear, however,
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whethar this vequirvement is satisfied by a presentation of the
govmetric relation between pregent position and the objective
or whether a mora discrete and quantitative statement is called
for. Wa prafer to atate the requirement generally and let the
specific form in which the information is presented be decided
on the basis of the mission of the particular aircraft and the
importance of range information in carrying out that mission,

Puel Quantity and Flow late (Desirable) - Several of the infor-
mation vequirement studies cite these items as necessary for
navigation, Howaver, none of the four displays present this
tnformation, as such; they show fuel range instead. In many
ways, fue!l vange is the more useful since it is an integration
of fuel quantity, flow rate, and groundspeed into a form which
{8 more readily understandable in the coordinates of the hori-
gontal situation, However, if the display system does not in-
clude equipment to make this computation, the pilot must do it
for himself, and fuel quantity and flow rate should be displayed
in some way., We list these {tems as requirements only on the
condition that the display system cannot provide an indication
of tuel range,

Groundspeed (Desirable) ~ There is substantial but not full agree-
ment between the studies and the displays on this requirement.

In part, its value lies in its use for computing fuel range, and
its Importance may diminish somewhat if fuel range is presented

on the display as a separate item, However, groundspeed 1s also
tweded to estimate time to the objective or a navigational check
point; and, therefore, it seems to merit listing as a desirable
item for the HSD,

Fuel Range (Desirable) - As indicuted above, {uel range is a more
usable, and hence degirable, parameter for display than its com=-
ponents., Of the four HSLs analyzed here, the three which are
navigational displays all present fuel range. This has dictated
our rating and our preference for fuel range over a display of
fuel quantity and flow rate as separate quantities.

Time to Go (Optional) =~ Only two studies and one display contain
time to go as a requircament. However, its importance may be
greater than indicated, especially if the aircraft mission in-
volves time-critical activities. We list it as an optional item
but recognize that it may have greater importance in some appli-
cations.

Carrier Pogition (Optional) ~ For carrier-based airerait this
information would be an aid for navigation and fleet air defense.
Because of carrier mobility and the length of some alrcraft missions,
the carrier position fix must be regularly up-dated by an on-board

v
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computer or by external tactical data systems via data link.

Dangerous Weather (Desirable/Optional) - This item is mentioned
in two studies, but it is not contained on any of the HSDs we
have considered, The value of weather information, especially
for long distance flights and operation in terminal areas, is
obvious. Weather information has not been incorporated in pre-
sent HSDs probahly because of the technological difficulty and
expense of combining a weather radar display with cartographic
information. We list this item as desirable because of its
unquestionable importance and optional because of present
technological limitations.



TABLE 15 - COMPOSITE TABLE OF HSD INFORMATION REQUIREMENTS

INFORMATION

REQUIREMENT RATING* COMMENTS

A/C Position (Geo. Ref,) 1 Rating based on emphasis given in cur-
rent displays; may not be mandatory
for some tactical displays

A/C Position (Rel. to Obj.) 1 Rating based on emphasis given in cur-
rent displays

Heading 1 Also a VSD requirement, but more im-
portant on HSD

Courte 1 Mandatory for navigation displays; not
necessarily so for tactical displays

Ground Track 1 Refers to path made good not to com-
mand path, which is course

Range to Go 1 Nearly unanimous agreement

Fuel Quantity 2 Not necessary if fuel range displayed

Fuel flow rate 2 Not necessary if fuel range displayed

Groundspeed 2 Not full agreement but seems important
for navigation

Fuel range 2 Integration of fuel quantity, flow
rate, airspeed, and wind; rating based
on emphasis given in current displays

Time to Go 3 May be more important if aircraft
mission involves time-critical activ-

o » i ities

Carrier pousition 3 Value depends on availability of up-

| dated information of carrier position
Dangerous weather 2/3 Technologically difficult now

*

1 = mandatory

2 = Desirable

3 = Optional 0 = Not required
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TERRAIN AVOIDANCE

Terpain avoidance is the most exacting of the low altitude flying techni-
ques for fixed wing aircraft. It makes great demands on pilot skill and,
because of the severe penalties for error, places him under great psycho-
logical stress. Terrain avoidance requires that the pilot simultaneously
maintain close control of altitude above terrain, manage g~factor stresses,
and make precise heading changes so that hilltops may be flown over or
around. This latter control function distinguishes terrain avoidance from
terrain following, in which the aircraft flies a more or less straight
flight path laterally without making heading changes to maneuver around
terrain obstacles. Terrain avoidance and terrain following are similar

in that they entail flying a low altitude profile which parallels the ter-
rain contour. Both are to be distinguished from the less demanding terrain
c¢learance, which merely calls for the alrcraft to establish and maintain

a minimum safe clearance altitude above the highest obstacle along the
flight path.

In this section we will deal primarily with terrain avoidance since it is
the most rigorous of the three low altitude regimes and poses the most
serious problems for the display designer. However, much of what we say
will also apply to terrain following, which may be thought of as just the
vertical component of the terrain avoidance maneuver. Terrain clearance
will be mentioned only in passing.

Figure 3 Figure 4

TERRAIN AVOIDANCE DISPLAY TERRAIN FOLLOWING DISPLAY
C-scan (Azimuth-Elevation). E-scan (Range-Elevation).
Range to terrain is shade- A flight line, two range
coded, Key ranges (e.g. 1/4 lines, and a constant al-
and 1 mile) are highlighted titude line (curved) are
bv vertical bars. also shown.

(Adapted from Kaiser Aerospace and Electronics data)
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Figures 3 and 4 show two display formats which may be used for low alti-
tude flight. Both are head-down raster type displays. However, it is also
possible to use a head-up display for terrain avoildance and terrain follow=-
ing. Naish (1961) and Lambert (1964) have reported successful flight tests
at low altitude with a head-up display. More recently, Soliday and Milli-
gan (1967) completed extensive simulation studies of terrain avoldance capa-
bility with the Sperry and North American head-up displays. At present,
however, the only terrain avoidance display in operational use in U.S. air-
craft is that of the A-~6A, which i- a head-down vertical situation display.
For comparison, the "pole track' ¢ olay developed by the SAAB Aircraft
Company and the Sperry head-up display are illustrated below in Figures 5
and & . The SAAB display was designed primarily for low altitude flight
and landing and seems to be highly specialized for such purposes. Full
details on performance and intended usage were not available in English,
although there is ample documentation in Swedish. )

Figure 5 SAAB POLE TRACK Figure 6 SPERRY HEAD-UP
DISPLAY DISPLAY

-0~ shows actual flight path In addition to conventional

relative to horizon. Verti- horizon and pitch lines, the

cal poles stand on the ground display shows a terrain car-

with upper ends at desired pet (A), airspeed index (B),

altitude. Short outer poles and radar altitude scale (C).

are an arbitrary unit of al-

titude reference. Example (Adapted from Soliday and

shows aircraft below desired Milligan, 1967)

flight path and climbing.
Altitude i8 1 1/2 units.

(Adapted from Nordstrom 1965)
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The preceeding illustrations are not meant to suggest that information
requirements for low-level flight are confined to data about the vertical
situation. Information about the vertical situation may be the most com-
pelling, but other information is also of significant interest. For ex-
ample, the importance of continual geographic orientation and navigational
reference has recently been stressed by McGrath et al. (1964). They under-
score the seriousness of the difficulties arising from navigational dis-
orientation, particularly when alternate routes and penetration corridors
must be considered. We support their views and suggest that the terrain
avoidance technique, which may involve frequent heading changes, requires
that appropriate navigational and tactical information be readily available.
However, we shall concentrate on the vertical situation aspects of terrain
avoidance flight for two reasons, First, VSD problems are not so well
documented as horizontal display problems and, hence, the need for discus-
sion is greater. Second, depending upon the particular weapon system and
data processors, it is possible to integrate some navigational and tactical
information into the command steering logic of the VSD.

In our develepment of this section we depart somewhat from the method
fcllowed in the balance of the report. For one thing, we shall draw more
heavily on our own experience and that of knowledgeable test pilots, and
to a lesser degree on the literature, Alsc, we shall treat the topic as
a whole rather than relegating questions of dynamices, scaling, display
coverage, resolution, and the like to other chapters. Finally, most of
our examples relate to experience with the terrain avoidance display of
the A-6A aircraft. While general principles and information requirements
derived here may be applied to terrain avoidance displays for other fixed
wing aircraft, specific values cited for airspeed, g-factors, clearance
altitude, and so forth are peculiar to the A-6A. Our intent is to 1llus-
trate the problem through a specific example and not to establish a defin-
itive or universal solution., The reader is therefore cautioned about
generalization from such specifics,

Display Requirements and Performance Criteria

An assumption implicit in our determination of display requirements for
terrain avoidance is that, in addition to some degree of real world repli-
cation, a presentation of precision command data is required. The basis
for this assumption is partly intuitive, partly empirical, and partly a
carry-over from requirements established for all-weather instrument flight,
It seems intuitively true that a display which has pictorial gymbols cor-
responding to real world elements, such as terrain contour lines, will
tend to build pilot confidence in the display. Empirical evidence from
flight testing of the A-6A display and from flight and simulation studies
of other displays (¢.y., Soliday and Milligan, 1967) tends to support the
notion that display formats which combine pictorial status information and
symbolic command information are effective in the low-2ltitude high-speed
flight situation. Finally, we note that for some years the gyro horizon
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and ILS cross pointers have been commonly, and successfully, used together
during instrument landing. Although we are not able to assign comparative
weights to each of the above factors, it does seem that realistic and
easily interpreted status information about the vertical situation com-
bined with superimposed command symbols will produce a display which is
particularly suitable for verrain avoidance flying.

The effectiveness of performance in the vertical dimension for terrain
avoidance (and terrain following) is usually judged in terms of how well
the aircraft can parallel the terrain profile. 1In hugging the terrain the
aircraft can degrade enemy radar detection and tracking capability by mak=-
ing maximum use of line-of-sight masking and ground clutter effects. Enemy
capabilities are hard to assess because they change with the state of radar
technology, with the success of electronic countermeasures and counter-
countermeasures, and with the effectiveness and intensity of ground iire.
For these reasons, it 1is difficult to obtain a solid and specific defini-
tion of what constitutes an acceptably low altitude at which to follow

the terrain profile. 1In general, however, the objective is to match the
terrain profile as closely as possible at some prescribed ciearance alti-
tude. An acceptable measure of the profile is average clearancsz altitude.
It is also possible to express the profile match as the ratio of average
clearance altitude to prescribed clearance altitude. In this case a

value of 1 would indicate a perfect match, and values greater than 1 would
indicate that the aircraft is overshooting the hilltops or not hugging the
reverse slopes. Values less than 1 would suggest that the aircraft is
coming undesirably close to the terrain.

To attain minimum average clearance altitude, experience with the A~6A
display has shown that three principles should be observed:

1. a level-on-top trajectory should be programmed
as part of the pitch command dynamics;

2. sufficient lead command should be provided so as
to avoid command pull-up in excess of 1.5 g or
push-over in excess of ~1 g (both values incremental);

3. the total system mechanization should provide a
defined but selectable hard minimum clearance altitude
through which the aircraft never penetrates.

These are the special parameters which are uscful in establishing terrain
matching performance, As such, they help define terrain avoildance display
information requirements.

One method of deriving a quantitative performance index for terrain avoid-
ance or following systems is to describe the condition of the terrain
roughness in terms of the percentage of altitude deviation from a mean
value and then to correlate average clearance altitude, g envelope, and
minimum clearance altitude with the terrain roughness., The effectiveness
of a display/control mechanization can then be related directly to the
ideal (computer solution) profile for a defined stretch of terrain,
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Information Requirements for Terrain Avoidance

The following is a tabular summary of terrain avoidance data requirements
as derived from our analysis. Supporting logic, explanations, and illus-
trations to justify these requirements are developed later in simplified
form, The term flight path is used here to mean either the actual instan-
taneous velocity vector of the aircraft or a projection of it. Reference
to a command flight path or an imaginary highway in the sky is not intended.

Table 16 TERRAIN AVOIDANCE INFORMATION REOUIREMENTS

PRIMARY
o Terrair angle/altitude with respect to flight path
o Terrain ranges
o Vertical distance/clearance to terrain (radar altitude)

0 Azimuth or horizontal displacement of terrain with
respect to flight path (turn data)

o Flight path (heading and elevation)
o Alrspeed or throttle command
o Climb (pitch) command

o Attack and navigation steering commands
SECONDARY

o Climb angle
o Roll angle
o Heading and turn rate
o Altitude (sea level)
SUPPORT
o Failure indication (including self test)
o Calibration monitoring

o Degradation (weather, water, or masking) fail safe logic

DATA INPUT (OPERATOR) REGUIREMENTS
o Minimum aliitude offset

o Minimum en route altitude

o Cruise airspeed
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Terrain Elevation Angle and Altitude Control

The vertical dimension of a terrain display should indicate flight path
and terrain elevation angle relationships. A strong case for this view-
point can be made by considering the altitude management problem as it
relates to the use of a longitudinal control system. Altitude control is
normally attained by the combined use of thrust and longitudinal control,
Theoretically, thrust variation provides the ability to change altitude

at a constant airspeed, while longitudinal control enables the exchange of
kinetic and potential energy. However, in practice, longitudinal control
is used to provide short term altitude management, and thrust to provide
long term altitude management. Tor example, potential-kinetic energy
transfer at normal cruise speed for the A-6A provides an exchange of 25
feet per knot through a range of approximately 100 knots. Thus, fixed
throttle at cruise speads allows practical altitude variations up to *2500
feet and permits exclusive use of the longitudinal control for altitude
management in all but extremely rough terrain environments,

In order to use the longitudinal control system effectively for altitude
management, the pilot's stick motion should relate to his view of altitude
status as provided by the display. That is, the direction and amplitude
of control movement should cause a status change which is proportional to
the force of, and in line with, the control motion., In other words, the
display of terrain elevation with respect to flight path should be verti-
cally oriented in cockpit coordinates, and the rate at which the angle
changes should be proportional to control force.

Because terrain avoidance control/display relationships are inherently
complex, we will provide a simplified servo model to exemplify our approach
to the problem before continuing with the analysis. Our intentlon is to

be illustrative rather than comprehensive. We do not wean to imply that
our simplified example, which makes use of only a single range to terrain,
takes into account all the performance requirements ot the A~6A, much less
other low-altitude high~speed aircraft systems.

A Closed-Loup Servo Model for Deriving Information Requirements

A servo-oriented approach to cockpit display/control design treats the
operator as a single-channel proportional element in a closed-loop system,
The use of this concept can lead to a precise definition of pilot infor-
mation requirements, symbol scaling, and display format. In addition, it
can provide a convenient dynamic prediction model.

We have no wish to go deeply Into the design philosophy which supports
proportional displacement error and command rvate for controlling that
error, Instead, we will defend the validity of our servo model by compar-
ing it with the ILS cockpit dispiay as opposed to GCA, Pilots sometimes
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express a lack of confidence in GCA even though performance statistics
and failure and accident rates are comparable to ILS. There is, however,
a considerable difference between the two systems. The GCA provides
sampled, low speed, digital feedback through a voice link. It does not
provide true proportional data. Consequently, the pilot is hard pressed
to judge glideslope error rate in terms of precise changes of throttle
or longitudinal control. On the other hand, the ILS cockpit display
provides proportional error and error rate information which, by consid-
erably less effort, is translated into thrust/pitch adjustments. The
effect is to unload the pilot by using him as a simple servo follower.

It is also possible to automate the system fully by closing the loop with
an approach power compensator and ILS autopilot coupling. In this case,
the pilot, by means of the display, becomes a system monitor., If the
display presents proportional pitch/thrust data, he has a direct readout
of automated system performance. More important, 1f the pilot should
have to intervene, he has an immediate understanding of the situation
and of the required control action. Note that the basie proportional
error display is essential to the task regardless of the degree of auto-
mation and command computation.

Whatever approach or model one chooses, the main idea is to simplify a
complex pilot task so that precise and repeatable performance results
can be obtained. The servo model described below uses single channel
proportional control as a means to this end.
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The servo model (Figure 7 a) indicates that the basic data requirements

for manual terrain following are: 1) climb angle and 2) terrain plus
offset clearance angle. The block diagram illustrates a simplified,

single range schematic of a terrain following system. Altitude (hpgp),

with respect to sea level, of the terrain dead ahead at an arbitrary range
(R7) is used to describe a time-varying terrain condition. The addition
of offset altitude (hpg) and the subtraction of aircraft altitude (h) from
htr yields the altitude error between the instantaneous aircraft position
and the desired clearance altitude (Point A of Figure 7 b)., This quantity
divided by both Ry and Kg (display scale factor) provides the terrain
dimension above the display horizon. Display input is then completed at
the display Junction by use of climb angle (y) divided by the horizon
scaling factor (Ky). The pilot controls the climb angle through the longi-
tudinal control system, which allows him to match the terrain of fset angle.
In practice he manipulates the longitudinal control system so as to create
a normal acceleration (ay) which he maintaine proportionally to the match-
ing error. The first integral of a, is vertical velocity (Vz), and the
second integral is altitude (h). Vertical velocity is used to derive

climb angle by use of aircraft velocity (V), whereas h is used to close

the servo model loop.

In summary, the servo model illustrates that the essential information
for a pure terrain following (Z.e.,, altitude management} display is terrain
clearance angle referenced to flight path.

Continuing with the servo model example, it can be shown that properly
scaled climb angle and clearance point information will provide a compat-
ible display both for pilot manual control and for monitoring of an auto-
matic system, Referring to Figure 7 ¢, the climb angle scaled with re-~
spect to the horizon is y/KY inches, where y 18 in degrees and Ky is in
degrees per inch. The clearance point angle with respect to the horizon

is (07 + 0p)/K(, inches, where O and Op are in degrees and K; 18 in degrees
per inch. The pilot matches the two symbols through use of the longitudinal
control system causing v/Ky to equal (@7 + ©g)/Ky. Climb angle is there-
fore controlled as a direct function of terrain angle such that

¥ = Ky(07 + Og)/Kg. Note that the value of Ky is changed from Ky for nose
down to approximately 2K, for nose up so ae to achjeve proper trajectory
(level on top).

The servo model provides a terrain following climb command which is dis-~
played in terms of proportional longitudinal control displacement. The
¢limb command input to the pilot generates a control response which is
proportional to an available cockpit control, in this case the longitudi-
nal stick position. The simplified first order approximation of pilot
response is represented by the pilot/control link in Figure 7 a, The
command input to this lirk is a time-varying error function which requires
control of flight path angle in order to achieve proper altitude control,
Pilot stick displacement at constant speed is designed to provide propor-
tional normal acceleration or rate of change of flight path angle. Thus,
the displayed difference between terrain and flight path angle is a direct
stick force or normal acceleration command. The controlled variable is
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directly related to an available cockpit control. This provides the de-
sired linear-proportional relationship between display and control and
makes use of the pilot as a first order linear control element. These
control methods should promote a degree of confidence in the display by
correlating the normal pilot control response with command and status dis-
play cues.

The reason for developing the above model in some detail is to familiarize
the reader with terrain following problems in precise terms. However,
before continuing with the technical aspects of the discussion, a point

of a more general nature should be made.

Pilot Confidence in Low Altitude Systems

Pilot confidence in the display is of overriding importance in low altitude
flying. Any low altitude display cr navigation system must provide con-
sistent and accurate performance to gain acceptance by the pilot. The
potential danger of collision with the ground creates a strong psychologi-
cal block which must be dealt with in display/control system design. Neither
a pure command display nor a pure status display is wholly adequate for

low altitude operation. For the pilot to recognize and accept the validity
©f a pure command display requires extensive experience with it, Even so,
basic pilot confidence never reaches 100 per cent. On the other hand, the
validity of a pure status display is much more easily recognized, but pre-
cision performance is hard to attain because of the training and long ex-
perience necessary to interpret the display with the required accuracy and
speed, The proficiency required to obtain consiste~t and repeatable flight
results is not only hard to attain, it also require. constant practice to
keep it up. Thus, a pure status display might be acceptable in a situation
where there 1s a wlde margin for error, but it is of limited utility in a
close approach to the terrain which calls for great precision.

A serious fault of mapy automatic terrain following systems is the lack of
effective monitcoring capabilivy for the pilot., As we have .aid, confidence
is the key to a successful display for low altitude flight, and cne of the
prime factors in building confidence is the ability to show correlation
between the normal pilot control response and a command or autopilot re-
sponse. Without this correlatiou, the pilot is forced to accept the auto-
pilot response on the baais of his interpretation of a status display which,
itself, may bear little direct relation to his own flying techniques. A
display/control system such as this {s as awkward to fly as it is to explain.

Three questions emerge as general guides for evaluating the confidence

factor of status and command displays for low altitude flight. Firast, is
the status information easily associated with the real world? Second, is
command information related to status information in a simple, meaningful
way which is compatible with normal pilot control responses? Third, does
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the display promote consiatent and wccurate performance? A display sys-
tem natiafying thewo criteria will be one which pilots will come to accept
an [lyahle and trustworthy,

Display Field of View, Scaling, and Dynamics

Space does not permit ua to give a full development uf each of the topics
listed below, Therefore, we shall confine the discussion to essential
pointa and hope that it will adequately highlight the main problem areas.
Hare 2gain, all reference values and system parameters are drawn from
flight temt experience with the A-6A terrain avoidance display.

1. Vertical Field of View

The down-look angle limit and the maximum range of a terrain avoidance
display ayatem should provide coverage which is sufficient to avouid loss
of contact with the terrvain during pitch up maneuvers. Thus, the vertical
fiald of view vequired on the display is partially defined by the maximum
conmand ¢limb angle and by the terrain upslope angle, Experience has
shown that the inatantaneous command climb angle and sustained terrain
upslope seldom exceed +25°, Therefore, a maximum down-lock angle of -25°
is vequired to maintain line of sight contact with the terrain during

pull=up.

The maximum range of the sensor system must also be considered in deriving
the field of view requirement because push over should not be inlitiated
without a display of the terrain, Generally, the greater the range capa-
bility of the system, the more probable the detection of low angle terrain.

Flight Path

- 25° Down-look Angle
Horizon

migure 8 DOWN~LOOK ANGLE AND LINE OF SIGHT TO LONG RANGE TERRAIN
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The up-look angle of a terrain following or avoidance system should pro-
vide coverage which identifies dangerous obstacles in relation to aircraft
climb performance and g-envelope., For the A-6A this angle is estimated to
be approximately +10°,

Up~look Angle -

— o .".‘ ety ¢ -."
‘ - e Tm}ww b . Horizon and

"7 Flight Path

Figure 9 REQUIRED UP-LOOK ANGLE (ESTIMATED) FOR TVRRAIN DISPLAY

Note that a scale factor of 10° per inch on a display whose vertical dimen-
sion is 6 inches provides a coverage of :30° vertically about the aircraft
flight path and amply satisfies the +10° to -25° field of view requirement
derived above,
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2. Range

Maximum range (Rpax) sensing or display range limit must take inte account
aircraft climb performance and maximum altitude cruise conditions. The

determination of maximum range in relation to climb performance is a matter
of selecting a worst case terrain obstacle height and using it as shown in

Figure 10,

Rnax ® ;2%5%- Where 65 1s maximum sustainable climb angle
8
e T hmax
i
Bg ’
Rmax >

Figure 10 MAXIMUM SUSTAINABLE CLIMB ANCLE RELATED TO RANGE
SENSING AND DISPLAY

Extreme terrain roughness might call for a sustained climb to clear an ob-
stacle 10,000 feet above the flight path. Applying the formula in Figure
10, we see that the system must have a 10 nautical mile detection range,
agsuming a climb angle limit of 10°,

A bomber and a fighter will usually differ in the Ug values and will
therefore require a display of different maximum range for terrain follow-
ing or avoidance. For example, a 5° climb angle is a conservative estimate
for a jet bomber; and if hpy, 1is set at 10,000 feet, a value of 20 nautical

miles 18 appropriate for Rpax.

A second consideration in establishing Rmax relates to display test and
check-out at high cruising altitudes. If display adjustments are to be
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made prior to descent and if the system is to be tested in flight before
its actual use, terrain return video should be avajlable from a range
which is proportional to the maximum downward viewing angle at cruise
altitude, For example, if cruilse at 30,000 feet above the terrain is
combined with a downward view limit of -15°, the Rpax should be at least
20, and preferably 25 to 30, nautical miles.

Minimum range for a terrain avoidance or following display is determined
by the required minimum clearance altitude, minimum ground speed, and
the zero g trajectory to impact., See Figure 11. For example, at a

Zero g Trajectory

Figure 11 PARAMETERS OF MINIMUM DISPLAY RANGE FOR TERRAIN AVOIDANCE

velocity (Vpip) of 200 knots and at an altitude (hpyy) of 200 feet, the
minimum range capability (Rpin) of the display system works out to be
approximately 1200 feet,

3. Close-in Range Resolution and Obstacle Avoidance

Normal pull-up commands to avoid an obstacle ai close range should be

such that the vertical g-factor does not exceed 2 g (f.e., 1 g over normal).
Since it was postulated earlier that sufficient lead command should be
provided to avoid pull-ups in excess of 1.5 incremental g, limiting the
normal command to 1 g will provide a margin of safety for the emergency
pull-up situation. The pull-up command limit, coupled with the minimum
terrain clearance altitude selected for the system, will serve to determine
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an altitude control point which must be accurately measured for any
given ground speed. For example, if we assume a minimum clearance alti-
tude of 200 feet and a ground speed of 500 knots, the control point is
approximately 2100 feet ahead of the aircraft and about 5,5° below the
horizon. At 200 feet clearance altitude in level flight over a flat
terrain, the sensor/display system should provide altitude control about
this point to within $20 feet (4.e., a tolerance of $10%).

4, Climb Angle Scaling and Kinetic Energy Management

The critical problem in low altitude flight is to climb out over sharply
rising terrain. Long range terrain sensing is a partial solution to the
problem in that the system will provide early warning of steep gradients
and allow the pilot time for anticipatory action. There remains, however,
the problem of encountering a high terrain rise at close range, such as
might happen if the aircraft turned into a blind valley or a box canyon.
The problem is especially severe for heavily loaded or low performance
aircraft, and particular attention must be given to creating a display
whose pull-up commands do not force the aircraft into an impossible climb-
out situation. This entails scaling of climb angle and emergency pull-up
commands in terms of the climb performance limits of the aircraft.

The essential element of the climb-~out problem is kinetic energy manage-
ment, which is to say that the pilot must maintain sufficient airspeed
for maximum angle climb 1if needed. Terrain avoidance or terrain following
is usually carried out at a speed which will provide maximum cruising
range. Fortunately, maximum angle climb for an aircraft is obtained at
an airspeed somewhat below that appropriate for maximum range cruise.
Thus, the normally available excess of airspeed will work in the pilot's
favor s0 long as pull-up commands are based upon the climb angle perform-
ance attainable at maximum range cruise speed and military power setting.
In this way a practical safety factor is achieved in that maximum angle
climb can be held in reserve for an emergency. An additional safety
factor can be created through an automatic throttle control which pro-
vides a programmed application of more power if airspeed falls below a
safe level, If this 1s not available or feasible for the particular
aircraft, the display system should at least provide a warning to the
pilot to add power manually. This requirement can be satisfied by the
display of either airspeed or throttle command information,

In theavent an emergency pull-up becomes necessary, the display system
should generate commands which will result in:

a) transition to the attitude required for maximum angle
climb or for attaining the selected minimum en route
altitude in the shortest time;

b) automatic or manual application of military power.
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The same commands should be provided in case of system failure, which
should be treated as a situation requiring emergency pull-up to the pre-
selected minimum en route altitude.

5. Level-on-top Trajectory Built into Elevation Scaling

One of the ground rules needed to obtain the desired performance charac-
teristics in a low altitude display is that the aircraft f£light path
should be horizontal at the top of an obstacle. One means of attaining
this level-on~top performance is to exaggerate on the display the eleva-
tion angle of terrain above the aircraft flight path. From experience 1t
appears that a factor of about 2 will yield the desired results. The
pilot is thus directed by the display to adjust his flight path to a climb
angle double that which he would use in proceeding directly to the obstacle.
As he climbs to follow the exaggerated terrain, he will eventually arrive
at the altitude of the obstacle (plus the clearance altitude) before he
passes over it. Since the obstacle will then lie on or below the flight
path, its elevation will be presented on the display without exaggeration,
i.e., at display center or slightly below it in true proportion to the
line of sight to the obstacle, As the obstacle moves progressively down
the display and the pilot tracks it, he will decrease the climb angle and
eventually reach level flight as he clears the obstacle. Figure 12 illus-
trates the trajectory achieved by causing an obstacle (A) to appear on the
display at an exaggerated height (A'). The other notation is the same as
that given earlier in the servo model (Figure 7).,

Instantaneous
Flight Path

|

Offset Altitude—" fff

Figure 12 LEVEL-ON-TOP TRAJECTORY ACHIEVED BY TERRAIN EXAGCFRATTON



6. Hard Minimum Radar Altitude

An important part of the performance desired of a terrain avoildance or
terrain following system 1s that a selectable but hard minimum clearance
altitude is achieved. The selectlon of this minimum altitude will depend
upon the miseion, the enemy radar defenses, and the type of terrain over
which the aircraft must fly; but whatever it might be, the system should
prevent penetration below this altitude. One way of achieving this is to
use radar (absolute) altitude as an integral part of the display. This
should be done in such a manner that:

a) effective minimum altitude protection is achieved;

b) the descent trajectory over water is safely and
accurately controlled;

c) positive indication of crest clearance is provided;

d) impossible altitude and dive angle combinations are
avoided.

This means that the display should be mechanized so as to provide a com-
mand dive angle which is proportional to radar altitude plus a selected
clearance offset. See Figure 13.

Radar - —— =
Altitude

e m mem e mmn ew e e e e

300 ft f — — — — — — — — — L — — — — — — Level

Figure 13 DESCENT TRAJECTORY ACHIEVED BY USE OF RADAR ALTITUDE
FLIGUT PATH DATA
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In no case should the radar altimeter by itself be used to supplement a
terrain display. Radar altitude information must be integrated into the
display, not just to achieve the command dynamic described above, but
also to avold the degradation in performance and survival factors which
result from making the pilot cross scan to obtain basic information about
the low level flight situation.

7. Terrain Azimuth Reference and Horizontal Field of View

There is considerable controversy about the best method for presenting
information about the terrain which lies to the right and left of the
aircraft flight path. While this information is not critical for terrain
following, it is absolutely essential for terrai. avoidance, where the
pilot must have a display which permits him to maneuver laterally around
obstacles and to follow valleys, The E-scan format does not seem to be a
satisfactory way to present terrain azimuth information, which rules out
this type of display for terrain avoidance., The use of E-scan time-shared
with a PPI display does not seem to be a suitable compromise since it re-
quires the pilot to divide his attention between two displays and places
upon him the burden of integrating the two views of the situation into a
three-dimensional picture., The C-scan display, which we have described
here, offers the most promise as a presentation of stitus and command
information for terrain avoidance.

There are, however, unresolved questions in connection with the C~scan
(azimuth-elevation) format. One of the most vexing is that of the proper
reference for the azimuth scan. One choice is to ce.ter the display,
laterally, about the instantaneous flight path of the aircraft. If, as
we have suggested earlier, the display is also centered vertically about
the flight path, this method has the advantage of giving the pilot a
single point of reference for pitch and bank maneuvers. However, such a
display makes flying parallel to a steep wall perilous. Drift or turn
into steeply rising terrain can quickly overtax the capability for eftective
pull-up and can result in impact. As an alternative, the display can be
referenced in azimuth to the predicted trajectory or flight path. While
this lessens the danger of paralleling a wall, it creates the equally
grave danger of a blind spot along the instantaneous trajectory during
turns. A possible solution may be found in a display which makes use of
an azimuth offset angle, analogous to the vertical offset or hard minimum
clearance altitude discussed earlier. The question is far from settled,
however, and more research on this topic is badly needed.

A related topic is that of horizontal field of view. It seems obvious
that for maneuvering around obstacles the pilot needs as wide a horizontal
field of view as possible. But just how wide is this? If we consider
just the display itself, we find conflicting requirements. A veridical

or contact analog display such as suggested by the discussion up to this
point entails, according to some, a one-to-on. correspondence between the
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angular dimensions of the display and the real world scene represented.

A display 8 inches wide viewed from a distance of 15 inches subtends a
visual angle of about 30°, A horizontal field of view of :15° seems a
bit restricted for terrain avoidance purposes considering the agility

and speed of attack aircraft. Thus, it would appear that the terrain
avoldance contact analog display calls for a tube considerably wider

than the 8-inch CRT now in common use, which in turn will create problems
in fitting the display into limited instrument panel space. We have
suggested earlier that a scale factor of 10° per inch is appropriate

for the vertical dimension of the display. Assuming again an 8-inch
display, this would yield a :40° field of view if the same scale factor
were to be applied horizontally. While this accords much better with
alrcraft maneuver capability, it poses a formidable problem for the ter-
rain sensing portion of the system. To scan an area 60° x 80° at the
speed necessary to maintain a frequently up~dated terrain picture re-
quires a broad beam sensor, a box scan, or both, To attain this large
scan volume may also entail an unacceptable sacrifice in range resolution
and accuracy. It would seem that display requirements outstrip the state
of development of sensor systems.

The situation bLecomes even more difficult if aircraft maneuver require-~
ments are considered. One of the most extreme maneuvers called for is
SAM avoidance. This may require simultaneous acceleration in three axes
coupled with a rapid descent. In visual contact flight this can be ac~
complished by a sharp roll with a high-g pull-through, Z.e., a modified
split-S maneuver. In order to accomplish this same maneuver on instru-
ments over unknown terrain, the vertical scan of the display/sensor
system must be unrestricted by roll angle and extend to an extreme dive
angle (e.g., 70°), Further, azimuth coverage must be sufficient to allow
rapid turning. To obtain a display which is not maneuver restricted re-
quires that, together with unlimited roll, a scan of #60° in azimuth be
provided.

It seems clear that additional research and testing are needed before
recommendations can be made in this area. Trade~offs are most certainly
called for, but this will require a more solid basis than now exists for
assjgning welghus to the various display, aircraft, and equipment factors.
In all probability no one general solution will be found, but rather
particular compromises suited to a given aircraft with certain mission
requirements, performance characteristics, and sensor/display capabilities.

Summary

A number of basic design questions in reguard to terrain avoidance have

been raised in this section, and some practical solutions have been
offered, but we have only peeled back the first layer or two of the prob-
lem, The information requirements list given at the beginning stems large-
ly from ovur own analysis of the problem. Our comments relating to display
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dynamics, scaling, and field of view are based on design concepts which

we believe to be workable but which have not been fully tested. We neither
expect nor desire that the reader accept our views on face value as defini-
tive or conclusive.

It may seem presumptuous to offer our personal views on the subject of
terrain avoidance without citing experimental evidence to support them
and without an exposition of other points of view. In defense we point
out that there is relatively little research information available. The
evaluative study by Soliday and Milligan (1967) is a careful and compre-
hensive work, but there are too few like 1t. Many reports that we have
seen on the subject of low altitude flight displays and terrain avoidance
or following systems are flawed by prejudice for a particular format or
mechanization or by lack of depth and balance in the analysis of system
requirements. While this is regrettable, it should not be taken as a
reflection on the ability or integrity of those involved. Rather, it is
an indication of the complexity and difficulty of the low altitude flight
problem and of the insufficiency of accumulated research evidence and
flight test experience from which to work,

It seems clear that standardization in this area is not yet attainable

and that extensive research is required before it will be. Our goal

here has been simply to introduce the significant problems and to present
enough of the terminology and analytic approach to provide preliminary
orientation. However, one conclusion is inescapable, The low altitude
flight problem highlights the need for a systems approach in seeking solu-
tions. It is not a question of the display alone, nor even of the display
inconjunctionwith the sensors and data processors. A successful design
must take into account the system as a whole and achieve its results by
harmonizing the capabilities of the display and its associated sensing

and processing equipment with the performance of the aircraft, the demands
of its mission, and the needs of the human operator.
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WEAPON DELIVERY

Informatinon requirements for weapon delivery may be divided into twe broad
classes: information nacessary for control or uiming of the aircraft and
information relating to the specific parameters of the weapon and its tactical
employment. With respect to the first, weapon delivery is much like any other
mission phase. Generally speaking, the pilot needs to know his attitude,
speed, and altitude; and he must have some indication of the proper flight
path or aiming point. To some extent, control of the aircraft for weapon
delivery mzy differ from other mission phases in that hizher performance

and more extreme maneuvers are usually demanded. Larger and more unusual
pitch and roll angles may be called for, and they may vary across a wider
range and more rapidly than in other mission phases. Velocities and accel-
erations are also usually higher. In addition, weapon delivery is a more
demanding exercise because accuracies are much higher and tolerances much
closer. 1In terms of precise flight coutrcl, weapon delivery is like landing
except that the speed and range of performance are much greater. All these,
however, are differences of degree not kind; and weapon delivery imposes no
new information requirements insofar as flight control is concerned.

In terms of weapon parameters and methods of delivery, £/0 display content

is highly specialized. The informatior requirements of the display will be
determined by ccmbinations of several variables, euch more or less peculiar
to the individual weapon and alrcraft system. Some of these variables are:

o Weapon class - alr-to-air, air-to-ground, air-to-subsurface

o Weapon type - Migsile, gravity bomb, glide bomb, rocket,
cannon, machine gun, depth charges, etc.

o Warhead type - Nuclear or conventional
o Weapon performance - Range, self-guidance, remote guidance, maneu-

and peculiarities ver capability, arming and fuzing, delivery
accuracy, burst radius, etc.

o Sensor system - Visual, radar, IR, video, laser, anti-radiation,
etc,
o Fire control - Degre. of automation, type of steering or aim-
system ing, multiple or single target capability,

alternate solution. etc,

o Delivery maneuver -~ Dive, toss, loft, lay down, over the shoulder,
standoff, etc.

o Type of display - Direct view VSD, HUD, HSD, MSh



o Crew member - Pilot, bombardiler, ECM operator, etc.

o Ailrcraft type - Mission, performance characteristics, fixed
or rotary wing

Because of the number of variables and the possible number of interactions,
it is hard to arrive at any meaningful generalizations about the information
content of weapon delivery displays. Each weapon system is virtually unique,
and the variety is bewildering. Our review of the literature and survey of
current display designs have turned up very little information which is not
peculiar either to a given weapon or to a given aircraft and its weapon in-
ventory. In the latter case, the displays tend to have several modes, one
for each weapon or tactical use, and so they are not truly general purpose
displays. An additional complication has been introduced by the security
classification of many weapons and weapon systems. This has prevented us
from having full access to research documents and equipment specifications,
and it precludes us from presenting illustrations and weapon system details
in an unclassified report such as this. For these reasons, our coverage of
information requirements for weapon delivery will be only summary.

In the broadest terms, weapon delivery displays should contain at least
these kinds of information:

1. Target location and identification
2. Range or time until release
3. Aiming point and error tolerance

4, Delivery guidance (maneuver, release command, and in-flight
guidance of the weapon, if appropriate)

5. Weapon state or readiness

To these, of course, must be added information necessary to maintain con-
trol of the aircraft and whatever other special items that may be imposed

by the fire control system, nuclear weapon requirements, weapon peculiar-
ities, and aircraft performance and safety considerations, We wish to em-
phasize that the foregoing is entirely our own view; and while it is con-
sistent with the scant findings of our literature search and display survey,
we do not purport that it is generally held.

We do not helieve that weapon delivery displays can be standardized at this
time, except in the very broad terms outlined abovu. For the time being,
designers should be allowed freedom to create weapon delivery displays
tailored to each weapon or aircraft aystem so long as the content of these
displays remains generally consistent with the needs of flight control and
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crew safety. In the long run, however, some general standard or set of
guides will be needed. Initially, effort should be directed to develop-
ing uniform information requirements lists for each class or family of
weapons. To do this 1t will probably also be necessary to make certain
assumptions about the aircraft type and mission and abou. the sensors and
fire control system. Almost certainly, such requirements lists will not

be comprehensive. They will indicate only the minimum of information
required, and it will still be necessary, and desirable, to allow designers
the option of adding information items pecullar to the wesapon and its
tactical use.

To the above 2nd, feedback from combat pilots and maintenance personnel
should be systematically collected and evaluated. Often the information
believed appropriate by engineers and display designers does not prove to
be the most meaningful or useful in an operational environment. This
results from a number of factors including a lack of early development
phase planning and analysis. The complexities of target location, weapon
selection, firing logic,terrain avoidance, task loading, and safe exit
either cannot be or are not efficiently resolved after prototype hardware
configurations have been frozen. Although combat zone feedback is import=-

ant, it is supplemental to the main task of a thorough, early system design,

Similarly, controlled simulation studies are a valuable source of infor-
mation. Efforts such as those under way at NADC/Johnsville and USNMC/Point
Mugu for the Phoenix Missile System yield useful data on weapon delivery
display requirements. Such studies are especially helpful in resolving

the problems of display scaling, symbol dynamics, and operational task
sequencing which have been noted in the early design stage.
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CHAPTER IV - SYMBOLOGY

INTRODUCTION

If there is any one distinguishing feature of E/O displays, it is the
degree of freedom they offer the display designer in the selection of
symbols, formats, and modes of presentation. The E/0 display permits the
designer not only to put the information in ita best form but also, through
mode switching, to achieve optimum combinations of symbols (and hence informas
tion) for any given purpose. This flexibility and versatility stands out
clearly in the survey of E/O displays in the preceeding chapter. Yet,

it 18 also evident from the survey that freedom of choice i8 not an un-
qualified boon. One's first impression is that there are almost as many
sets of symbols as there are displays and designers and that there is a
divergence of opinion on almost every aspect of symbology.

Honigfeld (1964), discussing the need for a standard radar symbology,
summarizes the problem in the following way.

"The need for a standard symbology is highlighted
by the faet that each ocontractor who develops a
radar system has, in the past, been allowed to
arbitrarily select a symbol code and its meaning
for display use. UOince gymbols have not been
speaified formally, the result 18 a unique code
for each system. Symbol meanings differ from
aystem to system; identical meanings might be
represented on one display by numbers, on another
by letters, and on a third by geometric forms.

"Ag the variety of avatems incereases und obeolete
syatems are phased uc¢, personnel are taken from
one gystem, retrained, and reassigned to new
ayatems, The vast Lliterature on human leaming
ghowa the interference and inefficiency which
results from conflicting habits, Habit inter-
ference 1g particularly disrupting when familiar
atimuli require a new set of responses in a new
task, Thias inefficiency is enhanced wunder streas
eonditions, where people revert to earlier experi-
ence and respond as they Jdid in previous situations.
In the often atressful atmoophere of radar opera-
ticn, an operator may revert to his old mode of
response and designate an ememy aa a friend or
vice verea. This poseibility neocesaitatee the
atandurdisation of radar-display oodes,"”

Preceding page blank
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Though directed apecifically to the problem of radar displays, Honigfeld's
obasrvations are aqually valid for the whole field of E/0 displays.

Mare vecuntly, Walchli (1967) recogniies the same prublem in an area

a little closur to home. In his Head-Up Display Review he poses the ques-
tion, "What awmbola showld be uand to encode the information?” From his
survey of the litevature relating to the design of current head-up displays
he coneludes that!

"Wo yelialle indication of the oriteria used to
aeleot these apmbola 18 apparent from the refer-
enoed peyorts, The aumbols uzed to code the
rhuetoal featwwe (of the real world) probably
were oelaoted to petain the dominant physieal
ohamiatepfatios of the ftem peppresonted. The
aumlola ohogen te ovde the varfous fliaht para-
metape, however, geam to be the product of
twndeoffa betweon a Mheat-guese” oholoe il

the fmage gonepation oqpabilfties of the parlous

o
deplay cpatems”

Thus, Lt appvears thut at the present time we are confronted with a situa-
tion where we have a medium vffering exceptional possibilities for display-
ing information but which we are not making best use of because of
digagreement and uncevtalnty about the principles for encoding the informa-
tion, The penalties for thig indecision are significant in terms of cost,
avitom officlency, training and retraining requirements, and -~ ultimately -
crew safety and misston success,

That the armed services recognize the need for a solution to this problem

is ovidenced by the existence of the Alrcrew Station Standardization Panel and
by the work of the JANAIR program. Those who design and experiment

wvith £/0 displavs also recognize that their tasks could be simplified by

a standard svmbology or display language. Yet, user and designer alike

are reluctant to give up any of their latitude of choice in matters of
svmhology oxeept In the face of the most conclusive evidence. Some are
opposed to standardization, in any restrictive sense, since they fear it
would timit unvecessarily the range of possible design solutiors or would
hinder the eventual development of an optimum display language. Others

sve preat value in standardization but cautlon against the premature setting
of standards, Still others doubt that standardization is possible at all
gince the selection of a display language, a symbology, depends upon the
nature of the pilet's several tasks, his information needs, mission require-
ments, afircraft type, and related system factors - all of which arc so
highly variable in themsclves that generalizations, of the sort necessary

to support a common display language, are not possible. Tt is in the area
of svmbology, then, that the need for standardization is the greatest and,
paradoxically, that standardization will be the most difficult te achieve.



The point of departure for this chapter is the same as that of Honigfeld
and Walchli in theilr previously cited studies, except that the scope of the
present inquiry includes a greater variety of E/O displays. The central
questions of this chapter are:

What bases exist for a standard symbology?
What particular form should it take?

The broader question of the wisdom of standardization, though germane to
this examination, is largely philosophical and beyond the scope of the
inquiry and our power to resolve,

At the outset it 1s necessary to clarify the meaning of the term, symbology,
as it is used in this study, First, symbology is concerned with the formal
properties of symbols. This includes not only absolute properties such as
shape, size, color, and brightness, but also the relationships between form
and meaning, the correspondences between the symbol and the thing symbolized.
Second, symbology is concerned with the grouping of symbols within a dis-
play. This involves consideration of the overall framework or pattern of
presentation - what Roscoe (1967) calls the "common reference system which
allows relationships among the items to be perceived directly”. However,
grouping also entails attaining an orderly arrangement of symbols to

prevent interference between symbols, to avoid overlap and obscuration,

and to conform with certain conventions, habits of use, and operator expecta-
tions. Finally, symbology deals with the dynamic properties of symbols.

This means not only the degrees of freedom of individual display elements
but also the movement patterns of groups of symbols and the relationship

of this movement to system dynamics and the perceived movement of the real
world.

In theory, the principles of symbology might be expected to hold true
irrespective of the particular display application, but in practice certain
other factors come into play. In formulating rules for symbeclogy, considera-
tion must be given to other characteristics of the display and to the

system in which the display is employed. For example, the type of display -
VSD or HSD - must be considered. The same symbol which represents heading
on a map display may prove inappropriate or inadequate for representing
heading on a vertical situation flight director display. Likewise,
symbology may differ depending upon whether the particular display is of

the direct view or projected typec. The line width appropriate for symbols
on a direct view display, where background and contrast can be controlled,
may not be suitable for a head-up display, where background brightness

and terrain texture are not under the designer's control. In a similar
fashion, symbology will be influenced by such factors as the technique

of generation (line written vs. raster displays), the size of the display,
the viewing distance, and the lccation of the display within the operator's
field of view. As a final example, it is evident that the aircraft and

its missicn have an influence on symbology. An armed helicopter, a fixed
wing light reconnaissance aircraft, and a supersonic interceptor each pose
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special problems in the area of symbology for which aircraft- and
mission-peculiar solutions must be found. No general set of rules can
be expected to govern fully all such cases,

This chapter on symbology begins with a review of the available research
literature to identify the significant findings of other investigators

and to isolate the important human variables relating to symbology. These
will be generalized, inscfar as possible, to form a set of principles which
will then be applied to the design of specific symbols for representing the
information identified in Chapter III as requirements.
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CODING THEORY AND PRINCIPLES

B e =L LS L A

The basic purpose of a display is to provide the user with the informa-
tion he needs for assessment of the sltuation, decision making, and
control action. However, most displays are two-dimensional while the real
world with which the man must interact usually varies along three, four,
or even more dimensions. Hence, the display designer must find methods

of presenting (encoding) these additional dimensions within the display
framework. The usefulness of any coding method lies in the extent to
which 1t enables one to facilitate the user’s information processing tasks.
The coding of information entails consideration of the different visual
tasks required of the operarvr. It also requires that humap perceptual
and discriminative capacities and limitations be taken into account.

Gebhard (1949) analyzed the psychological problems related to interpret-
ability of visual coding in displays and summarized his findings as
follows:

"1, The conventional two-dimevnsional display ie
only satisfactory for presenting two-variable
information.

&, It ie desirable to get more variables into the
display.

3. Coding provides a way of doing this.

4. Coding may be done by varying the display
elements in color, brightnesgs, size, inter-
mittence, and shape., These may be used in
eombination.

5. To assess the utility of these codes will
require much fundamental research in dis-
ertminability, scaling, and leaming,

6. 4 display of many elementa, each complexly
coded, may make a simple display completely
ineomprehensible. .

7. Therefore, the problem of interpretability

muat be studied in the final phase of the
work on coding."
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In the succeedingtwenty years considerable thought and research have
been directed to these ends. Generally, investigation has proceeded
along two lines - efforts to establish a theory of coding and attempts
to arrive at practical rules or guides for the selection of codes, That
these two lines of activity have not always been coordinated is noted by
Sampson and Wade (1961) who remark that progress in developing display
principles and techniques has proceeded largely on an empirical basis.
The explanations of why various techniques work are usually ad hoc and,
for the most part, unrelated to basic theory of human behavior. They
observe that, in other applied areas, attempts to relate to basic psy-
chological theory have resulted in the discovery of new principles in the
applied area, They conclude that the possibility of discovering new
principles and the fruits of past developments of integrated displays
would seem to justify continued research in this direction.

There seems to be little doubt that a zeneral theory of coding is desirable,
and perhaps eventually achievable. There is considerably less unanimity
about how to arrive at such a theory. Honigfeld (1964) suggests that a
basis for coding theory might be found in Gestalt psychology, specifically
in the Law of Pruegnanz. This law, Hongifeld explains, refers to the way
an entire visual field is differentiated and organized perceptually into
figure and ground. It gives figural goodness as the goal of perception,
Good shapes and patterns are generally described as having few parts and
being homogeneous, regular, symmetrical or, in short simple. What the
object's shape lacks in goodness may be added by the observer in per-
ceiving its form. Honigfeld offers & list of the Gestalt theories relating
to the perception of characteristic patterns, among which are Fredominance
of Figure over Ground, 5ignificance of Contours, Simplicity, Symmetry, and
Similarity of Behavior (Common Fate). After examining the findings of a
number of investigators in this ares, Honigfeld concludes:

"Gestalt principles of perception would appear
to have limited usefulness in developing radar
symbology. Such concepts as simplicity of form
and symmetry have received only mixed support
in symbology regearch, While there are a num-
ber of purametere for constructing distinctive
shapes, there are no general rules, gince a
shape's recognition value ie only partly
dependent on 1ts geometric construction. The
recognition value of a form i3 also dependent
on ite eimilarity to other forms being used,
the number of other forms, and the observer's
familiarity with it,"

An alternative is to be found in Information Theory,which is not so much

a theory as a relatively new interdisciplinary field cf study concerned

with developing mathematical concepts about the communication of information.
It is akin to, but broader in scope than, the communication theory from
which 1t developed. Information theory seeks to quantify the transmission

136



.

e

of information in terms of the efficiency and chanmel capacity of a
communication system, which in the present context may be taken to mean
the observer~display loop. Information gotten out withonut being put in,
i.e., added in transmission, 1s called noise. The freedom from equivo-
cation and noise is the measure of the efficiency of the system. The
asymptotic point beyond which increased input fails to result in an in-
crease of transmitted information marks the channel capacity of the
observer. This is the upper limit of the observer's ability to match
responses to stimuli,

Advocates maintain that the theory permits coding techniques to be compai2d
quantitatively as to capacity and efficiency and that the effects of noi.e
can be systematically controlled. Thus far, the emphasis in information
theory has been more on the side of communication engineering than on

human psychological processes; and it is not clear how fully the techniques
can be applied to man's capabilities and limitations. The purpose here,
however, is not to discuss information theory but to suggest applicetions
it may have to the matter of coding and symbology.

Shannon and Weaver (1949), two early information theorists, propose that
there are three levels to be considered in the coding of information:

@® Technical - How accurately can the symbols be
transmitted?

@® Semantic - How accurately do the symbols convey
the intended meaning?

@ Effective - How effectively does the received
meaning affect performance in the
desired way?

They advance the idea that a code can be evaluated on the basis of the
success with which it operates on these three levels.

A slightly different approach is that of Foster (1964). Citing Miller (1956),
Crumley, et al., (1961) and Garner (1962), she points out that information

is measured from the point of view of the interpreter, in terms of his un-
certainty and the degree to which his uncertainty is reduced. Foster says
that there are two principal effects of information coding which should be
considered - the human sensitivity to various coding dimensions and the

loss and gain of information which results from filtering and categorizing
through coding, Since the purpose of coding is to convey to the display

user some information about the real world, Foster indicates that there are
three basic interactions to be considered.

1, Coding and the Real World - This includes the

relation between coding and information content,
the human sensitivity to various coding dimensions,
the type of transformation from the real world to
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the display, and the directness of the
relationship between the display and the
real world.

2, Coding and Information Processing Tasks - This
involves, singly or in combination, search,
identification, memory storage and retrieval,
and integration of information.

3. Subjeect Variables - Among these are such individual
characteristics as the interpreter's experience,
his set, and his strategy or way of structuring
the information,

Foster's analysis, while not offered as a theory, does seem to provide a
comprehensive and useful paradigm of display coding, It summarizes the
relevant variables of coding and provides a guide line for the evaluation
of particular coding techniques., The relationship between coding and

the operator's tasks is discussed below. The relationship between coding
and the real world will be taken up in a later part of this chapter cealing
with the display framework or reference system.

Partial confirmation of Foster's analysis 1s to be found in the earlier
work of Sampson and Wade (1961), who describe a trichotomy of observer
tasks: location, recognition, and interpretation. The latter category
apparently subsumes Foster's memory storage and retrieval and Information
integration tasks,

Baker and Grether (1954) approach the classification of operator tasks in
a different way. They categorize the indicator (display) in terms of the
use which the operator makes of 1it:

"In designing any type of visual indieator it ig of
utmest Tnportance to congider the ways in which the
operator will use the information being presented.
This will normally require an araiysis of the types

of action the cperator will be eapecied to take during
or after his viewing of the indicator. Generally,

the uee cf any indicator can be claseified on the
bagia of one or more of the following categories.

Quantitative reading: Reading to an exact numer-
toal value.

Qualitative reading: Judging in a qualitative way
the approximate value, the approximate deviation
from a normal or desired value, and thz direction
from a normal or desired value.
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Check reading: Verifying that a normal or de-
gired value 18 being indicated.

Setting: Adjusting an indicator to a deeired
value, usually to an exact numerical value, or
to mateh another indicator,

Tracking: Intermittent or eontinuous adjustment
of an instrument to maintain a normal or desired
value (compensatory tracking) or to follow a
moving reference marker (pursuit tracking).

The first three of these ca*egories, quantitative,
qualitative, cnd check reading, refer to the reading

of the instruments without congideration of the type of
eontrol over the readings. The remaining two categories
refer to the way in which the operator will control the
ingtrument settings. Any single ingtrument will usually
be uged in more than one of the categorized ways.”

Still another way of looking at the problem of information coding 1e from
the viewpoint of human cognitive processes, 7.¢., human information handling
capacity. In this comnection information theory offers some useful in-
sights, Miller (1956) suggests that in terms of absolute judgments man

can identify seven, plus or minus two, steps within a single dimension or
attribute. To increase human channel capacity it is necessary to require
relative rather than absolute judgments, to increase the number of dimen-
sions along which a stimulus can vary, or to sequence the task so that a
series of absolute judgments can be made. Alluisi et al. (1957) indicate
that information is transmitted faster when code alphabets are restricted

to a few symbols; their suggested number was six. In conversation with the
authors in August, 1967, Dr, J, Michael Naish of the Douglas Aircraft Company
suggested that four or five symbols, comprising about seven dimensions of
information, would be the maximum usable number for a head-up display. His
emphasis for head-up displays is on an efficient and simplified presentation
that does not unduly obscure the real world.

The information handling capacity of the human observer was summarized by
Muller and his cclleagues (1955) as follows:

"1. Man's average channel capacity varies from about
3 to € bits per second when the number of symbols
in the alphabet 18 no more than 10 or 18, when the
symbols oceur in random eequences, and when each symbol
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must be read or responded to in sequence....
Channel capacity also varies as a function
of the type of response required in trans-
mitting information, and as a funetion of
the type of coding system used.

"8, Information transmission rate increases as
the gsize of the alphabet is increased (at least
over the range from & to 32 symbole). How-
ever, as alphabet size ig increcsed (i1.e., as
each symbol carries more information) the
number of symbole handled per sccond decreases.

"3, Man's information transmission curve shows
a nearly one-to-one relation with input rate
up to a point near chanmel capacity. Thic is
followed by a rapid drop in output rate with
further inecrease in input rate. Extreme
losses in transmitted information result when
the input rate exceeds an individual's opti-
mum point...In a self-paced task each individ-
ual tends to work very close to his own opti-
mum rate.

"4, Man's information handling capacity varies by
a factor of two or three as a function of the
specific coding alphabet and readout system
employed, i.e¢., as a function of symbol-read-
out compatibility.,"

To be [ully adequate, a theory of information coding should indicate not
only whot 18 to be measured but also what units of measure are to be used
and how these measurements are to be made. It must consider the entire
heirarchy of pilot tasks, not merely E/O display content. It is obvious
that perceptval goodnasg, level of abstraction, directness of real world
relationship, and channel capaeity are not easy things against which to
set a yardstici, The literature has very little to offer on this aspect
of coding. Neither Gestalt theory nor information theory seem to be suffi-
ciently developed in respect to this problem to be of immediate practical
help. Therefore, a usable theory of information coding must be left as an
open question until further research and theoretical work have been done.

Even supposing standards and methods of measurement are found, a final
question remains. How good 18 good? For example, the usual method of
judging human sensitivity to a particular coding technique i{s to measure
the speed and accuracy of observer performance., Findings relating to the
speed of performance are fairly easy to evaluate by comparing them with
the speed of operator performance required by the system in which the
display is used. System criteria, while not a simple or an easy standard
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to apply, at least do afford an objective and usually available means for
judging the adequacy of the speed of operator response using a given code
technique. But what about accuracy? Reading errors not exceeding 1 to 5
per 100 trials are usually considered acceptable. Honigfeld, for example,
cites a report (Office of Naval Research 166-1-105, November, 1949) which
cffers the criterion of 95% accuracy in responding to a code as agreed

upon by a number experts in the field. In some circumstances, this figure
is probably usable; but, if an error of response leads to misdirection or
loss of control of an aircraft, 95% is clearly not good enough. In fact,
an accident rate of 1 per 1,000 landings, if attributable to errors of
display reading, would be cause for the most serious investigation by the
military service concerned and would probably result in severe censure of
the designers of such a display. Here, then, is one area in which further
research seems called for. The determination of realistic accuracy require-
ments, in relation to the conditions of use, and the comparative evaluation
of coding techniques in light of these requirements are topics that should
be given high investigative priority.

To summarize, the theories of information coding have not yet reached a
point of definition and precision where one can predict from them the
usefulness or suitability of a particular coding technique. They do,
however, identify the ¢lasses of relevant human variables and indicate the
interactions among these variables. Several investigators have developed
schemes for classifying and describing the variables of information coding,
of which Foster's seems to be the most comprehensive. In general, the
selection of a code involves:

1) consideration of human sensitivity to the various
coding stimuli;

2) consideration of the user's task either in terms
of his perceptual processes or in terms of the ure
he makes of the display;

3) consideration of the real world situation which is
to be encoded and the way in which the coding scheme
symbolizes the real world and permits the observer
to perceive real world relationships.

Information theory also offers some useful guide lines both with respect
to the number of coding dimensions that can be used simultaneously and
with respect to th. »umber of absolutely identifiable steps within a given

dimension.

At a more practical level, there is a large body of empirical evidence

to guide the designer in the s.iection of coding techniques. Thus, we are
in a position to know what works even though, for the present, we are not
completely sure why it works. A summation of the more important research
findings in this area is presented in the next section,
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CODING DIMENSIONS

The impetus for most of the research in coding techniques has rome from

the need to develop symbols suitable for radar scopes such as PPIs or tactical
situation displays. The basic problem in radar symbology is tu find methods
of encoding targets along several dimensions simultaneously in a compact

and readily identifisble way. The literature is replete with reports of
investigations on this topic, and there are several excellent surveys of

the findings, notably Muller ¢t gql. (1955), Sampson and Wade (1961}, and
Honigfeld (1964).

Unfortunately, most of this literature has only limited application to the
problem of E/O display symbology, especially vertical situation displays.
There are several reasems for this, all stemming from the differences
between display types. In radar displays a major problem is detection of
targets against cluttered backgrounds and noise; in E/O displays the
symbols are usually generated synthetically, which permits better contrast
and the filtering out of noise. In general, E/O displays have fewer,
bigger, and more widely spaced symbols than radar displays. The pilot of
an aircraft, unlike a radar operator, is not so concerned with target
position and vector as with correlating various indices of system dynamics.
The pilot, through the aircraft control system, has much more influence

on the position and movement of the symbols on his display than does the
radar operator who is a more or less passive observer of independently
maneuvering targets. The list of differences could be continued, but
these few will serve to indicate the degree of dissimilarity between the
two types of displays and the need for caution in applying radar research
findings to E/O display symbology.

Perhaps an additional, more concrete example will underscore the point.
A glance at studies such as Baker and Grether (1954) or Honigfeld (1964)
shows that considerable attention is given to blip diameter, wheel, and
inclination codes. None of the E/O displays analyzed in the previous
chapter and no other direct view or head-up display which we know of makes
use of any such type of symbology. Furthermore, it is rare to find an
E/O display with anything near the variety and complexity of symbology
as one customarily finds on radar displays. Therefore, the following
treatment of coding dimensions will by-pass much of the literature on
radar symbology and concentrate on those coding techniques which seem to
have the greatest value for E/O displays, especially vertical situation
displays.
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Size

There are two basic questions in relation to symbol size. How large must
a symbol be, either minimally or optimally? And, how useful is size as a
coding dimension?

The answer to the first question is fairly straightforward, and this is
one area where radar symbology research is helpful. Most sources agree
that under good v! ring conditions and at distances between 15 and 30
inches, the minimua visible symbol size is about 5 minutes of arc. This
slze, however, is adequate only for detection and perhaps gross recogni-
tion tasks, Allowances must be made for more demanding visual tasks and
for viewing conditions which are less than good. Poole (1966) suggests
that the minimum size be increased by a factor of 3 to obtain minimum
usable symbol size and that the resultant value be multiplied again by 2
if image quality is poor or if fatigue is a factor, He concludes that a
symbol size between 15 and 30 minutes of arc be considered the minimum for
all viewing tasks throughout a broad range of conditions. At a distance
of 28 inches this means that symbol size should be between 0.12 and 0,24
1-:4, which accords reasonably well with the findings of Dardano and
seepnens (1958) who recommend 3/16 to 5/16 (0.19 to 0.31) ipch as a mini-
mum size. At about the same viewing distance, Bowen et al. (1959) give
0.06 to 0.30 inch as the minimum satisfactory size. The former value
applies under average viewing conditions, and the latter under poor condi-
tions, which are defined as brightness less than 5 millilamberts or con-
trast less than 50 per cent. Honigfeld (1964) specifies that symbols
should be 0.4 irch or larger for a viewing distance up to 7 feet. Steed-
man and Baker ,.J60) found : value of 12 minutes of arc to be appropriate
for a visual recognition task. Their experiment took into account poor
image quality but not variations in lighting conditions. If we use the
correction factor of 3 suggested by Poole, the results of Steedman and
Baker fall fairly well in line with the others.

It would appear, then, that a symbol size of at least 15 minutes and more
likely 30 minutes of arc is acceptable for standardization. At a viewing
distance of 28 inches, 30 minutes is equivalent to 0.24 inch; at 18 inches
it 1is equivalent to 0.16 inch. It should be noted that the dimension of
the symbol to which this value is to be applied is the diameter for a
circle, the length of a side for a square, the lemgth of the longer side
for a rectangle, and the height or base of a triangle (whichever is less).
For symbols of more complex shape the appropriate dimension of the simple
figure (circle, square, rectangle, or triangle) which most closely approx-
imates the shape of the symbol should be used. Note also that the above
values do not apply to alphanumeric symbols, which are discussed later
under a separate heading.

As a coding dimension, size 18 relatively poor. Several sources estimate

that the number of absolutely identifiable steps is on the order of four
of five. For erample, Reese et al. (1953) indicate that the number of
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errors begins to increase significantly if more than five steps are em-
ployed, and four stcps are the maximum usable if errors are to be kept
below 5 percent. Baker and Grether (1954) state that five is the maximum
usable number of steps. Poole (1966) indicates that, while it may be pos-
sible to recognize more than four size levels, four should be considered
the maximum number because of the limitations of symbol generation and
display size and because size levels beyond four are likely to result in
large, unwieldy, ard cluttersome symbols, As a personal observation,

the authors feel that E/O displays should not rely on size coding for any
significant variable, especially one which is continuous or which extends
over a large range of values, This does not apply to displays where size
is used relatively, as in some contact analog displays where ground ele-
ments grow in size as altitude decreases. Here size is not being used as
a discrete or quantitative indication of altitude but rather as a supple-
mentary cue in the general representation of contact flight.

If size is used to encode four or so discrete changes of state for a var-
iable, it i{s recommended that the scheme proposed by Baker and Grether
(1954) be followed. In order to create a scale on which all steps are
equally identifiable, they suggest that individual values be selected so
that they are equally spaced on a logarithmic scale., Taking their example,
if five steps are to be used and the area of the largest symbol is 100
times greater than the area of the smallest, the progression of areas

would be 1, 3.2, 10, 32, and 100. Using line length as a code, a four step
scale in which the largest and smallest were in the ratio of 10 to 1 would
have intermediate steps of 2,2 and 4.6.

Shape

0f all the coding dimensions shape is probably the most widely used for
E/O displays because of the many advantages it offers. Human sensitivity
to shape differences is quite high, which permits a vrelatively large num-
ber of steps or information states to be encoded. Shape is a major aid
to recognition either when used pictorially to create representations of
objects in the physical world or when used symbolically to stand for ab-
stractions or qualities which are not three~dimensionsl. Shape is also
one of the coding dimensions which is8 most readily adaptable to presenta~-
tion of quantitative information. Consider, for example, the advantages
of a circle and a rotating radial line to indicate time in comparison
with coding methods such as aize, color, brightness, or pulse frequency.
Providing display resolution is good, shape coding has the further advan-
tage of requiring very little space, thus permitting high iuformation den-
sity without symbol interference or overlap,

Most research or. this topic has centered around determining the most dis-
criminable shapes and the most compatible combin:tions of shapes. Casper-
son (1950) studied the relative discriminability of six shapes and attempt-
ed to relate discriminability to three quantifiable geometric properties:
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maximum dimension, area, and perimeter. He found that, regardless of the
measure used, the triangle, cross, and rectangle were consistently super--
ior to the star, diamond, and ellipse except when the ellipse became a
circle, in which case it ranked third. Casperson also fournd that increas-
ing any of the three measures increased that probability of a shape being
seen and recognized.

These results are somewhat at variance with the findings of Sleignt (1952),
who asked subjects to sort 126 items, 6 examples of each of 21 different
geometric forms., Provided the maximum dimension was 10 minutes of arc or
more and contrast and definition were near optimal values, the forms which
were most quickly and accurately identifiable were, in order: swastika,
circle, crescent, airplane, cross, and star. Rectangles and triangles
ranked eighth and tenth respectively. Gerathewohl (1953) compared the
relative discriminability of four shapes under noisy conditions and found
that the triangle was the easlest to recognrize followed by the square,
circle, and cross, in that order. Honigfeld (1964) describes a study by
Harris et al. (1956) which used more complex shapes on a special CRT. They
reached the conclusion that variations of a single geometric form, such as
sets of round, pointed, and triangular characters should be avoided.

Bowen et al. (1959) conducted a similar study to determine the optimum
symbols for radar displays, Of the 20 shapes examined, they determined

that the best combinations of five symbols were either 1) rectangle, circle,
zigzag (Z), cross, and semicircle or 2) cross, semicircle, ellipse, triangle,
and square., They also concluded that relatively few shapes should be used,
especlally under adverse display conditions, where the number should not
exceed six.

The foregoing studies and other related research are discussed in Honigfeld
(1964), who of fers the following guidelines for shape coding.

"1, The cirele, vectangle, crogs, and triangle are
the moat digtincetivz geometric forms,

2. Squares, polygona, wnd e¢llipses are diseriminated
poorly; they should be avoided,

4. Vartations o) a single geometrice form....should
e avetided,

4, Unique symbols (e.g., swostika, anchor, flag,
rocket, atrplane) are good in spesific situations,

e Dymbols should be few in number and under adverse
dicplay conditiong should not erceed six,

6. dymbols 0,4 inch opr larger are beast for viewing
up to ascven feet,
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Muvh ot the rescarel vltod above dealn with shape coding for vadav displays,
Tt dsy however, applicablo to the design of any display which naken une of
evithut v (Computer=geonerated) avimbology o long as the derigner i more ov
i unvotnt ddned by the needs of pletorial reallam in asslgning corrven-
pondepvss between svimbol shape and meaning, This Is usually the case with
herfsontal vituatlon displays of tactival {nformation, The displays of the
vainbing Naval tactival data aystems (NTDS, ATDS, and MTDS) are oxamplos
wheve this frecdom of selection of shape=meaning velationships ubtalnw. A
rUamdardtaed wymbol alphabot which makes extonsive une of shape coding has
been deve loped Tor these syntems, and this alphabet soems generally con-
Wintent with the vesvareh findings and design principles enumeratoed above,
Thuny dn the came o Ko 0 tactical datormat ton displays {1t would appear
that the basie vesvarch has beon done and that the vesults have heep success-
tally applicd to the shape voding of sysbods for operational systoms, A
repart by the ALY Standardizatfon Coordiuating Committee of NATO (1964)
aunt b ines a cbondand alphabet of shapes whiteh could apply o vivtually all
tactival dntormat jon displavs of ajr, surface, and subsurtace tarpets,

There nevma to e Httte need for further basie rescaveh in this areay
wliorl should be concentrated on widening the application of the exiating
avimbo logy

The same degree ot cortainty does not exist, however, tor navigational dis-
plave aml vertical situatfon displava, For hoth kindy the designer must
pive attention to meve than juat the velative diwerindpabitity of svmbol
rhapeny  To the cane ob qomap ddsplay he sust consdder the relationsbip of
the shape Lo the geographic and cartographic teatures e is weving to repres
senty That s, tae svmbolie array must confoim to what the operator would
see s he Tooked ot oon the varth or as hie Jooked at an acvonantical chart,
e vevd Tor corvespoindence between dlectronteally generated symbols and

the vomvent fonal cavtographie avmbols (s a4 particularly vexting problea,

diud there ta growing comcern aboat the compat (bl ity between the symbols

now wsed on printed maps aad those whitch can be drawn electeontcally on
navigational H8ba, O See JARNIR, 196h, tor a discussion of this problem,)
More pesoarch s eeded to detorebne fully the apectiten of shape coling
RUORE AP dntormatton tor map displava, Vhe selection ol shapes for non-
geogvaphtc svmbola ¢ L0, preseat position, course, or groupd track) should
he guided by the general principles sot ferth eavider,

e vertdeal attoation dinplays the selection of symbol shape also depends
o favtors other than discr{minabiitty, For those symbols which represent
real world objecty, pletortal realism in ef great lmportance., That s,

the symbol which repredents the earth on a VSD must be planar or rectangu-
lar aince this {s how the earth appeara when viewed through the windshield.
Similavly, the runway or landing site symbol must covrenpond tn shape to
the outline of its real world counterpart, /..., the symbol must be o
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triangle or a traperoid. Thus, the designer's repertory is constrained
not only by the shapa of the things he must crepresent but also by the laws
of perspective which govern how thesa things will appear in projection
upon a vertical situation plane.

A second kind of limitation on the selection of symbol shapes arises from
the fact that the E/O display is located within a larger display complex,
the instrument panel, and is often used in conjunction with these other
instruments. The shape of a symbol may thus be influenced by the way in
which similar information is displayed on conventional instruments. 1If,
for example, a VSD is to contain altitude information and this same infor-
mation is presented on a tape guuge elsewhere in the cockpit, the designer
may choose for the VSD a symbol whose shape suggests a scale and a pointer
in order to facilitate cross-checking of the two altitude indicators and
to conform with user experience with more conventional forms of altitude
presentation, Likewise, the nature of the information to be presentad

may influence the choice of symbol shape, 1In the cxample of the altitude
display just used, it would also ba possible to justify the selection of

a scale and pointer symbol on the grounds that what 1s being shown is a
continuum and the symbol shape must permit the operator to identify his
praition within that continuum in relation to certain discrete ponints.
While these remarks are somewhat far afield from the basic question of the
usefulness of shape as a coding dimension for displays, they have been in-
troduced to {llustrate how coding ‘8 inextricably bound up with other as-
pects of display design and how care must be exercised in applying the
findings of basic research studies,

To summarize, oxtensive research has been done on the relative discrimin-
ability of shapes and the use of shape coding. This work {s of value, but
it must be tempuered by considevations such as the need for pictorial realism,
the use to which the symbol or the information is to be put, and conformity
with other display conventions, e exact nunber of shapes which can be
accurately discriminated {8 not known, but it is certainly large enough for
normal display requirements, and shape coding should be regarded as one cf
the major vosources ot the display designer. 1t should be noted that the
discriminablility of a shape tends to increase with the size of the symbol
(Cagperson, 1950; and Gerathewohl and Rubinstein, 1953). Therefore, the
more fmportant it 18 to recognfze a given shape, the larger the symbol
ought to be. For tactical {nformation displays the basis for a standard
shape code already exists, Standardization of symbol shapes for wmap and
vertical situotjon dlsplays {s somewhat farther off. The application of
rescarch findiogs to the design of certain VSD and HSD symbols is taken

up at the end of this chapter.,
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Alphanumerics

Of all the coding techniques, alphanumerics has attracted the greatest
attention because letters and numerals offer almost limitless possibilities
for encoding information. The optimum characteristics of alphanumeric
codes for various applications have been the subject of intense investi-
gation over the years, und nearly half of the research reports ever pub-
lished on symbology deal with some aspect of alphanumerics. We will not
recapitulate the findings here since several excellent summaries of the
research literature are readily available. The best of these is a ref-
erence handbook recently published by Cornog and Rose (1967) which includes
resumds of over 200 studies on alphanumeric symbols. We recommend it
highly to the reader who wishes to pursue this subject in detail,

In the 19308 research on the design of alphanumeric characters for aircrew
station displays led to the font called NAMEL which has been standardized

by the armed services in MIL-M~18012 and MS 33558. See Figurea 14 and 15.
MIL-M-18012 applies to transilluminated and non-transilluminated letters

and numerals for aircrew station displays and control panels; MS 33558 covers
numerals and letters for alrcraft instrument dials. The major provisions of
MIL-M-18012 for transilluminated a'phanumerics are listed in Table 17. The
MIL-M-18012 dimensions are based on a 28-inch viewing distance. To assist

in the conversioun to other viewing distances, the equivalent in angular
measure is glven in parenthesis below each linear dimension,

Figure la,  MIL=M=180]12 NUMERALS
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The MIL-M-18012 alphanumeric design has been proven acceptable for use

on instrument dials read in reflected light and on transilluminated panels,
but E/O displays are neither of these. E/O display symbols are somewhat
like traneilluminated characters in that both are light-emitting, but E/O
displays are luminescent not incandescent. Further, transilluminated
characters are made up of solid translucent areas whereas E/O display
characters are not. In the case of raster video, they are made up of
closely spaced lines, usually horizontal; on line-written displays they
consist most often of short straight line segments. Thus, the technique
of generation will influence not only the shape, but the size and stroke
width of E/O display characters. The purpose of the following discussion,
then, is to examine the applicability of the provisions of MIL-M-18012 to
alphanumerics generated by electronic techniques.

Rowland and Cornog (1958) and Moore and Nida (1958) were two of the earl-
iest studies to investigate the legibility of various printing fonts on
televised displays. This led to the design of a new font known as Court-
ney, which was deemed to be more suitable for closed-circuit TV displays.
The chief features of this design, which was to be read at distances up

to four feet, were a symbol height of 0.375 inch (27 minutes of arc at 48
inches), a width-to-height ratio of 3:4, a vertical-stroke-width-to-height
ratio of 1:5.33, and a horizontal-stroke~width-to-height ratio of Ll:4.
Serifs, nulls, offset, and cutoff were used as appropriate to eliminate
orientation confusion. In a follow-on study Moore and Nida (1958) found
that with an 875 instead of a 625 raster line system character height could
be reduced to 0.25 inch and retain legibility at four feet. They also
found that while a five raster line character height was a theoretical
minimum, a height of nine to ten lines was a more practical standard. In
later studies Seibert et al. (1959) and Seibert (1964) found that the mini-
mum acceptable symbol height was 12 - 15 minutes of arc and that vertical
resolution should be between 8 and 12 lines. A 1966 study by Shurtleff and
Owen cast doubt on the superiority of the Courtney font over the standard
Leroy font (which 1s similar to the MIL-M-18012 font) and a revised Leroy
font of their own design. However, Shurtleff and Owen did confirm that
vertical resolution on the order of 8 to 10 lines was minimal if symbol
size was to be kept at about 15 minutes of arc,

In 1967 Shurcleff published a review of the literature on the legibility

of TV symbols. In it he surveyed the extensive work done by him and his
colleagues at the Mitre Corporation and evaluated some 100 other research
reports dating back to 1941. Since the findiugs of our own literature view
and our own personal views agree largely with Shurtleff's, we shall = in the
interest of brevity - simply summarize the major points of his article.

1, For 98 - 99 per cent accuracy of identification, vertical
symbol size must be between 8 and 12 linea per symbol
height (Seibert et al. 1959), a minimal resolution of 10
lines being recommended for systems applications (Shurtleff
and Owen, 1966).
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10.

Visual sizes required gor 99 per cent accuracy vary from
about 13 minutes of arc for a resolution of 10 lines to
36 minutes of arc for 6 lines. (Shurtleff et al., 1966b)

Accuracy and speed of identification with TV raster symbols
are as good as with solid-stroke symbols if the active
element of the raster is twice the width of the inactive
element, (Botha and Shurtleff, 1963b)

The quality of interlace is not a major factor in accuracy
of identification. (Elias et al., 1964; Elias, 1965;
Shurtleff and Owen, 1966)

There 18 little difference between tandwidths of 2 and 4 mc.
for symbol resolutions from 6 to 18 iines per symbol height
and for visual sizes ranging from 3 to 15 minutes of arc.
Bandwidths less than 2 mc. are undesirable. (Siebert, 1964)
The utility of bandwidths greater than 4 mc. was not studied,

The visual size required 99 per cent accuracy is about 11
per cent greater for symbols at the edge of the raster than
for symbols at the center. (Shurtleff et al., 1966b)

The critical viewing angle at which significant inaccuracy
of identification begins to occur is between 19 and 38 de-~
grees from a normal line of sight. (Seibert et al. 1959)

For intermediate values of symbol and background brightness
the direction of contrast (light on dark or dark on light)
is not a major factor in legibility. (Seibert et al., 1959;
Kelly, 1960)

Angular scan orientation has no significant effect on accur-
acy or speed of identification. There are only slight dif-
ferences when scan lines are oriented 45 degrees to the base
of the symbol as compared to when they are parallel to the
base of the symbol. (Shurtleff et al., 1966a)

Specially designed symbols seem to be no better than those
of conventional design. Therefore, standard Leroy symbols
are recommended for television displays because of their
familiarity, ease of construction, and greater availability,
(Shurtleff and Owen, 1966)

To Shurtleff's last point we would add that, in view of the similarity
between Leroy and MIL-M-18012 characters, MIL-M~18012 also seems to be
suitable as a standard font for televised displays, or at least as a
goal toward which display designers should work.
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The values for symbol height in visual angle cited by Shurtleff are reason-
ably close to those specified in MIL-M-18012 for transilluminated alpha-
mumerics-- 13 - 15 minutes in Shurtleff vws. 15 - 17 minutes for white on
black and 19 - 21 minutes for white on grey. For raster and line-written
direct view displays we recommend, therefore, that the minimum height for
alphanumerics be 15 minutes of arc if good contrast can be preserved. If
not, 21 to 25 minutes of arc should be specified as a minimum, For raster
displays, size should alsv be specified in terms of the number of lines

per symbol height. That is, under good contrast conditions, vertical
symbol height should be 15 minutes of arc or 10 raster lines, whichever

is greater. Under poorer conditions of contrast vertical symbol height
should be 21 to 25 minutes of arc or 16 raster lines, whichever is greater.
Since these values are not fully supported by empirical evidence, we fur-
ther recommend that research be undertaken to verify their appropriateness.

As to character font, stroke width, and width-to~height ratio, we also
conclude that MIL-M-18012 is suitable as a goal for E/O displays so long as
allowances are made for departures from this norm due to the techniques

of generation and the vertical and horizontal resolution of the display
system. We have found very little evidence to indicate how much degrada-
tion in form and proportion is tolerable. We suspect that legibility

will vary not only with symbol font, but also with such conditions of use
as the amount of alphanumerically coded information, the operator's famil-
inrity with the numeral and letter combinations, and the degree to which
he can anticipate the occurrence of given statements. lere, too, we be-
lieve it is preferable to test these hypotheses through empirical studies.

For head-up displays the situation is much less clear, We have found al-
most no research that pertains to the legibility of head-up display alpha-
numeric symbols. Our own experience indicates that symbol sizes on head-
up displays should be somewhat larger than on direct view displays in order
to ensure that the symbols will be visible against variegated and high
brightness backgrounds. Symbol sizes of 25 to 35 minutes of arc are com~
monly found on contemporary head-up displays, With the increased symbol
height comes a consequent reduction in stroke-width-to-height ratio, often
to 1:10 or 1:15. The result is a rather thin, spidery font which lacks the
bulk, and perhaps some of the qualities of good visibility, found in alpha~
numerics on direct view displays and on conventional aircraft panels and
instruments. However, we know of no reports which actually demonstrate
that such is the case.

The shape of head-up display alphanumerics is likewise a subject of concern
among display designers and users. Head-up displays tend to be line-
written displays, on which alphanumeric characters are generated by
matrices of short straight line segments or strokes. With present stroke
generators curved lines are hard to achieve. The most common technique

is to generate characters from a box figure-8 matrix, if only numerals

are required. If letters are also required, a more complex matrix must

be used. One such is that proposed by Cohen and Webb (1953), which makes
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use of the matrix shown in Figure 16, Cohen and Webb found that if MIL~
M-18012 alphanumerics were not attainable, this font gave satisfactory
results after a short period of training and practice. Another font is

that developed for the numerals on the F-111B head-up display, which

makes use of a digital-matrix symbol generation tachnique. These numerals
are made up of relatively small line segments (about 1.5 minutes). When
combined into symbols, these segments give reasonably good approximations

of curved lines and can be used to create a font similar to that of MTL-M-
18012. The numeral 3 written with each of these matrices and the MIL~-18012
mumeral 3 for comparison are shown in Figure 16.

(W3 S

MATRIX  THREE MATRIX  THREE MATRIX THREE MIL-M~18012
BOX 8 FONT COHEN & WEBB FONT F-111B FONT

Figure 16. TYPICAL STROKE-WRITING ALPHANUMERIC SYMBOL MATRICES

We do not believe that the techniques of alphanumeric generation for
head-up displays have yet reached a point of development where standardi-
zation is feasible. We recommend that the design and testing of letter

and numeral fonts suitable for head-up displays be given high priority.

As a tentative, interim arrangement we suggest that a minimum symbol height
of 30 minutes would be satisfactory and that MIL-M-18012 be used as a guide
for symbol font design, even though deviations are to be expected and
should be tolerated.

Color

Color is generally recognized as an excellent coding dimemnsion. It com-
mands attention and greatly facilitates search and recognition tasks. In
some circumstances it has been demonstrated that color enhances performance
in interpretation, reading, and higher cognitive tasks. Color lends itself
readily to combination with other types of codes, especially geometric and
alphanumeric. All in all, color seems to offer great promise for use in
E/O displays.

In a series of studies (1962, 1963, 1965) Smith and his colleagues inves-

tigated the effects of color on a variety of visual tasks. They found
that, while the use of color significantly reduced search time, neither
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the particular colors of the target and the display background nor the
direction of color contrast had any appreciable effect. An almost identi-
cal conclusion was reached by Brooks (1965), whose study showed that there
was a significant difference in search times only between a colored and a
monochromatic display. For multicolored displays, Smith (1962) found that
when the subject knew the color of the target in advance, search time was
shorter than when he did not. When the color of the target was unknown,
search time was about the same as for a monochromatic display. For a
slightly more complex task, counting all the displayed items of a particu-
lar class, Smith (1963) again found that color coding measurably improved
performance. In a subsequent study (Smith et al. 1965a and 1965b), sub-
jects were required to perform row-comparison and item-counting tasks on
a display consisting of two-~digit entries arranged in a tabular matrix.
Color coding resulted in an average reduction in counting time of 72 per
cent and a decrease in error frequency of 86 percent, where the display
format was not related to the task. For row-comparison color coding pro-
duced reductions of 47 per cent in counting time and 43 per cent in error
frequency. While the tasks in this last study were perhaps not typical

of rhose for a flight or navigation display, the results do suggest that
color coding is a significant aid for a broader range of tasks than just
target detection and recognition.

Partial confirmation of this assertion can be found in the work of MclLean
(1965), who investigated the effects of color and brightness contrast,
direction of contrast, and contrast values upon the legibility of a cir-
cular dial. He found that the addition of color contrast to a dial of
given achromatic brightness contrast, with a light on dark direction of
contrast, could improve the legibility of the dial. Legibility was also
found to increase as color contrast increased. MclLean concluded that
color might have a wider application as a coding technique in complex
system displays than previously supposed.

Honigfeld (1964) reports a study by Hitt (1961), who examined the effec-
tiveness of color in comparison with other coding dimensions: numeral,
letter, geometric shape, and configuration. Hitt found that searching

and recognition are two independent task factors and that color and numeral
codes were superior to the cthers, Further, if correct recognition of
symbols is more important than reducing search time, numeral coding is
superior to color coding. Honigfeld also cites a study by Newman and

Davis (1961), who examined color coding as a means of reducing the number
of symbols on a display. Results indicated that symbol-plus-color coding
was superior for the tasks of locating and decoding compound symbols. From
this and similar evidence Honigfeld concluded that

"Color 18 a superior coding dimension when the operator
must eimply locate targets. When he must also identify
targets, however, color is most useful when combined
with other symbols, such as numerics or geometrice.”
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A great deal of research effort has also been devoted to establishing the
number of different colors which can be used together effectively. In
general, the number of colors (spectral hues) which can be identified de-
pends upon the brightness and size of the light source, the nature of the
observer's task, and the particular colors used. If only relative judg-
ments are required, Z.2., if the observer is asked only to tell whether
two simultaneously presented color stimuli are the same or different, the
number of discriminable spectral hues is quite large. Rizy (1965) cites
an unpublished report by Halsey (1962), who estimates that under ideal
conditions the total number may be as high as ten million. However, Halsey
continues, under poor observing conditions and considering stringent speed
and accuracy demands made on the operator as well as the realistic limita-
tions imposed by operational color generating equipment, the number of
discriminable colors may be as low as three.

Most experimenters prefer to use absolute judgment as the criterion of
discriminability. That is, the observer is presented with a single stimu-

lus which he must identify by name without reference to a standard. Baker and
Grether (1954) advise that, if the source has a brightness of at least 1
millilambert and subtends at least 45 minutes of arc, the ten hues shown

in Figure 17 can be correctly identified nearly 100 per cent of the time,

o o
Wavelengths in n)QQ /\'OQ o’\’:g\p\:)Q 6)‘00 Q;\l 0;00\9@ \;19
» woW ey ) 9 9 6 ©
Angstrons () L1
VIOLET BLUE GREEN YELLOW RED

Figure 17. TEN ABSOLUTELY IDENTIFIABLE SPECTRAL HUES
(Adapted from Baker and Grether, 1954)

1f white is included, the number of absolutely identifiable hues is eleven,
Several other sources, Halsey and Chapanis (1953), Muller et al. (1955),
Morgan et al., (1963), and Poole (1966), concur with this estimate,

However, some investigators caution that while ten (or with white, eleven)
may be a maximum number, the number usable for a color code is probably
somewhat fewer. Conver and Kraft (1958) found that five to eight were the
most that could be used for coding purposes. Earlier, Muller ct al. (1955)
had recommended that care should be exercised when using color for more
than four or five coding categories. Their reasons for advising caution
were as follows:

" The apparent color of an object is a function of

rumerous factors, inceluding the distribution of the
energy that 1s transmitted from the object to the
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eye, the nature of the background against which the
object is viewed, and the state of adaptation of the
eye. For example, the apparent color of a surface
vartes with changes in the color temperature of the
tllumination and with the introduction of other
colored objecte into the field of view."

These findings and recommendations are only partially applicable to CRT
displays, which produce color not by absorption or reflection but by an
additive light-emitting process. That is, on CRTs small dots of three
primary colors are produced either singly or in combinations to yield
various colors. Even though rapid advancements have been made in the de-
velopment of colored phosphors, the present state of color tube technology
limits the number of spectral hues which can be produced on E/O displays.
Poole (1966) estimates that the practical limit, given present three-color
generation techniques, is about seven. Satisfactory results in achieving
up to this number have been obtained under laboratory conditions, but

they have not yet been realized for airborne displays under operational
conditions. Under field conditions it is still difficult to produce more
than four absolutely discriminable hues - red, yellow, green, and blue.

Rizy (1965) points out additional reasons for using care in the application
of color research data to color-additive displays.

" The appliecation of color addition to actual coding
requirements has t1ts uniquc constraints, First,
by definition, the additive symbol colors must vary
not only in hue but in saturation and brightness.
Second, any recommendation concerning applying
color additive codes to information presentation
should take into constideration the nature of the
display observer's task, which contains elements
of both relative and absolute judgment. Finally,
there 1a¢ no neceasity in display-observer interface
for equally diseriminable symbol colors, but only
for seven cclors which produce the highest amount
of discrimination obtainable .

Our review of the literature has turned up very little data on the relative
effectiveness of various colors for coding, and even less that is of speci-
fic applicability to CRTs, Using a film projection technique and a three-
color (red, green, blue) additive process similar to that of CRTs, Snadowsky
¢t al. (1964) found that the relative order of discriminability was red,
yellow (red + green), blue, magenta (red + blue), white (red + blue + green),
green, and cyan (blue + green). They alsu found that registration (super-
position) of the color images was of critical importance in the recognition
of two- and three-color compounds. When misregistration exceeded 65 per
cent, £.¢., when the constituent color images overlapped by one~third or
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less, color recognition was severely degraded. Since the experimental
conditions were close to ideal for observation, they further concluded
that a misregistration parameter of somewhat less than 65 per cent would
be the maximum tolerable in an operational environment,

A later color additive study by Rizy (1965), who was one of Snadowsky's
associates in the study just cited, produced somewhat different results.
Rizy found that red was superior, followed by yellow, magenta, and white
which were statistically equivalent, and finally cyan, blue, and green.
The superiority of red is not surprising; the attention-getting value of
this color is well known. This may also account for the high rank of
magenta, which was made up of red and plue., The high discriminability of
vellow can probably be explained, as Rizy suggests, by the nature of the
response of the human visual mechanism. The low rank of green is hard to
explain since it and yellow are the brightest appearing colnrs, and green
has long been regarded as an excellent color in terms of visibility and
discriminability. Rizy suggests that the poor showing of green may be
accounted for by the peculiarities of the color generaction process and

by the tendency of subjects to confuse green and cyan (blue-green).

Apart from these studies, there seems to be very little research which
would support the selection of a specific color code or color scheme for
E/O displays. One scheme which has been suggested, specifically for direct
view VSDs, is the so~called natural scheme of blue for the sky and browr
and green for the earth, Command information, such as steering, and
status information not directly related to display coordinates (e.g.,
airspeed or vertical velocity) could be presented in white or yellcw.
Another scheme which has been advanced {s tha- of the conventional color
coding now used for cockpit i{ndicator lights - red for warning, emergency,
or danger; yellow for caution; blue for advisory; and green for satisfac-
tory, correct, or go. Just how this could be related to classes of in-
formation such as command and status or attitude, airspeed, and altitude
is not clear, The opto-mechanical head-up display developed in France
makes extensive use of color coding for various categories of information,
Attitude, airspeed, altitude, and heading are each presented in a differ-
ent color to assist the pilot in identifying the various indices which
make up the display. We do not know the rationale by which the various
colors were selected and assigned to display quantities. All of these
schemes are based on convention or nonce arrangements and do not necessar-
ily take into account either human performance variables or the unique
properties of color on CRT displays., Further, none of these seem compat-
ible with the use of red light in the cockpit at night,

Because of the relative paucity of experimental evidence in this area and
because of the somewhat contradictory results of the few studies that have
been done, we conclude that a color standard for E/O displays cannot be
specified at this tlme, Specifically, research is needed to relate color
on CRTs to human performance variables and to realistic visual tasks which
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the observer .t perform. Such research should also take into account
the problems ur ambient illumination, both day and night, and the effects
that other light-emitting sources in the cockpit may have on the E/0 dis-
play. For head-up displays the critical problem is not just the discrimi-
nability of colors but the discriminability of colors against the externmal
world backgrounds which may be encountered in operational use. Since it
is reasonable to assume that airborne color displays will become a reality
within the next three years or sv, we urge that such investigations be
given a high priority. A further discussion of color as it applies to CRT
displays is contained in Chapter V (pages 267 ff).

Motion

The human ability to estimate velocity is extremely poor, especially with-
out an available standard for comparison or without considerable past ex-
perience. Even with a basis of comparison, judgments are usually only rela-
tive, Z.e., faster or slower. In general, estimates of acceleration, the
rate at which velocity is changing, are even more inaccurate., For these
reasons very little attention has been paid to motion as a coding dimension
for displays.

The circumstances in which motion does seem to be of some value are when

an object moves against a stationary background or when it moves different-
ly from other elements in the visual field. Since this calls for a quali-
tative judgment only, the absolute or relative motjon of the object may aid
in detection or recognition. Such a case is a radar display where the
greater speed of airborne targets causes them to stand out from surface
taigets

Some contemporary E/0 displays do make use of motion as a coding dimension.
The F-111B displays are one such case, Here all display elements are sta-
tionary if all commands have been satisfied and {f attitude is stable.

The movement of a symbol 1s, thus, a cue that the status of the aircraft

or the command values have changed. The same is true of the attitude and
stecring elements of most of the other displays analyzed in Chapter III,
Some may not consider this a legitimate case of motion being used as a
coding dimension since it only serves as an attentlon-getting device and
since other factors such as position and pattern recognition also come into
play.

Better examples of motion as a coding technique are the AAAIS and V/STOL
displays discussed in Chapter 111, On the AAAIS dashied lines which run
along the edge of the pathway symbol are used to indicate deviations from
command airspeed, (See Table 6,) 1If the acrtual speed of the aircraft {is
less than command speed, the dashed lines move up the display or, because
of perspective, away from the observer, The dashed lines mov2 i{n the op-
posite sense {f actual airspeed is greater than command airspeed, In
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both cases the apparent velocity of the symbols is proportional to the
difference between command and actual valuea., The pilot's task is to ad-
just airapeed so that the dashed lines remain motienless on the displey.

A similar technique is used on the V/STOL display for landing. (Sems

Table 8.) In this case display elements move up or down the display (away
from or toward the observer) to indicatws groundspaad and laterally to indicate
lateral ground velocity. We have conflicting raeports of pilot acceptance
of this kind of symbology, and we cannot speculate as to ita effective-
ness. In general, the success of such a technique will depend upon the
scaling and sensitivity of symbol movement and the compatibility of this
type of presentation with overall display dynamics.

As a personal observation, we would caution aguinst the use of motion cod-
ing on head-up displays. Collimation causes head-up display symbols tn
appear at optical infinity. This 1s, of course, not true infinity, and
the optical system is in fact focused at some finite distance ahead of

the aircraft. The observer's estimate of this distance can be influenced
by such factors as the distance to the real world objects seen through the
combining glass, collimation errors in the opticel system, and the size of
display elements in relation to other visible objects. Since estimates of
velocity are directly proportional to how far from the observer the object
appears to be, any error in range estimation will lead to corresponding
errors in velocity judgments. Thus it would appear unadvisable on a head-
up display to use a form of presentation which calls for the observer to
determine the velocity or acceleration of a symbol as a means of control=-
ling the afrcraft.

Flash or Flicker

The possibility of using flicker or flash rate coding has been examined

by several investigators over the last twenty years, and all have conclud-
ed that flicker i1s an inefficient coding dimension. Gebhard (1948) recom-
mended that its use be limited to a single on-off pattern for the purpose
of attracting attention, Baker and Grether (1954) considered it unsatis-
factory because of the high brightnesses required in order to avoid fusion
at the higher flash rates. Morgan ¢t al. (1963) and Poole (1966) advise
against flashing coding because it can be extremely distracting and annoy-
ing, especially if there is more than one symbol blinking at any given
time, Honigfeld (1964) cites several studies in connection with radar
displays, All of these indicate that the number of discriminable steps
under ideal conditions 18 on the order of five and that probably no more
than three (4 cps, lcps, and 1/3 c¢ps) can be used effectively. Honigfeld
also notes a series of studies by Gerathewohl which suggest that, within
limits, the higher flash rates are more conspicuous than the lower and
that subjects tend to respond more quickly with higher flash rates.
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ar the urgency of peeaponae i mindi the mere (Rportant or urgent the leem,
the higher the flash rate, Prefarably only sne olinhing aignal, ond weyn
tainly wet move than twe, ahould he an the diaplay at any plven tims, The
itoms neleuted for flieker auvding shauld he elther aherteduration ar alnyle-
aagurance avants alnve it weuld be sxtremily dintvadiing to have o hlinklwm
algnal present an the display vor ware than a Tew xevends,

Arightness

Most refevence documents on aoding give li tle attention ro bheighinana,
which is regavded an a velatively pocy ceding diwensien, Wi.hev apd JUvethev
(1934), tor taatance, believe brightnwds coding te he uanatiuCastury ha=
cauge {t vesulta in poor contrant affacts and lean beight aignale tend to
be obscurad by brighter aurrounding signale. 1t wust Le nated, however,
that theay assume a diaplay with a brightness range of 1 Co 30 willilumbercas,
which would yfeld ouly threa or four usable brightuesn stepu, Novgan et ui,
(1963) reach an almoat (dentical conclusion, Nonigfeld (1964) conmidera
brightness of limited applicability ss a diaplay variaule. She recoamends
using only two steps ~ & high level for information of primaey inteveat and
a low leval for that of sccondary intereat, wgain for a diaplay with &
brightness range of 1 to 50 millilamberts,

All these soucces, howevar, aeam to refer to & line-wrlttaen display, and
they do not seam to consider the shades of gray presentation used un rase
ter video displays as a form of brightness coding, Savaral contemporary

E/0 displays use shades of gray raster video successfully, and they typi-
cally contain seven to ten steps. The brightness range for these displays,
however, far exceeds the 1 to 50 millilambaerts assumed by the authors cited
above. A brightness range up to 250 foot-lamberts (approximataly 270 milli-
lamberts) is not uncommon. Each shade of gray (or whatever color the phos-
phor may be) differs from the others in terms of saturstion and brightnass,
primarily the latter; and it does not seem to us too dif€icult to make a
case for shades of gray as a form of brightness coding. We do not wish to
make an issue of this since the question seems to turn around what kind of
display one has in mind when speaking of brightness coding.

In the case of line-written displays the recommendations of the authors
cited above are acceptable, and they should be followed. For a map display
or for a line-written VSD the background information should be of the lowest
brightness consistent with good visibility., Key geographic or aircraft
performance features should be highlighted by one brightness level, or at
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given display avea, but at the priee of inereaning the compleonity of din-
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probability of wreor, 1f conpound coades Afe used, wuch ennatitwnert muat

be ruudable aaparately withaue cenfusion, Alsn, informmtian auat he Rept
to axaentialn sinee combinatien coden “{1l lone theiv advintwge amd of=
fictency {f ton mueh {nfuovmation fu puvtvayad (Honigfeld, 1964),

Revurad aoureos Li,g , Baker aud trether, ‘954, snd Kuehn, LVd48) polnt eut
that, i€ compounu cedes ave balug connideved, 'wwe baaly 1milew dhayld bhe
follawed.

1. Compound coding ahould net bu umed far only ane
dimenzlon of information when a single code e
clearly discviminable. 1hat isa, one coding
dimannion pev dimension of information, For
example, it is prefavably tu ade shades of jray
alone or shape alone to distinguish between
comrand and statun indicatora on a acale vather
than resorting to such combinations as braight
triangles and dark rectangles.

2. Whaen two or more dimensions are to be coded, the
same number of coding dinensions ahould be used,
That is, do not use¢ one coding dimension for moce
thau one dimension of information. Thus, if the
display is to have command and status indicatovs
for airapead and altitude, use one cude for
statua-~command and another for aijrspeed-altitude,
For exampla, do not use shape alone to encode all
of this information (triangle-status aivapead,
circle-command airspeed, ractangle~status altitude,
crnug~comnand altitude). Rather, use shade to
distinguish batween command and satatua and shape for
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alvepeed and altitude (dright ‘riangle=conmamd atr=
speed, darh triangle=atatus alvapesd, bright ree-
!: h;:rnu altiwide, dark vectangle=statue
aikitw \

Wullor ot al, €1935) alsw offer the advies shat eompound vodes may dedvedun
the sunher of diseviminable aveps within eaeh of the cempanent coding di-
wenslonn. Thevelfave, they -uggest that fever than the maninum distinguiah=
able nunbar of ateps he empadyed fur eanh eeding dinsnatien, when used {a a
ampownd eodn, in ordev to provide a salery facter,

Bawen at al, (1939) gave the felleving rules tor venatructing combination
soden of more than ene geemelrie shape, While their advies vas divected
at the preblen of radar symhelegy, L% unens genevally applicable to sther
typen of R/0 displays,

1. Primis-. apmbela should be large and enonloan a #pade,

E. Ne ailiapy apmbal ahould opeaa, dfatert, tatepfeps uieh,
ap th A Wap akaoupe the primary eymbel,

v kol oompleses should nos narmally eposed e geometpiy
aymbala apn pepathly three tn some atpowmatanaaa: a loons
tlen dab, awd a apead and dipeotion weoter line vhew
appHoakle,

4. Vhew orhen Vnfamation ta requiped, Tt should he weppres
santad winirtoully (e g., sne, tua, ap thiwe make 1o
ioate the magnitaede of the obluot) or In aotual nwmbera
and lettevs,

5, The gametmvo oentapy af the aymboal and/on large olear
det should Yudioate looation,

8. Awetllamy mapka ahould be vompaet soldd fNgures,

Gode Compatibility and Meanina

The selection of a code depends on wmora than juat human semnmitivity to a
particular coding dimenmion and the nature of tha operator's task, The
compatibility between the information to he presented and the code select-
od to convey it is alsc of major importance, It has been eatimated that
wan's information handling capucity varies by a factor of as much as 2 ov
3 depanding upon the apecific coding alphabet and readout aystem employed,
i.e., aa a function of coda compatibility. The symbo) and the svent or
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condition aymbolized should have a natural relation in that their assoc-
jation should confcrm to well-established habics or population stereotypes.
(Muller et .:1,, 1955) Code compatibility will not only promote speed and
accuracy «f interpretation, it will also facilitate learning and simplify
the training process.

An marly, and definitive, statement of what is meant by code compatibiiity
is that of Baker and Grether (1954).

" Mformation may be considered to be quantitative, quali-
tative, or both. GQualitative information concerns kinds
of objacts or relationships such as friend or foe, bomb-
er or fighter, etoe. @antitative information eoncerns
the axtent of magnitude of an object or relationship such
as the speed of a missle, the altitude of a bomber, ete.
Methods of coding information can alsc be considered as
quantitative, qualitative, or both. Codes relying on
geometric shapes or colors are considered to be qualita-
tive codes because the various colors and vartous shapes
are qualitatively different. C(odes relying on size,
brightness, length, ete. are quantitative codes be-
cause these differences are solely quantitative. Num-
ber <codes can bz ronsidered to be qualitative or
quantitaetive. Codes are more eastily interpreted when
qualitative codes are used to code qualitative infor-
matton and when quantitative codes are used to code
quantitative information.”

FuL E/0 displays, which tend to be pictorial displays, code compatibility
is doubly important. Not only should there be compatibility between the
code and the information encoded, the display should also represent a
familiar approximation to the real world situation. That is, the code
should comply with conventional and stereotypic meanings normally associa-
ted with such symbols., With an E/O display most observer tasks entail
recognition and interpretation of relationships between elements or parts
of the total information available. It is important, therefore, that any
existing relationships between the symbol and the thing symbolized be used
to advantage. This suggests the need for stimulus-response compatibility
and the maintenance of relationships between the real and displayed worlds,
but it also implies a directness of association between what is represented
and its representation. As Foster (1964) points out, this directness of
relationship is not always easy to achieve., Tt may be that there is no
coding dimension available, or technically feasible, which has a natural
relationship to the information to be encoded. For example, what shape,
color, or shade of gray naturally suggests angle of attack? It may also

be that the information to be encoded is abstract while the code, by its
very nature, is concrete. In such a situation the display designer's task
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becomes one of finding a suitable way of presanting the abstract in a con-
crete form, Z.¢., as a perceptual (in distinction to a conceptual) dimen-
sion. The degree to which a particular situation can be made more con=
crete through coding will determine the facility and accuracy with which
the operator can manipulate the information presented on the diasplay.

Unfortunately, there are very few stereotypic associations between coding
dimensions and specific items of information, and any practical sugges-
tions on this topic will be sketchy at best. Apart from purely pictorial
representations, the following are the symbol maanings most frequently
cited in the limited research literature available.

1. Crossed lines generally indicate a fixed or reference
point.

2. Location is at the geometric center of a symbol or at
a dot‘

3. An arrow points in the direction of traval,
4, Size or number indicates magnitude.

5. A flickering symbol indicates emergency.

6. Red stands for danger, warning, or emergency;

yellow for caution; and green for satisfactory,
operable or "go",

Table 18 on the following page is a summary of the significant character-
istics of the coding dimensions appropriate for F/O displays.
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REFERENCE SYSTEM AND DISPLAY DYNAMICS

Ihe Framevork

Flying is essentially an activity in which the pilot's task is to deter-
mine what situation exiats and to take action to make the flight profile
confonn to some future, desired situation. Carel (1965) sums up the pilot's
task in four questions.

Where am I with respect to my destination and desired route?
Where is and what should be ny velocity vector?

What is and should be my attitude, thrust, and configuracion?
What should I do with the controls?

These quastions define, according to Carel, a hierarchy of goals and tasks
for the pilot, The angwer to the first question implies certain more spe-
cific questions to be asked and answered at the next lower level. These,

in turn, lead to still more specific questions until finally the pilot
reaches the lowest level, at which he takes some particular control action.
This will produce a change in attitude, thrust, or configuration, which will
affect the velocity vector and —- ultimately -- the flight path with respect
to the destination. The pilot's role, therefore, consists of an iterative
descant and ascent of this hierarchy, meeting goals at one level by deter-
mining sub-goals and tasks at subordinate levels until he closes the loop with
a gpecific control action and reascends the ladder of goals and tasks.

The purpose of the display 1s to support this activity by providing the
pilot with information about the present and future of the alrcraft. The
information content of the display is important; so, too, the coding tech=-
niques used to translate the information into a readily perceptible and
recognizable form, Of equal importance, however, is the way in which the
information is structured. Structure not only serves to define and describe
the relationships among the parts of the situation; it also serves to define
the whole and determine what is relevant, i.e., what is and is not part of
the situation. However, for structure to have some influence on information
processing it 1s not enough that it simply be present; it must be recog-
nized as such by the human information processor.

The spatial ordering or structuring of a display is perhaps the most basic
of design questions since it is within this framework that the entire dis-
play must be organized. In structuring the display the two basic parts

of the pilot's task must be kept in mind. First, the pilot must determine
his position, attitude, and velocity vector with respect to the real world.
This suggests that the display must in some way reproduce the familiar

structure of the external world. However, the pilot must also take action

/
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based on his assessment of the situation to make the flight path conform
to his wishes. This implies that the structure of the display must be
related to his control tasks. That is, the display provides the pilot
with an index of actual performance and an index of desired performance.
At least one of these indices will move as a result of manipulating the
controls. Ideally, the reference system of the display should be related
to cockpit coordinates and the movement of display elements should be con-
sonant with specific control actions.

The basic aircraft situation is three-dimensional (X-Y-Z); but the display
being planar, permits only two coordinate axes to be used as a reference
system. The customary solution is to present two separate views of the
flight domain which are related by having one common dimension. The ver=-
tical situation display is a projection of the flight situation in azimuth
and elevation (Y-Z) on a vertical plane ahead of the aircraft, This pro-
vides a reference system for pitch, roll, heading, angle of attack, and
steering, all of which may be expressed either as translations or rota-
tions with respect to display coordinates. The horizontal situation dis~
play is a projection of the flight situation downward upon a horizontal
plane beneath the aircraft. This is a reference system in X-Y in which
geographic position, heading, course, and track can be presented by appro-
priate translations and rotations. It is also possible to show the air-
craft situation in an X-Z coordinate system, sometimes called an E-scan

or a range-elevation display. E-scan displays have found some application
in terrain following presentations, but their use is limited because such
displays suffer from the disadvantage of inconsistency with aircraft con-
trol system coordinates. The VSD and HSD, by contrast, are compatible
both with the real world and control system coordinates, and for this
reason they are the most widely used.

Integration

The central problem of display design is to find ways of integrating the
parameters of flight into the horizontal and vertical coordinate systems.
As a first step it is necessary to find a rationale for assigning certain
classes of information to each cocrdinate system or view of the flight
domain. Carel (1965) and Roscoe (1967) suggest a solution to the prob-
lem of allocation can be found by referring to the hierarchical nature of
pilot tasks. That is, information about position, route, and destination
is hierarchically related and should be presented in a common reference
system, The HSD is the appropriate site for such information since it is
in X-Y that the position and route of the aircraft are described, Infor-
mation relating to velocity vector and attitude fall within another level
of the hierarchy and are best portrayed in the coordinates of a VSD. This
scheme has the additional advantage of allocating short-term ajrcraft re-
sponse characteristics to one display, the V5D, and more slowly changing
aspects of the situation to another, the HSD., The arguments of Carel and
Roscoe on this matter are convincing, and this position seems to be one
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that is generally held by display designers. At least, the practice in
contemporary display design seems to reflect an allocation scheme of this
sort,

Further questions of what can be integrated into the VSD and HSD frame=-
work and how it is to be done do not yield so readily to solution. In
part, the difficulty stems from a disagreement about just what constitutes
integration. Sampson and Wade (1961) say that the concept of integration
implies a variety of procedures by means of which the operator 1is relieved
of the need to integrate information because the equipment does it for him.
Displays may be said to be integrated when the information presented to
the operator has been corrected, transformed, filtered, referenced, made
more natural or direct, or has in some other way been processed so that
the opera.or does not have to perform these operations for himecelf. Samp-
son and Wade further distinguish between on-the-panel integration and
tehind-the~panel integration. The former refers to structuring, referen-
cing, or organizing data while the latter is primarily concerned with
automatic data processing and transformation, Only on-the-panel integra-
tion i of conceii for the moment.

One definition of on-the-panel integration is that it consists of combin-
ing several indications in & single instrument or display. Considerable
research has been devoted over the years to developing such combined air-
craft instruments. One such 18 the horizontal situation indicator (HSI)
row in common use. It combines compass heading, course, omni or Tacan
selection, ADF, and approach path indications. Another so-called inte-
grated instrument is the attitude director indicator (ADI) which combines
a gyro-stabilized attitude sphere, compass heading, flight director

and ILS cross pointers. Integration, in this sense, implies physical
combination of two or more indicators in some common or compatible refer-
ence system. The best example of this type of integration is the standard
Air Force T arrangement of flight instruments, which consists of a cen-
trally located attitude and flight director instrument flanked by airspeed
and altitude tapes., Directly below the ADI-Flight Director is a Horizontal
Situation Indicator (HSI). Attitude, airspeed, and altitude are read with
reference to a single horizontal line extending across the displays. A
single vertical line extending through the ADI~Flight Director and HSI
completes the T and provides a reference for information such as heading,
steering, and course,

A more atringent definition of integration is that all information about
the flight situation must be presented within a common reference system
which is compatible with earth coordinates, aircraft coordinates, or --
preferably -- both., This definition leads to a predominantly pictorial
display on which the visual cues important to aircraft control are synthe-
tically reproduced, Purely symbolic indications are kept to a minimum and
are used only wihen "natural' cues are inadequate or impossible to present
pictorially., The proponents of this type of integration maintain that it
yields a display which is more easily learned and interpreted because it
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corresponds directly to the pilot's visual experience with the external
world. Further, it allows more than one element of aircraft performance
to be seen at one time and makes relationships between these elements
easier to perceive. Also, because all elements are contained within a
common reference, it is possible to comprehend the situation as a whole
and to see how the parts relate to the whole.

Of the two definitions of integration we tend to favor the latter. The
crux of the pilot's information processing task is in determining the
relationships which exist between the elements of the flight situation.
It seems reasonable to conclude that the best way to help the pilot reach
solutions about real world relationships is to create a display which
preserves these relationships. Such a display has the twin virtues of
naturalness and of directness of association between what is represented
and its representation. A display siructured and integrated in terms of
real world and aircraft coordinates will entail the minimum number of
transformations for the pilot in converting information into action.

It is apparent, however, that not all the parameters of flight can be
integrated into a common reference system. Airspeed, altitude, and verti-
cal velocity, for example, cannot conveniently be expressed in VSD or HSD
dimensions even though they are related to the X, Y, and Z axes of the real
world situation, Further, there are non-spatial quantities such as time
to go, friendly or hostile, and fuel quantity which cannot be fitted into
any basic reference system which also contains pitch, roll, heading, and
the like. Thus, 1t is evident that total integration of information, how-
ever desirable, is not truly possible and that some items of information
will have to be displayed separately or enccded symbolically., That is,
they may be presented in proximity to the display or even on the display,
but they cannot be an integrated part of the display. Whether and how

to include this information is a long standing problem in display design.
We will not further interupt the discussion of the display reference
system by going deeper into these questions here, Some of the techniques
commonly employed for displaying this kind of information will be taken

up at the end of this chapter,

Related to the concept of integration as we view it is the notion of
realism. It has been stated that one of the advantages of integration is
that it provides for presentation of information in a natural way which is
consistent with the real world, This i{s to say that the display must cor-
respond to reality as the pilot perceives it. A display whose content is
encoded graphically and structured in real world coordinates will be most
readily interpreted because it is veridical, Wulfeck et al. (1958) suggest
that it would probably be more economical and efficient to present data in
the language and number symbols which the pilot customarily uses in his
thought processes rather than in a picture, On the other hand, they con-
tinue, symbols are not the real thing and learning is required to use them
properly. The possibility of incorrect interpretation of symbols always
exists since they call for a number of cognitive steps or transformations.
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Pictorial displays appear to requirec less learning, to be more readily
internretable, and to give rise to fewer errors.

The element of realism is predominant in the contact analog display, which
presents a stylized pictorial recreation of the real world scene as it
would be in VFR flight. The basic notion of the contact analog is that
the display should serve as a surrogate or pictorial analog of the
external visual world. Carel (1965) holds a slightly different view. He
maintains that pictorial realism is not nearly so important as kinematic
realism. That 1s, the display need present only a skeletal representation
of the real world, just sufficient to suggest its predominant physical
features. It is of prime importance, however, that the display be fully
realistic in its motion relationships and that it faithfully represent

the dynamic aspects of flight. A third, and somewhat novel, view is that
of Fogel (1963). He points out that vestibular and kinesthetic cues play
an equally important role to that of vision in maintaining orientation in
flight. He contends that an attitude and flight control display should be
realistic both to the visual sense and to the pilot's internal sense of
orientation. To this end, he proposes a display design which is a kines-
thetic analog (kinalog) of the human operatcr, With this display a movable
element representing the aircraft rotates in relation to a fixed horizon
as the aircraft banked. The symbol remains rotated as long as the kines-
thetic and vestibular cues of being tilted predominate. However, as the
body adapts to this new orientation, the aircraft symbol slowly rights
itself. The horizon line, meanwhile, begins to rotate in the opposite
direction in order to preserve a correct visual indication of the bonk
angle of the aircraft. Thus, the display is initially an outside-in die-
play but, as time passes, gradually proceeds toward an inside-out display
in an exponential manner. The position along this inside-out, outsiide~in
continuum depends both on the passage of time and the magnitude of the g
force sensed by the pilut.

Despite differing views as to what parts of experience to draw upon, these
investigators are unanimous in their emphasie on realism. Fidelity to the
real world, however one chooses to define it, {s an essential feature of
integrated flight displays., These investigators are also correct in their
emphasis on the dynamic aspects of the flight situation., The structure of
a display involves more than just consideration of how elements are spa-
tially ordered. It is equally important to consider how the elements of
the display move i{n response to changes in the aircraft situation,

Display Dynamics

As viewed from the cockpit, the elements of the visual world move with

6ix degrees of freedom, They may translate along one or more of the X, Y,
and Z cocrdinates; and they may rotate about any of these three axes. The
quastion 18 how to represent these motions within the display ccordinate
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moving map and fixed map are certainly not objectionable, we prefer not
to use them since they are merely synonyms for insida-out and ocutside-in
in the special case of navigational displays.

In this connection, it may also be worthwhile to touch on the distinction
between compansatory tracking and pursuit tracking. These terms also

refer to methods of presenting command information. A command display is
one on which the operator is presented with an index of desired performance
and an index of actual performance., His task is to manipulate a control

to eliminate any discrepancy which may exist between the two tndices. This
task is called tracking. In compensatory tracking only one of the indices
of performance moves; the other is fixed. If the index of desired per-
formance moves, the command presentation is fly-to. If the index of actual
parformance moves, it is £ly-from. With either, the operator is presented
only with a statement of the combined error bstween the performance of his
own vehicle and the tracked variable. In some circumstances, however,

betin the veidele and thne trackad variuvle wre capable of independent var-
iacion. Such is the case when an aircraft is pursuing a moving target.
That is, the positions of the alrcraft and the target are variable not

only with respect to each other, but also with respect to the earth. Here
it may be desirable to provide the operator with a display which shows the
performance of each element independently. Such a display is called a
pursutt tracking display., In this case both the index of actual perform-
ance and the index of desired performance move ilndependently against a
fixed reference. The opevator has not only a statement of the ervor be-
twean his performance and the command variable, but also an indication

of how each varles with respect to & common reference, Thus, he is in a
position to know how much of the total error is countributed by each element.

Dynamics is8 one of the most i{ntensively investigated areas in display design.
The literature on tiis topic is too voluminous to present in any detail,

so wa shall cite only examples to show the general lines of investigation
and the trend of the findings. There is no single reference document to
whinch we can refer the reader interested in golung into the subject in
depth, Standard human engineering referances such as Morgan ¢t al. (1963)
and McCormick (1964) contain informative discussions and provide good
general bibliographies, Baker and Grether (1954), Williams <t ai. (1956),
Wulfeck & al. (1958), Pogel (1963), and Carel (1965) all Jdeal extensively
with the questions of dynamics as it applies to airborne displays, and
together they contain citations of most of the specialized studies con-
ductod during the period 1945-1965. There are two other investigators,

R. By Loucks and H. P, Bivmingham, who have conducted numerous studies

on the subject, Unfortunately, the findings of neither have been compiled
in & single document, but a literature search under these names will turn
up several pertinent references.

The question of inaide-out va. outside-in is one of the wost thoroughly

investigated topics in diapluy design. Nonetheless it still vemains a
hotly controversial issue. Loucks (1945) compared four differant types
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of attitude indicators with the standard Air Force inside-out instrument.
He found that the best performance was optained with an outside~in indi-
cator on which the reference horizon line remained fixed and the aircraft
symbol moved in such a manner that it rotated clockwise when the aircraft
rolled right and counterclockwise when the aircraft rolled left. Not only
was such a display more easily interpreted, it was the one consistently
preferred by the subjects participating in the experiment. Browne (1945)
obtained almost identical results in simulator studies with nalve subjects.
Browne felt that it was more appropriate to use inexperienced subiects
rather than pilots to test the interpretability of attitude displays since
the previous experience of pilots with conventional inside-out instruments
might tend to distort the results. However, Fitts and Jones (1947) found
in flight trials that experienced pilots also performed better, i.e.,
responded more quickly and evperienced fewer control reversals,

with an outside-in form of presentation. A similar conclusion was

reached by Gardner and Lacey (1954) in simulator studies with experienced
pilots. Duerfeldt (1956) conducted flight trials of an outside-in "moving
airplane' attitude display using l4 Navy pilots. He concluded that the
digplay was suitable for all-weather flight and compatible with a variety
of aircraft maneuvers. He did not feel that extensive retraining would be
necessary for the experienced pilot to transition from the conventional

to an outside~in attitude display. A study by Bauerschmidt and Roscoe
(1960) showed significantly greater accuracy of performance with an out-
side-in steering and attitude display in comparison to a conventional
inside~-out display. Errors were five times greater with the inside-~out
display, and there were 18 times as many control reversals. The results
were all the more significant in view of the fact that the subjects were
pilots whose entire previous experiencc had been with the conventional
moving-horizon type of presentation.

Experimental evidence as to the superiority of the outside-in concept is
not confined to attitude displays. Payne (1952) investigated two pictorial
navigation displays, one representing the aircraft movement principle and
the other the map movement principle., The aircraft movement (outside-in)
display was found to be superfor. Specifically, the subjects were able

to initiate a solution more rapidly, made fewer first turns in the wrong
direction, had fewer control reversals, manipulated the control stick less,
and attended to a secondary task more efficiently with the moving aircraft
display. It was suggested that the fixed map should present a portion of
the path to be flown and that the entire configuration should be manually
rotatable to a "heading-up' orientation. Wulfeck et «l. (1958) cite an
undated report by Williams which supports the conclusion that an outside-in
forin of presentation is superior to an inside-out for navigation displays.

As might be expected, the preponderance of experimental evidence on the
related topic of fly-to ve, fly-from favors the fly-from concept. Loucks
(1949b) demonstrated in a simulator experiment tha: inexperienced pilots
were better able to control a localizer-glide-slope approach when the
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crossed pointers of the instrument represented the position of the air-
craft than when they represented the command glideslope and glidepath,
Confirmation of this can be found in Gardner (1950) and Baker and Grether
(1954). Fitts et agl. (1949) in a study of pilot eye movements discovered
that pilots tended to refer more often and to dwell longer on displays
where the moving element represented the outside world. They concluded
that displays with a moving index and fixed scale (fly-from) were easier
to read because unique positions on the displays had unique meanings. A
study by Christiensen (1955), cited in Roscce (1967), similarly concluded
that fly-from presentations (in this case moving pointer, fixed scale in-
dicators) were to be preferred. A study by Loucks (1949a) showed that the
fly-from principle was also superior for circular displays of azimuth and
heading. Other later experimental evidence indicates that Louck's conclu-
sion can be applied to map displays in general.

As one-sided as the experimental evidence is, one must be cautious about
concluding that the matter is settled. The simple fact is that all present
conventional attitude and steering instruments and all contemporary vertical
situation displays are inside-out, fly-to indicators. It would appear that
there has either been a complete breakdown in the dialogue between research-
ers and display designers and/or military service users or that factors
other than ease of interpretation and accuracy of control must be taken into
account. To attribute the disparity between theory and practice to lack of
persuasiveness on one side or to obstinacy on the other is to take too
simple a view of the matter. The difference of opinion is legitimate, and
there is a strong case to be made on both sides. The inside-out/outside-in
problem is one of the paramount issues facing a standerds committee.

Te sum up the case for having the aircraft symbol move we shall paraphrase
Roscoe (1967). When the pilot moves a control, he expects the correspond-
ing display element to move in the same direction so that up means up,
down means down, right means right, or clockwise, and left means left or
counterclockwise. Movement relationships of this sort are 'natural" in
that there is consonance between the coordinates of the display and the
aircraft control system, Even more basically, the pilot knows that he is
a vehicle moving with respect to a statiomary world. Thus, when he moves
a control, he knows he is controlling his vehicle, not the outside world
relative to his vehicle, and therefore he expects the symbols representing
his vehicle to move. Note that the argument is cast not in terms of gensa-
tion and perception but in terms of cognition, ¢.e., what the pilot knows
to be true., However, the justification for an outside-in reference system
can also be based on perceptual grcunds. In an earlier report (Roscoe,
1954), the following argument is advanced.

"4 pilot when flying contact perceives nig airplane
a3 moving againgt a fiied, stable outside world.
If the world moves, he has vertigo. Apparently
thig game natural relationship should be preserved
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tn the coukpit., Clearly the movement of a dfe-
play indax e fta most ccmpalling stimulus
property, and therefore 1t should repmaent the
movement of' the atiplane againat a fiaed refer-
enon reprasenting the outetde wonld,"

One of the countararguments to this viaw is based on the assertion that
pilots prefar, perhaps because of their prior instvument experience, an
inside=out indicator. Our own discuasiona with pilota tend to bear this
out. A recant study (Dehan et al., 1963) undevtook to sample pllot oplnion
on thia and other topics of diaplay design. While there was a slight pre-
ferunce found for inside-out dileplays and fly-to commanda, the difference
wag not judged to be staristically significant, On the other hand, a
clear-cut and significan” preference was shown for moving scale, fixed
pointer presentations of airspaed and altitude, which is to say fly-to
indicators. The sample slitas ware, however, amall (25 and 33), and it ia
doubtful that the results can bhe genuralized to the pilot population um a
whole,

Wulfeck et al. (1958) point out that the outside-in principle has not beaen
firmly established as superior for all flight inatruments deapite experi-
mental evidence that this type of display is easier to learn, use, and
interpret. They suggesr that one reason for the preference cf the exper-
ienced pilot for inglide-out, earth-refarence displays ig that he is able
to associate, from visual, vestibular, and gravitational cues, the fixed
position of the indicator with his aircraft, With the aircraft-veference
display he cannot perform this natural association. They conclude:

"Thig may he the real reason p'lots Jislihe the
atrpiane=referenae type and rot the faot that
they werc not trained with €4, The presence of
what has been regarded as crperimental cvidence
that the airplane-reference type is better may
be due to the fact that theee vestibular aond
gravitational cues are negligible or abeent in
expertmentation using stmulatore.”

In fairness, we should add that not all 2vidence of the superiority of
outside-in displays comes from simulator srudies. Of those previously
cited, Fitta and Jones (1947) and Duerfeldt (1956) were conducted by flight
trials. Roscoe (1967) mentions flight experiments performed at the Univer-
sity of Illinols, the Hughes Aircraft Company, and Miramar Naval Air Sta-
tion. He also states that airline experlence with outside-in displays
supports the superiority of this type of attitude indicator but does not
elaborate.

Nevertheless, it 1s true that the experience of the vast majority of pilots

has been with inside-out displays, The services have sh.wn a natural and
prudent reluctance to incorporate experimental findings in the design of

176



new outaide=iun displays because of the rvetraining required and the fear
that older, experienced pllots would have difficulty in adapting., Several
studias, e.g., Fices and Jones (1%47), Gardner and Lacey (1934), Roscos
(1954 , and Bauerschmidt and Roscoe (1960), have demonstrated that the
process of tranaition is not as difficult for expsrienced pilots as one
might suppose. These studies, however, did not involve hazardous or high
otross ajtuations, and there remains a legitimate fear that in a pinch the
pilot with a prodominance of experience with inside-out and fly-to instru-
menta might revart to his aarlier hahita, One wmust admit that it is a bit
extreme to risk i whole generation of experienced pilots to prove a prin-
ciple,

Even if asuch a risk were accaptable, there remains an even greater source
of danger. Conventional sivcralt instruments have been standardized by
MIL=1-2719) on the inside=out principle, For reasons of reliabilicy it

is customary to include in tho cockpit conventional electro-mechanical
devices as supplements or buck-ups to E/O displays. 1If E/0 displays were
outside~in and atandard inatrvuments were inside-out, the situation would
be imposaible. A pilot whose primary E/O display had failed would have

to fall buck on conventional instrumenta as a standby. Thus, a pilot in
trouble would be led into even deepar trnuble becauss he would be forced
to adjust to a now reference system as well as to an unfamiliar sourcas of
command and attitude information. The hasard of such a situation is clearly
intolerable, All command and attitude displays in the cockpit which are
used either concurrently or alternatively for the same purpose will have
to be either inside-out or outside-in, but absolutely not & mixture of the
two,

The most critical, although perhaps not a necessary, test of the outside-in
concept 18 one that has not yet been undertaken experimentally. All of

the studies of outside-in displays have made use of direct view displays
vhere the pilot's command and attitude reference was within the cockpit.

We know of no case where an outside-in head-up display has been tested,
With a head-up display the pilot would be confronted with two diametrically
opposed views of the world., The real world horizon would rotate counter-
clockwise in a right roll, but the display horizon would remain fixed while
the moving symbol representing the aircraft would rotate clockwise. Simi-
larly, the real world horizon would move in the opposite direction from

the movable aircraft symbol of the display in a pitch maneuver. If it is
undesirable to have a mixture of reference systems on two separate indicators
within the cockpit, how much worse would it be to have two conflicting
frames of reference on one display?

There is some experimental evidence that a certain emount of misregistra-

tion or even conflict between the symbols and the real world can be toler-
ated on a head-up display. Naish (1961, 1962, 1964, 1965) indicates that

the scaling between head-up display symbols and the real world need not

be one-to-one., Compression factors of up to 1:10 are acceptable according
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to Naish. In the othor direction, Romcoe et al.(1952) and Canpball et al.
(1935) found chat magnification factors of 1.2:1 or 1.3:1 actually lad to
batter performance., It has also been found by Naish that display elements
auch ns the horizon line or runway symbol need not be congruent or coinci-
dent with their real world countorparts. Lambert (1964) even reports an
incident where a purposely arronwous flight path command on a terrain fol-
lowing heud-up display was promptly recognized as such and disregarded.
The apurious command called for a pitch down maneuver, but the real world
obatacle lay above the flight path, which meant that a pull-up was required.
The incident is particularly impressive because the pilot, although quali-
fied on inatruments, was a novice in flying a head-up display. In ell
these cases, however, there was no couflict between the pllot's basic
visual frame of reference and that of the display, in that movement was in
the same direction if not of the same magnitude.

We cannot predict the consequences of superimposing an outside-in diasplay
on an inside-ovut woild, but we do believe it would be worthwhile to inves-
tigate a display of this sort. Some display designs today call for both

4 direct view and a head-up display. More will probably do so as time
goes on. If it turns out that the head-up display must be inside-out to
be compatible with the real world, then it is likely that the direct view
display should be inside-out also, If on the other hand it turns out that
an outside-in head-up display is preferable, or even juat acceptable, this
will be a very strong argument for re-examination of the issue of inside-
out va. outside-~in for all cockpit indicators, E/O displays and conventional
Instruments alike.

The 1issue of ingside-out or outside-in is not so sharply drawn in the case
of horizontal situation displays. The purpose of these displays is to
maintain orientation is space with respect to geographic and navigation
references or with respect to the tactical situation. The HSD tends to

be used less frequently by the pilot, who scans it intermittently rather
than flying it continuously &s he does a VSD. In part this is attributable
to the rather slowly changing nature of HSD information and to the fact
that pilot actions are usually more in the nature of decisions than immed-
iate control movements. Baker and Grether (1954) point out that in actual
practice it is often difficult to judge whether the HSD is primarily &
flight or orientation instrument. Thus, the distinction between earth-

or aircraft-reference does not seem as important, and either principle may
be satisfactory for the HSD.

The thinking of designers and experimenters on HSDs seems to have changed
over the years. In earlier reference documents there is a preference for
the outside-in principle, but more recent articles and navigation display
designs seem to have swung over to the inside-out principle. All of the
HSDs examined in Chapter III and most of the displays described in the pro-
ceedings of the 1966 JANAIR symposium on aeronautical charts and map
displays (JANAIR, 1966) are inside-out, moving map displays. Typical of
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this reversal of opinion is tha view expressed by Roscoe at tha JANAIR
symposium. (See JANALR, 1966, or a later version putlished in the Septem-
ber/October 1967 issue of Information Display.)

"Mmother olassto question 1s: what should move, the
aireraf't symbol or the map? Obviously there are
advantages and dieadvantages to both schemes. Ten
years ago I was poaitive the aireraft ahould move
againet a fized map as it does on praotieally all
early map displaye built during the 1860s. Now I
am almost equally oonvinced that, on balance, hav-
ing the ochart move provides more really important
advantages., The biggest aincle advantage ig that
it reduces the fraquenoy with whioh charts mist be
charnged by the orew. Even if charts were ohanged
automatically, frequent chart changing is objection-
able, and operating near the edge of a fixed chart
restricts the field of view about the aireraft.”

Inside~out navigation displays, on which the wmap moves, suffer from the
disadvantage of having alphanumeric symbols and map legends disoriented
with respect to the display framework. That is, if the path of the air-
craft is anything but northerly, the letters and numerals will appear
upside down or tilted with respect to the track. Fixed map displays do
not have this disadvantage so long as the map is kept in a north-up orien-
tation, However, on fixed map displays the motion of the aircraft symbol
often does not coincide in cockpit coordinates with the path of the air-
craft, which may lead to control reversals. For this reason, fixed map
displays usually have a control which allows the moving symbol to be
oriented to a vertical position, thus introducing the same disorientation
of alphanumerics as moving map displays. The solution is to make the

map display, either of the inside-out or the outside-in variety, rotatable
to a heading-up or north-up orientation. Since the horizontal situation
evolves rather slowly and usually does not call for quick action, the

need to reorient the display from time to time is not felt to be a nuisance
or a hurden.

Some Display Solutions

The embodiment of the principles of naturalness and fidelity to the visual
world is the contact analog display. The essentials of the contact analog
concept are that the display should cqntain a realistic representation of
the elements of the real world to which the operator would respond if he
could see them directly and that these display elements should respond to
the same laws which govern their real world counterparts. The JANAIR
contact analog display and simulator now at USNMC/Point Mugu is the purest
example of this display concept. This display consists of a ground plane,
sky plane, flight path, ground patch (runway, checkpoint, or target) and
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stylized ground objects or obstacles. All display elements respond with
slx degrees of freedom, except the sky plane which responds only in ro-
tation (three degrees of freadom). Sky and ground texture elements are
also variable in shape, size, density, and color. This display is an ex~
perimantal device only and is not intended for airborne use, The best
example of an airborne contact analog display is the AAAIS, which was
analyzed in Chapter III. While not as rich in textural cues as the JANAIR
simulator nor as pictorially realistic, the AAAIS display is, nonetheless,
a pure contact analog. These displays contain no scales or numerical
indications and symbolic (as opposed to pictorial) elements are rarely used.
The purpose of both these displays is to investigate how fully and accur-
ately flight can be controlled by purely pictorial means.

The evaluation programe for both these displays are still in progress, so
it would be premature to speak of results. However, there has been suf-
ficient experience with the contact analog as a display concept for certain
inadequacies and problems to have emerged. The early contact analog dis-
plays suffered from an inadequate presentation of airspeed, which was
Judged from the speed of movement of textural elements. Estimates tended
to be inaccurate and high. To overcome this the tarstrip or dashed line
symbology was devised, Speed, in relation to a command value, is shown
by the motion of a series of elements along the flight path symbol., If
the elements move up the display (or, because of perspective, away from
the observer), actual airspeed is less than command airspeed. Movement

of the elements downward or toward the observer indicates that actual air-
speed is greater than command airspeed. The objective is to control speed
so that the elements remain stationary. If the sensitivity is properly
selected, this technique of display should permit reasonably accuract con-
trol of airspeed. Similar techniques were devised for altitude control
One involves changing the size and pattern of ground texture elements to
show altitude either absolutely or in relation to a command value. Another,
used on the AAAIS display, employs variation of the angle at the apex of
the flight path symbol. This was described more fully in Chapter III in
the analysis of the AAAIS display.

A second shortcoming of the contact analog display is that it presents

only visual cues about the real world. The contention is that by extract-
ing the meaningful visual cues from the external enviromment and recreating
them on the display, adequate control of flight can be maintained. The
flaw in this argument is that, while the relevant cues may be embedded in
the real world scene, the human cannot extract them with sufficient clarity
and precision to meet the demands of flight. The human capacity to deter-
mine velocity and acceleration is notoriously weak, and yet these are
highly important to flight. Further, expert pilots have difficulty in
estimating altitude to within 10% in contact flight. The same inaccuracy
might be expected to obtain on a display which presents visual cues like
those of the real world. Finally, of course, there is some information
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which does not occur in the visual scene at all but must be derived from
other items. Examples of these are pressure altitude, time to go, or fuel
range. The most resounding refutation of the contact analog argument is
that pilots habitually use instruments even in perfect VFR weather over
familiar terrain.

All of this is not to say that the contact analog concept is of no value.
It is simply that the pictorial analog is not sufficient, in and of itself,
to meet all the requirements of flight control. The pilot's task involves
number and quantity. He must have a display which tells him more than he
can extract for himself from the visual world and which unburdens him of
some of the task of information derivation and integration. 1In this re-
gard, the findings of an experiment by Emery and Koch (1965) are signifi-
cant. They measured the ability of a group of helicopter pilots to per-
form rotary wing maneuvers with three different versions of the JANAIR
contact analog display augmented with numeric information. Moving tape
scales, moving pointer scales, and digital readouts were each presented
with the basic grid plane and compared with each other and with the grid
plane alone. The numeric information displayed included indices of alti-
tude, airspeed, and heading. The display was tested for a relatively
stable crulse task and a variable terrain following task. Measurements
were made of altitude control, airspeed control, heading control; and
approprilate collective control inputs were recorded. The results indicated
that numeric information significantly enhanced performance when presented
in conjunction with the contact analog and that moving tape and moving poin-
ter indicators each produced significantly better scores than digital read-
outs. These results were consistent in both of the flight tasks tested.

From the survey of displays in Chapter III it is apparent that pictorialism
is firmly established as a design feature. Most of these displays are not
contact analogs in the strict sense of the term, but all are pictorial to
some extent, and all do recreate with varying degrees of literalness a real
world scene. However, it is also clear that most designers have concluded
that pictorial displays require some supplementary symbolic indications of
quantitative information since the cues from visual flight alone are de-
ficient in this respect. Thus, we have a variety of designs which present

a stylized and skeletal view of the world augmented with scales and other
such means of presenting quantitative data. Some of these displays, notably
the Norden IEVD, the IHAS display, and the A~7 D/E head-up display, have
made extensive use of scales. These displays seem to have departed the
farthest from the contact analog concept and give the impression that the
designers chose as their model not the external visual world but the pilot's
conventional instrument array. This 18 most certainly the case with the
Mark II avionics displays of the F-111A aircraft, where the basic design
concept was to create on the E/O display an aggregate of the standard panel
instruments. Thus, we have in current display design a continuu: with the
purely pictorial display, represented by the contact analog, at oune end.

At the other is a purely symbolic display, of which the Mark II display is
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the best example, although it still retains many pictorial qualities.

Most displays fall somewhere nearer the middle of the continuum, and it
appears that the goal being sought is a judicious balance between symbolic
indications to attain the required precision of flight control and pictorial
realism to preserve an overview of the situation and retain spatial orien-
tation.

The principle of inside-out presentation is solidly established in contem~
porary designs both for VSDs and HSDs. In part this can be attributed to
the prevalence of the contact analog concept which seems to have served as
the point of departure for most of the direct view VSDs. The contact ana-
log requires, of necessity, an inside-out presentation., For skeletal dis-
plays, such as head-up displays, inside-out is also standard -~ probably
for the very good reason that head-up display symbols are often intended

to overlay their real world counterparts and therefore must move with them.
However, even for those head-up displays which are not scaled one-to-one
with the real world, the directional sense of symbol movement in relation
to the real world has been preserved without exception. Another, and we
suspect the dominant, reason for the universal acceptance of the inside-out
principle in contemporary display design is that the displays are intended
for use in cockpits which also contain conventional electro-mechanical
indicators. This, plus the weight of traditional practice, seems to have
precluded any other solution of E/O displays.

Current display designs also reflect a third area of agreement., Steering

is always presented as a fly-to command; and, with the possible exception of
the A-7D/E display, it is always a compensatory tracking task. This agreement
does not extend, however, to other forms of command presentation, particularly
those indicated on scales, There are both moving scale (fly-to) and fixed
scale (fly-from) presentations of airspeed, altitude, vertical velocity, and
angle of attack. In some cases there is even a mixture of the two types of
presentation on the same display, We can offer no explanation for this lack
of consistency except that the determination of how the scale and pointer
should move was probably based on other considerations such as the range of
values to be displayed, the amount of space available, and the ease of
mechanization.

There are two novel display design concepts which offer a compromise on
the inside-out va, outside-in issue, One of these is the kinalog display
proposed by Fogel (1963). This display concept was discussed earlier in
the context of integration and display realism. The basic feature of the
kinalog is that it responds as both a visual and a kinesthetic analog.
Over time it progresses from an outside-in to an inside-ou: display but
always preserves a true indication of roll and pitch in the relative posi-
tions of the ailrcraft and horizon symbols, The second design concept,
called frequency seéparation, is really only a more general version of the
kinalog. It has been proposed by several people, most recently Roscoe
(1967). 1In frequency separation the central ides is that the elements of
a display which respond immediately to control inputs should move in the

‘
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expected direction, Z.e¢., in the same direction as the control. For

more slowly responding elements the direction of movement is far less 1
critical. This leads to the notion that high frequeuncy variations be

displayed in a cockpit frame of reference (outside-in) while lower fre- \
quency variations be presented in earth reference (inside-—out). Neither

of these design concepts has been translated into hardware and evaluated

experimentally. They do offer interesting possibilities and merit inves-

tigation as a resolution of the inside-out/outside-in dilemma.

Summary

The principles of display structure and dynamics are basic to any philo-
sophy of information display, and must be incorporated in any future
standard governing the design of E/0 displays. The purpose of this sec~
tion has been to examine the more important aspects of the problem and to
review the experimental evidence which can be brought to bear in reaching

a gsolution. All in all, there seems to be wide understanding of what the
problems are and general agreement on the elements, if not the details, of
the solution. There are still controversial subjects, the most notable \
being the issue of an earth or alrcraft reference system for display motion,
but even here it seems possible to reach some sort of agreement or working
arrangement.

It is generally agreed that flight displays must be spatially structured
and that the coordinates of the display system must relate tc both air-
craft and earth coordinates. The most appropriate display for control of
short-term, high-frequency aircraft response characteristics is the verti-
cal situation display. The horizontal axis of the VSD relates to changes
in azimuth ip earth coordinates and to lateral stick motion and left-right
rudder pedal action in fixed-wing aircraft contrnl coordinates. The ver-
tical axis of the display relates elevation angle or pitch in terms of

the earth and to fore~aft stick motion in the aircraft, Tor helicopters
the coordinates of the VSD similarly correspond to the action of the cyclic
and collective controls and the foot pedals, although the relationships

are a bit more complex. The horizontal situation display is appropriate
for the presentation of more slowly changing aspects of the aircraft situa-
tion. The horizontal and vertical axes of the display relate to latitude
and longitude coordinates in earth terms and to alrcraft controls which
affect the direction and speed (velocity vector) of the aircraft in a
horizontal plane, For HSDs it is deairable that they be designed to permit
the operator to select a heading-up or north-up orientation.

It is apparent that not all the parameters of flight can be integrated
into the VSD and HSD reference systems. In the case of the VSD airspeed,
altitude, and vertical velocity are difficult to express {n the digplay
coordinate system. It is similarly difficult to express altitude and ver-
tical velocity on the HSD, although the latter is probably not an appro-
priate item for inclusion in the horizontal situation, There are other
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non-spatial parameters, such as time functions and qualitative distinctions,
which cannot be stated in dimensions compatible with the VSD or HSD coor-
dinate systems. For all these items it 1s necessary to use symbolic cod-
ing techniques and non-spatial analogs. While it is possible to present
such parameters within these boundaries of the display, care must be taken
in their placement and arrangement so as not to interfere with the inter-
pretation of the basic spatial analog. It is also important that the move-
ment of these symbols, especially scales and pointers, be compatible with
the general movement relationships of the display in so far as possible.

The most persistent controversy in display design is that which concerns
how display elements should move in response to changes in the aircraft
situation. Experimental evidence heavily favors the outside-in and fly~-
from principles. Conventincnal aircraft instruments, by tradition and by
standard, are inside-out and fly-to devices. Contemporary E/O display de-
sign has likewisa followed the inside-out, fly-to pattern. The research
evidence as to the superiority of outside~in and fly-from is so pronounced
that it cannot be brushed aside. In terms of interpretability, speed of
response, and ease of learning the aircraft-reference display is to be
preferred. On the other haand, it would be disastrous to mix aircraft-
reference E/O displays with earth-reference conventional instruments in
the same cockpit. It would be only slightly less horrendous to have air-
craft-reference displays in some alrcraft, and earth-reference displays

in “hers, At the risk of seeming to make the impractical suggestion

tha the tail wag the dog, we recommend that any E/O display standards
comu. ttee re-examine the merits of the two systems. E/O displays offer
enormous promise in the presentation of flight and navigation information.
It seems a pity to dissipate some of this advantage at the outset by selec-
ting a less desirable form of display dynamics., This potential gain must
be weighed against the attendant disadvantages of redesigning existing
electromechanical instruments and retraining a generation of pilots. The
problem of adaption for experienced pilots is not as severe as some have
supposed, but it is still a formidable barrier,

We believe that the best ground on which to try the issue is the head-up
display. If there is any basic incompatibility between an outside-in
display and an inside-out visual world, it would certainly manifest itself
on a head-up display in which the two reference systems ware superimposed,
If it is possible for the pilot to reconcile the two on a head-up display,
there will be a very strong argument for re-opening the inside~-out va,
outside~in issue for the whole cockpit. 1I1f not, then the matter should be
put to rest and the inside-out principle should be standardized for E/0
displays as it is presently for other instruments. While it may be a bit
too simple to propose that the principle of outside-in stand or fall on
this one test case, we do believe this is the most direct and efficient
way of reaching a sclution, The development of E/0 displays is advancing
too rapidly to wait for the result of any protracted program of experimen-
tation and reevaluation. In this connection we also suggest that the
suitability of the frequency separation principle (as proposed by Fogel,
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Roscoe, and others) be tested experimentally to see if it offers a feasible
compromise solution.

The issue of contact analog vs. symbolic displays has also received con-
siderable attention. The scheme of spatial ordering of flight control
displays implies the need for some degree of pictorial realism. Except
for televised displays of the real world scene, the contact analog repre-
sents the purest form of pictorial display. At the other end of what
Carel (1965) has called the continuum of literalness is the purely symbolic
display. Experience has shown that neither extreme is satisfactory for
the display of flight and navigation information. The contact analog is
deficient in the quantitative information needed for accurate flight con-
trol and in the lack of a scheme for handling the non-spatial parameters
of flight. Symbolic displays, on the other hand, suffer from the lack

of a natural integrating framework which corresponds to the coordinates

of the aircraft and earth enviromnment, They also require, because of
their abstract and symbolic nature, too many transformation steps in the
processing of information. Contemporary display designs reflect a de
facto agreement that a compromise solution is called for. The E/O dis-
play should be basically pictorial, but it must be augmented with symbolic
and quantitative indications to provide a more complete view of the situa-
tion than can be obtained from purely visual cues in the external world.
It 18 equally, and perhaps even more, important that the display have
dynamic fidelity. The movement of display elements and their dynamic re=-
lationships must follow the laws of motion and perspective which govern
their counterparts in the external environment.

While this exposition has been necessarily sketchy, we beliecve it contains
the rudiments of a workable design philosophy for E/O displays, Certain
basic decisions still must be made by a standards committee, and further
experimentation will be required to clarify certain points and develop
additional details, We do not claim that tha view expounded here is
unique, nor do we claim that it represents the consensus of those active
in the fields of research and design. We have tried, however, to summar-
ize the best thinking on the subject and to find a balance between theore-
tical and practical considerations., From our survey of present E/0 dis~
plays we alsc believe that the principles set forth here are indeed those
embodied in the most successful of these designs and, therefore, represent
the best of current practice.
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atrapeed weale, We will not go into {t here wince it ta nut
really germane to fovmat, 1t will he discussed in the next
seation which deale with the deaign of individual symbols.

]g*g u The location of the rull seale and pointer is a woot
point, and no eywhel has been wmote sigratory, Over the
yoars {t haa bhaen located at the tup, at the bottom, and at
the alde of the dimplay, CGuvrent UBAF practice ia te place
the voll suale at the bottom on conventional attitude indi-
aatora, and the newly issued USAF standavd, N1L-STD-884,
calla for \hin lowation ep R/0 displays an well, Current
Navy prautiee Cavora pxcu;n? tue toll scale at the top,

This 1ia also the poattion ef the roll snale on all the ViDs
analyasd in Chapter 111, axcept for the THAS dimplay which
haa it at the bottom. The placement of the scale i» not
Just A wmattur of opinien} 1t haw, curiously enough, & rels-
tion to the auneepts of fly=to ludientor. Por example, if
the atverafy La valled vight the hovison line will retate
anuntarclvelmise and the rold pointer will be displaced to
the lnfL, The pruper correutive astion is vell the alreraft
countevulogiwine, 7,0,, back to the laft, which 1is to aay
that ane must tly=to the voll point pealtion. 1¢ the rell
pelnker 1o plaved at the bottom of the display In the same
situwation, 1t hecomva a fly=from indlcator, That fa, ina
vight voll the vall pointer will he displeved to the right,
The correative action 4a not to roll the atveraft to the
vight caward the aywbel but te the left, The rell pointer
wuat be flown fyom ita diaplaced poaition hack to the center
voll vefertence. Thoae who tavapr the bottum location point uut
that the displacement of the pointur agrees with the direction
ot vol) or rurn} diaplacement to the vight indicates vell or
turi ta the vight. Thiw ia twue, but it cauvaea the voll
pointer tu conflict with the mation ot all other attitude
and command fedicea on an inaide~out diaplay. We heliave
conajotency of display dypamica Ia the overriding conuerny
and we conclude, therefore, that the voll acale and pointer
must be placad at the top on an inaide-out display, Thia
lavat{on hua two asqondary advantaged, On dirvect view
displays planement at the top rumoves the pointer and scale
from the ground toxture or other ground elementa which might
tend 1o clutter ov chscure the aywbola. On head~up diaplays
uaed ol landing, the runway aymbol and the real world land-
ing aite tend to appear in the lower half of the diaplay.
Lotacing the voll pointer and scale in thia samo avrea might
tend to vreate intarfereance betwaan the aymbola and ronder
reading difticule, Placing the roli pointer ani scale at
the cop of the display avoida this prohlem,
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*.;5;;;13!;*35 = Vertical velocity is an altitude-reluted
tem, and thevefore it ahould be orisnted vertically to adhere
to the general rule which states that up means up and Jown
means down. The acale ahould be arvanged so that position
values of vertical velocity (climb) are arrvanged in ascending
order up from the center of thea scale, and negative values
(dive) in descending order from the cente:r of tha acale
dowrmward, As an altitude related item, it should be placed
on the right wide of the diaplay,

a&&%iﬂl = For obvioun reasons heading acales should be oriented
oriaontally. Three lovations ave possible. Bome current

R/0 dimplays place the heading scale along the horizon line,
which permita it to be read in relation to the aivcraft symbol
and the steering ayabol, Thia location has aome disadvantages.
It tends to clutter the center of the display with scale marks
and alphanumerics. The displacemant of the horizon line in
piteh and roll Jduring maneuvera makes the mcale difficult to
read. Further, since the horizon line may be out of view in
extreme climb or dive maneuvers, it becomes necessary to
ropeat the heading scale at intervals of 30 or 45 degreess
throughout the pitch range. Finally, with the heading scale
on the horimon and/or supplementary pitch lines it is neces-
sary for the operator to sgarch for the acale to read {t.

To overcome these Jdisadvantages, some deaigners locate the
heading acele in & fixed position relative to the display
framawork, oithar at the top or bottom of the diaplay. The
upper location has tha advantage of being an arwa relatively
free of textural elements which might interfere with reading
of the acale, It is also possible on displays where the scale
rolla with the horison to use the roll pointer, which is in
the same location, as a headtng polnter, Thia approach is
used on the DVI on the F-111B. This solution has the major
disadvantages of placirng two somewhat unrvelated scales in
proximity and of tending to fill up the top portion of the
display with symbols. Location at the bottom of the display
i3 another solution. We tend to favor this location because
it creates a good balance nf peripheral {ndicators: airspeed
on the left, altitude on the right, roll at the tep and
heading at the bottom, Poasible interference by ground
texture slements can be overcome by creating a free zone
sround the scale into which other symbology cannot penetrate.
None of chese locations, however, is clearly superior to

tha others; and the optimum situation for the heading scale
will depend upon the particular display, the importance and
fraquency of use, and the presence of other symbols. If it

in deemed neceasary to select a standard location, we be-
liove the hottom of the display is to be preterred.




Angle of Attack « Angle of attack ia a pitch-related variable
.nﬁ should, therefore, be vertically oriented to be compatible
with real world coordinates and with control motiun, The
usual solution is to place it on the left half of the display
of ten near tha left wing of the aircraft aymbol, This choice
ssens avund for aeveral reasona, TFor Janding, eapacially
currier landing, angle of attack is used to control speed,
Location on tha left is, therefore, conaiatent with the gen~
etral acheme of aivspeed on the left, altitude on the right.
Location on the left half of the display is also consonant
with the standard arrangement of aeparate cockpit instruments
in Navy aircraft, where the apexer is aituated on the left
side of the lnstrument panel. Placing it nesr the aircraft
symbol, which is the pitch referance for inside=-out displays,
facilitates relating these two variables.

Discrates - It does not seaom posaible to arrive at any atand-
ard scheme for the location and arrangement of discrate indi-
cators, The number, variety and possible combinatjons are
quite large. Since they are often supplementary in nature
and unrelated to the ruference system of the display, the
usual practice is to put them in somc wufficiently prominant
location compatible with other symbols. There are several
criteria which may be helpful in selecting a aite. GCenerally,
the mora important the information conveyed by the discrete,
the closer it should be to display center, If the discrete

is reluted to some other display symbol or variable, the
discrete should be locatad in proximity to it. If the dis-
crete conveys any information about position or direction or
if {t entails control action in some direction, the location
should be consistent with the general directional sense of

the display reference system. The discrete should be located
so that it neither obscures nor is obscured by other important
symbols.

For horizontal situation displays relatively few peripheral indicators are
used., The entire display surface is kept relatively free of extranevus
information so as not to interfere with the reading of cartographic or
tactical symbolg. The most common peripheral scale is a compass rose,
which i8 either generated electronically or inscribed around the rim of
the display. The compass rose is, of course, directly related to the

HSD reference system coordinates, and its peripheral location does not
derive from the fact that it is out of context on the display. The peri-
meter is used because it permits a scale of the greatest length and, hence,
the widest spacing between scale divisions and the greatest vernier read-
ing accuracy. Symbols denoting heading, course, track, and bearing to
target or navigational aids should be so situated that they can be read

in relation to the compass rose. If a heading or track line passing
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through the aircraft symbol ia used, it should be extended to the peri-
meter of the display so that it can also ba read againat the compass rose,
Supplementary indicators, such as to-from or digital readouts of course,
Tacan radial, or navigation and frequency, should be placed so that they
do not interfere with the reading of map information. The bost solution
is to locate these items just outside ths boundary of the display on the
squipment cass,

Apart from the specific recommandations given above, thare are a few gean-
eral guides which will aesist in matters of format and placament. Symbols
should be located and grouped in conformance with the expected patterns

of use, Indicators which relate to each other or which are used at the
same time, even though otherwise unrelated, should be placed togather.
Thus, in landing, the pilot wust not only know his altitude but also how
fast it i{s changing. This argues for putting the altitude and vertical
velocity indicators in adjacent locations. Similarly, airapeed, angle of
attack, and pitch cues should be grouped for landing since they are inter-
telated items. In a weapon delivery situation, the steering commands to
the target and time or range are items which the pilot must read simultan-
sously. While both relate to the general situation, they are not directly
related to each other. Nevertheless, since the pilot must use these two
indications at the same time, they should be placed in proximity to each
other.

The importance of a given item of information may also serve as a criter-
ion for its location, The center of the display is the centar of the oper-
ator's attention. This suggests that the more important the item is to the
pilot's task, the nearer it should be to the center of the display. This
criterion, however, should be applied with caution. The center of the
display is intimately related to the display reference system; it is the
point about which the pilot interprets his situation and orientation with
respect to real world axes. The intrusion of other information, however
important, which is unrelated in its nature or motion to the basic reference
system may interfere with orientation and control. Care should be taken,
therefore, in introducing into this area items which are unrelated to the
spatial axes of the display, especially if they are moving indicators. It is
also worth noting that, even with displays which subtend ra.her small visual
angles, pilots tend to fixate on the center of the display to the exclusion
of itemg located in the periphery only a few inches or degrees away. This
habit is encouraged by displays which concentrate too much of the important
information in the middle. The SAAB pole track display was designed with
this very point in mind. The symbology of the pole track encourages a wide
scan by having the indicators of attitude, flight path and altitude radiate
away from the display center. To interpret the display it is necessary to
scan laterally and vertically in order to perceive the situation as a whole.
Thus, it would appear that some dispersal of indices within the display
field is both necessary and desirable and that location of individual items
should be dictated by a balance between importance and the need to avoid
fixation at display center.
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As pointed out above in connection with scale and pointer indicators on
VEDs, the placement and orientation of symbols should ba compatible with
teal world coordinates and with system dynamics, This is particularly
important for symbols which move, We will not repeat the rules of motion
since they have been made sufficiently clear. However, we do wish to em-
phasize the influunce of the dynamic aspects of the display on format.
All of the detalls of format and placement cannot ba worked out from a
static picture of the display. It is necessary to see the bshavior of
the symbols dynamically., As Carel (1965) points out, the static appear-
ance of competing displays is often quite similar, It is only whean thay
move that the striking difference between an organized display and a bag
of worms becomes evident. As a practical matter, however, it is often
difficult to avaluate display dynamice in a timely fashion since design
preceeds the building of hardware, In this connection, the method used
by Austin et al. (1967) offers exceptional promise. They describe a tech-
nique which uses time-lapse photography of a computer driven mock=-up of
the display and its movable elements to derive a synthesized motion pic-
ture of the display in action. The technique is simple and relatively
inexpensive, and it has the great virtue of permitting the designer to
see the display in a dynamic mode prior to prototype development.

Related to the topics of placement and format is the problem of clutter.
Clutter is like sin; everyone agrees that it is bad and should be elimi-
nated, but there are several views of what constitutes clutter and how

it is to be avoided. Clutter in the common sense refers to a confused
collection, a crowded or disordered array. This idea lies at the bottom
of the definition of display clutter which says that clutter is a function
of density, redundancy, overlap, and interference. A display, by this
definition, i8 cluttered when the grouping and arrangement of symbols is
such that separate items are hard to sort out or that the parts interfere
with comprehension of the whole. This is largely a subjective judgment,
and what may be a tangle for one person may seem perfectly comprehensible
to another., Estimates of clutter seem to he largely a function of famil-
iarity. Some of the displays shown in Chapter 11l seem, at first glance,
to be overcrowded and confusing. Experiente with the display, or even
just a more detailed examination, will cause some of this feeling to dis-
appear. As one perceives the rationale behind the symbols and their
placement and as one relates the format of the display to specific tasks
or flight situations, a sense of pattern and order begins to emerge,
However, these are still subjective and perhaps even aeathetic judgments.

Some investigators have attempted to place the determination of clutter

on a more objective footing, though still retaining the basic definition

of clutter as density, overlap and interference. In information theory
density can be defined as the number of bits per area, including redundant
items. Clutter occurs whenever density exceeds human channel capacit-,
which is to say whenever information must be processed along more th :n seven
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or 30 channels simultaneocusly. Noise, irrelaevant information, is alao a
factor; and whenever certain noise-to-signal ratios are exceeded or when-
ever noise exceeds a certain absolute amount, clutter will occur. A
clutter-free display is one on which the desired information can be sorted
from the noise and on which the amnunt of information to be handled at any
one time does not exceed channel capacity.

The emphasis on relevancy should not be overlcoked, The presence of irre-
levant information is a source of distraction and makes the perception and
processing of that which 1is relevant all the more difficult, In terms of
display dynamics irrelevant information makes for a busy, or busier than
need be display. This criticism is often raised in connection with the
dense and active ground texture elements of contact analog displays. One
of the methods often suggested to relieve the problem of noise and irrele-
vancy is color coding. Color, if wisely used, would permit the operator
to sort information by class or use and, thus, to select from a rather
rich array just that which is relevant to his immediate purpose., Other
coding techniques, such as shape, shade (brightness), and position might
alsv be expected to be of help.

Poole (1966) describes two efforts to derive a mathematical description of
clutter, defined as symbol overlap and interference. He points out that

a certain amount of clutter is inherent in all displays. The problem is

to determine at what point it becomes cbjectionable or it interferes with
performance. This is difficult to do because clutter depends on a number
of factors: the randomness of the data, the task of the operator, the
number of observers, and the time available for observation. With randomly
placed symbols, clutter can be stated objectively as the amount of symbol
overlap occuring on the average. Poole cites an analysis by Whitham (1965)
using a square matrix of M possible symbol positions and N randomly placed
symbols. Whitham's analysis did not take into account the fact that sym-
hols are not usually entirely random on most displays and the fact that
symbols are usually put on in clusters rather than independently. Poole
continues by referencing a theoretical study by Poole and Koppel (1965)
which considered the random positioning of a number of items appearing

only at discrete positions. If NZ is the number of total possible symbol
locations and K the number of items which can be displayed with a probabil-
ity of overlap P, and if D? is the ratio of the area of the item to the
area covered by each resolution cell (symbol location points), they proved

that:
N 1
K= p1yins)

This relationship holds within 5 per cent for the normal regions of interest
on a display.
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Other designers and experimenters with whom we have talked contend that
density and overlap have very little to do with clutter. They define
clutter as anything that is not in the display frame of reference or any-
thing that does not lend itself to incorporation in a commen frame of ref-
erence. This definition seems to turn around the notions of contextual
and dynamic consistency and relates to the Cestalt psychology principle

of common fate, A display will be clutter-free when its elements are con-
sistent in their behavior with their real world counterparts and when they
obey the pertinent laws of perspective and motion. This entials both pic-
torial and dynamic realism, A display without a common frame of reference
cannot exhibit such realism because it obeys no natural set of principles.
If an element which is not compatible with the display context is intro-
duced, it becomes an alien and distracting feature because it conflicts
with, and disrupts, the basic pattern.

Finally, there are some who define clutter in functional terms. Clutter
in this sense is any information which is not usable or any feature of a
symbol which detracts from its being used for the purpose intended. Thus
excessive motion or jitter would be a cluttersome factor. So, too, would
be an excessive symbol size or an inappropriate use of color. These per-
sons also maintain that factors such as the number and placement of symbols
will determine clutter, This definition can be summed up as 'too many
symbols with too great a prominance moving too sensitively or too close
together'". At bottom this definition appears to be a combination of the
ideas of relevancy and density, and so it 1s probably not unique except
in its emphasis on utility and functional suitability.

We began the discussion of clutter with a simile; we shall conclude with
another, All of these definitions are like the blind men and the elephant.
Each is correct, but each describes only a part of the beast. Density,
overlap, and interference are certainly factors which contribute to clut-
ter. Too much information and too crowded a presentation cannot be used
efficliently. Noise and irrelevancy also play a role. An operator cannot
use a display on which he cannot find the information appropriate to his
purpose. Consistency, both internally and with the external world, is
likewise important. The interpretation of a display requires that there
ba a pattern and that the elements behave according to operator expectan-
cies, Finally, of course, use .ust be considered. The appearance of a
display is not so important as how well the operator can perform with it.
These definitions are like the blindmen's elephant in another respect.

All turn around subjective judgments of an observable phenomenon. This
does not necessarily deny their validity, but the lack of an objective
basis does make the evaluation of displays and the formulation of criteria
difficult. Analytical and empirical studies of clutter and measures to
overcome it are badly needed. A research program directed to these ends
would do much to improve the quality of future E/O displays.
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TOWARD A COMMON LANGUAGE

To this point we have touched upon the formal and structural aspects of
displays and upon their dynamic properties. We have also reviewed the
theory of information coding and the application of specific coding tech-
niques to display design. These are elements of a more specific problem

to which we must now address ourselves since, ultimately, a standards
committee must also come to some decisions in this area. To be truly
effective devices for broad service use, E/O displays must develop a com-
mon language. This implies more than standardization of structure, format,
and dynamics and the delineation of criteria for the application of certain
techniques. It also entails creation nf a common symbol alphabet and de-
velcpment of the rules of use - the grammar and syntax of symbols so to
speak. That is, certain conventions about symbology must be established

so that there is consistency from display to display in the mode of expres-
sing information. Our purpose here is not to design an ideal display;
there is no such thing. Neither is it our intention to force symbology
into a common mold which precludes varlation and individual expression.

Our aim is to see how far we can go in syntheslzing research and design,
tneory and practice, to form a set of ccnventions which will still be
flexible enough to permit variation to meet particular needs and sufficiently
permissive to encourage improvement and future growth.

Our approach to this matter involves two steps. First, we shall take up
considerations which apply to the design of certain classes of symbols.
Second, we shall deal wich the design of individual symbols to convey the
information i{dentified in Chapter III as requirements for display. We must
confess that we enter on these tasks with some trepidation since both re-
quire the exercise of judgment which may not be properly ours to make. We
are, in effect, expressing our own opinions, but in doing so we shall try
not to slight other points of view and to retain as much generality as

such an exercise allows. We also do not mean to imply that the selection
of an E/O display symbology is a simple task. Many factors come into play.
We can do no more than suggest them in a brief treatment such as this., Our
attempt shall be to isolate those items about which there 1s sufficient
research or common agreement to warrant establishing a convention or stand=-
ard. For those where there is sit.i1ll some doubt or controversy we shall
indicate what still needs to be done. We shall also point out those areas
where it does not seem wise to impuse a standard.

General Types of Presentation

Four types of presentation will be examined here: null symbols, scales and

tapes, digital callouts, and discretes. These categories are not all-embra~
cing; there are some presentations which may not belong to any of the four.

This is probably true of textural elements of a contac’ analog display.
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There are also some symbols which will not fit neatly into one category
or another and so are hybrids. This is the case with some moving tape
scales which have both status and command pointers and, thus, are a cross
between a scale and a null symbol. These four categories do, however,
cover most of the symbols found on E/O displays and constitute the most
important types of information presentations.

Mll Symbols

A null symbol is one which presents a statement of performance error as a
difference in the position or orientation of the indices of desired and
actual performance. The difference may be either with respect to each
other or with respect to an independent reference system, Since the ob-
ject is to reduce or null the error by aligning the indices, a null symbol
is one which presents the operator with a compensatory or pursuit tracking
task. As it is stated, this definition could be applied to scale or tape
presentations also, in that the alignment of a lubber line or moving poin-
ter with a particular scale value is a tracking task., Because we mean to
reserve discussion of scale presentations until later, we shall arbitrarily
exclude them as null symbols by stipulating that null symbols are those
which move through an interval that is not differentiated or subdivided
and are not themselves subdivided.

The choice of the appropriate null symbol is intimately related to machine
dynamics, human response characteristics, and human transfer functions,.
These are vastly complex subjects which we cannot treat adequately here.
The best short treatments of man-machine dynamics can be found in standard
human factors references such as McCormick (1964) and Morgan et al. (1963).
Our summary of the topic follows the outline of the latter source.

The operator, the vehicle, the control, and the display comstitute a closed-
loop system in which operator input is the information presented on the
display and operator output is the control action he takes. Feedback about
vehicle response, through the display, provides the operator with an indi-
cation of how to close the loop. That is, the operator tracks the null

or error symbol. In designing a display one must make a basic decision
whether to employ pursuit or compensatory tracking. This choice will be
dictated by factors such as the complexity of the desired operator output
and the dynamics of the vehicle, It will also be influenced by display
characteristics such as the size of the display and the clarity (Z.e., the
definition and structure) of the background. Generally, a pursuit track-
ing display must be of greater size and have a more clearly defined back-
ground reference system. The point to be emphasized is that neither a
compensatory nor a pursult tracking display is inherently better in terms
of task ease or in terms of the accuracy and consistency of the human
output it fosters. Each is preferable in certain circumstances and for
certain applications, Standardization in this area seems neither possible
nor desirable,
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Another major consideration which will influence the design of the null
presentation is the characteristics of the data input. The nature of the
input, the data repetition rate, and the presence or absence of anticipa-
tory information all must be taken into account. One of the major factors
is the kind and degree of information processing which takes place prior
to presentation to the operator on the display. Command daca may be pre-
sented as simple error, or it may be smoothed, filtered, quickened, or
treated in a variety of other ways. One of the most often debated issues
in connection with command presentations is that of simple error presen-
tations as opposed to more highly processed forms such as quickened or
smoothed indications. Quickened displays have the major advantages of
simplifying the tracking task, limiting the detrimental effects of contol
reversal errors, promoting an asymptotic approach to the command value
without overshoot or undershoot, and making the system much less dependent
on human performance. Some quickened displays have the disadvantages of
not providing the operator with information about the actual state of the
system and of making it difficult or impossible for the operator to exe-
cute the maneuver in any other manner except that programmed into the dis-
play. A simple error system has neither of these disadvantages, but
tracking performance is more difficult and more dependenc upon operator
skill, Smoothing (Z.e., averaging over time) the command input will help
reduce some of the variability of simple error displays, but it has the
major drawback of introducing a lag or delay in information about the
present state of the system. An E/O display standard should permit the
designer a latitude of choice on data input characteristics.

A related concern is that of selecting an optimum scale factor for the null
symbols of the display. As a general rule, precision of control increases
with an increase in scale factor, 7.e., as the null gymbol becomes more
sensitive. Past & certain polnt, however, the sensitivity will exceed the
operator's capacity to track the symbol, and he will overconcrol the system
or "chase' the symbol ineffectually. A reduction in scale factor below
optimum sensitivity will promote stability of control but at the price of
a decrease in precision. The selection of the appropriate scale factor
will be determined primarily by the accuracy requirements of the mission,
the error of the data sensing and processing equipment which drives the
symbol, and the impact of symbol sensitivity on operator work load and
tracking ability. Scale factor is, therefore, more or less peculiar to
each ajrcraft and not standardizable., However, once a scale factor has
been arrived at, it should be applied consistently on the display. That
is, the scale factor along each of the coordinate axes of the display ref-
erence system should be jidentical or nearly so. Further, the scaling of
any symbols which present information expressible in the basic reference
system coordinates should be the same as the scalipg of the display as a
whole. Thus, horizontal steering commands on a VSD should have the same
scale factor as heading information and the horizontal field of view. So
too, the scaling of pitch information and vertical steering commands.
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While it is not possible to fix a scale factor and rate of symbol movement
which will be optimum for all displays, the characteristics of electronic
generation do impose an upper limit on the rate at which a symbol can move
on CRT displays. If symbol motion exceeds a certain limit, strobing will
occur. Strobing is an optical illusion whereby moving objects appear to
change speed, stop, or reverse direction. It arises from the fact that
multiple images are formed. The following analysis and example of strob-
ing effects are adapted from Williams and Kronholm (1965).

Experimental evidence indicates that strobing begins to take place in an
iterative image generation system when the object of interest moves a
distance equal to its maximum dimension in one frame interval, Z.e., when
in successive images an object changes position by an amount equal to or
greater than its linear dimension measured along the line of movement.
standard TV rates, for example, the frame rate is 30 cycles per second,
and the frame interval is 0.033 second. The maximum rate of movement be-
fore strobing will occur is given by:

At

R=1/T=17/0.033 = 30] units/sec

where,

R = maximum rate of movement before strobing occurs

! = number of scale units corresponding to the symbol dimension

T = frame interval

This expression can be used to determine either the maximum input rate of
change for a given scale factor (value of 1) or, conversely, the minimum
value of I for a given rate,

For example, assume an altitude error symbol moving vertically on a VSD
whose frame rate is 30 cycles/second. Assume also that the symbol has a
vertical dimension, height, h. The most s nsitive scale factor (the mini-
mum value of 7 ) for such a symbol can be determined if one knows the
maximum vertical velocity likely to be encountered. Using the extreme
case of 18000 feet per minute (300 feet per second) for vertical velocity:

1 = RT
= 300 ft/sec x 0,033
» 10 ft/unit of symbol height (h)

This is to say that if the altitude error symbol is 0.1 inch in height,
the moat sensitive scale factor for the symbol is 100 feet per inch if
strobing is to be avoided,
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houn done, ¢y, at Norden in comwction with the TRVD (Giew Williams and
Kvonholm, 1965), but much worve will be needed, Whale not a pressing con-
caviy, It ta vertainly desevving of attention, As a tentative ‘enclunion,
we duggest that the most appropriate shapes tor pointers on E/O dlsplays
are the triangle, tne V, ov the bar,
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Y CcaveE s AL b Wik i'-?\i% deatgPern dubing the ventc o bhile afudy
wnme additivenal prastival guildne Felativg te neale dent, . weie augqested,
Although theve (4 Jityle publishud avidence Vi suppvil theas idean, we
holiove \hey are o Be rorommeindod havaues «f sho:f TRNR SR « AW AEhas,

AR 4 general vule Ahe poviphavel aivepesd and alidvude seales wn wabehs
Vefobenead VAt ahoyld be fodl=ntabilaped,  THhat ds, they abauld Fenain
Fiaed Wikl twupevt b diaplay coavdinaton and pet vaapml o stfvraft voll,
Thesr ftema avs aut velatal Lo Lhe sabth evafdinates Yopronipted sy the
VRN, il Ghey ahauld R pespend alang vl thase which ave,  Alan, the
Yolling oF these scalon ¢i1] mane them hatdel 1o Fead,

O & Remdeup Wikplay of the gunniaht vype the Fivdd of view i civeular

Al wfrun Father Viwitad, Vevideally avionted weales tn indieats alpapaed,
altitude, amd the Liwe are Tvaquently placed ax near the Vimite of the
Piwdd of view ws theis longth wil) poarmit dn upder 1o Tyee the center fev
Attitude apd wtaeving tnformation,  The acale 15 thus the chopd of @ vivele,
wWiloh weans that the aves hetveepn the oulaiae of the dcale end the limivs
ub the Fleld of viev (s aviewlial cramped, A pointer moving against a

fived acalo in thia veglon way he loxt from view, eapecially noay the top
oF battam of the soale,  For thia pearen 4t s hettey o place the palnter
on the fpide o tha scaley ey, toward the center of the diwplay, awl

the auwmurals on vha outalde, The pointer s the upurtant element of the
scale and should alwave ba in view, The numerala on 4 tised avale do net
vhange , and so 1 they ahwould temporavily be Jest frow view bevause of
lateral head watiop. the vonsegquences ave pot severe,  Theiv poaition and
value ate known, and 4 view al any part s usuallv aulffvient to suggest
the whole,

The aensitdvity of a svale should be matihed to the avvuracy ot the igput
information, It (s an unnecessary comptication of the pllodts task to
burden him with o sensitively vesponding scale when the laformation deiving
the tudicator fs of a lower accuracy,  For example, (U s all too vasy to
canthwde taat the scaling of an altitude {ndlvator tor landing sbould
uibhle the pllot o vread altitude Lo the nearest W or 2O teel hocause tha
eontrol system verndte such accuracy and because the sltuation vogquires it
1t howover, the combined vrror of the data sensing and processing equip-
ment fs 10 ovr 40 fowt the display cannot he more accurate than that, and

it 1a nlsleading and dangevous to suggest that ft i by dividing the scale
into lnevenencs of 10 or 20 feet, The accuracy of a system can be no groater
than that of its woxnt Lnaccurate component and display sensitiviry must be
selected with the wotal system ervor (n mind.

The proper divectional sense of scale or pointer movement in relation to
cantral action and real world coovdinates has been established by experi-
acatation amd validated in prastlce. For VSDu rhese relationships are as
follows, Forward vontrol motion corvesponds to up or increase on the scale
and up In terms of real world coovdinates, Rearward contvrol motion relates
to down or decrease. For lateral contrcl actions, right means right or

202



Flovhwine tetabi-n, and leli wedns ol v vounterclockwise patatiopn,  The
wine b bval Vajuaa oh vartdially ovtented acales alwuld, thersfure, be arrapged
With the higher oy poattive valuer 4t the £3p apd the lower oF negative at
the hattom,  For hoeipantal odles the hiphay oy pontiive values should

Y o Vhe vight and the lowse or negative values ta the lefr,  The waly
pouaible encoaption (o this solivwe seemi (o We 4 vertically aviented ajvapeed
vale,  Eapevience with the P=11I0 diaplay C(ln which we participated) amd
the IWVH (Neo Williama and Kvanhwin, 1969.)  suggeata that pilota find {t
®aFe nAtural and flyeble {1 the numal acale arvangement In fuverted and the
higher valusa of alvapeed placed at the hottom, The reamun for thin seews
to he the tepdeney to relate alrapeed control te tha wtiek move than tu the
theattle,  Tiwa, the vay tu gatn or luse ajvapead in tuo push over ur pull
wp, at loant for rmall apead vartationa, Thin im a small but troublesvme
prablem, and it desderves rome attention, We du nut bhalieve the direction

of alvipesd scale av pointer wovement ahouid be wrandavdined without the
bonaflc of additiconal enpervimental evidence and flipht tent experienve,

Frr all other savales, atandavdization ahould be along the linew described
ahave,

P LR DRI AT

The pilot's task aften vrequives quantitative and wimeric information, One
of the gveat valuea of E/0 dizplays 13 their capacity to pressnt multiple
digltal tndications whenever called for and wherever desired on the display
aurt tce,  This vapability should be exerciased with caution, however, and
the ume of digital callouts on K/0 diaplays ahould be guided by the same
rules which apply to other types of diaplaya,

in genara), digital indicatora are excellent for quantitative veadings;
they purmit minimum veading time with a minimum ~vading evror. They alsc
facilitate aetting tasks, where a spacific quantitative value muat be
chosen ov a specific input made, although the relation between the read-
out and the setting comivol is sometimes subject to confuaion. Digital
presantations, on the other hand, ara extremely poor for trackirg tasks
sincte they ave hard to interpret for rate and trend. This suggests that
tha most suitable applications for E/O displays are for irdications which
are stable or whlch change slowly. Some 2uch indications are manually or
automatically inserted command values, Tazan or VOR-omui selecticn, dis-
tavce to destination or check point, and radio or navigation and frequency.
They are also uscful as supplements to othier indicators. An example wen-
tioned earlier was that of a gross readout of altitude to supplement a
scale on whilch veraier readings are made. Another posaibility is a digi-
tal readout of course on a navigation display to duplicate the Indication
supplied by a pointer and compass rose. In this cuse the Jigital veadout
would facilitate check~reading while the pointer served for tracking.
Digital readouts most clearly should not be used for rapidly changing or
variable {uformation such as time or heading.
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A dincyete indicator presenta a atatement of fact about the condition of
the aystem op about a condition {n the external envivonment, While it may
call for apeetfic avtivn, the discrete is not a quantitative indicator,

nor dows it call for any propartional ov tracking respenme by the operator,
it indicaten oanly that a coveain atate of aff tre existe, The massage iw
convayed by the ailmple presence ov absence Wy indicator, The name de-
vives from the fact that the information e» 4 only in twe or so discrete
statesa. K/0 diwplayn ave pavticularly wuitable for presentation of dig-
crates because of thelr capacity to genevate a wide variety of pictorial
amd aymbolic indices, Also, the E/0 display tends to be the center of the
pilot'a attention} and, therefore, {t {s a good locum for information which
is wot ovdinarily part of his task but may on occasion require his acten-
tion or demar specitfic actiom.

Shape, espaclally {f {t is pictorial, is useful for encoding discrete in-
formation since it offers the advantage of indicating directly the parti-
cular sitvation referved to, 1f not pictorial, the shapa used uhould at
least be readily recognizable, All shape-coded discretes, pictorial or
symbol, should be sufficiently prominent in size and location to attract
immediate attention, The following examples Illustrate the kinds of use

to which shape coding can be put for discretes, A wheel or doughnut shapad
symbol can be used as a landing gear discrete since the shape is pictorial,
and it is also used to shape-code the landing gear control. Thua the pilot
has a picture which he con associate directly with the aircraft subsystem
and its spocific control. The arrow is stereotypically assoclated with the
direction of travel. This shape can therefore be used as a to~from indica-~
tor in agsociation with a navigation reference point on a horizontal situ~
ation display. The shape here is a mixture of pictorial and symbolic., In
range or out of range for weapen delivery {s an item {or which there is nov
generally accepted pictorial or stereotyped shape. This information may

be encoded by any sufticiently recognizable shape which does nct conflict
with other symbology.

Color, shade, and flash are most suitvable for generic rather than specific
indicators. They may also be used to supplement some other code or to
create combination codes. Thus, the conventional use of red and yellow as
colors to denote warning and caution could be applied to discretes on E/O
displays. Here, color serves as a discrete tc indicate the nature of the
sitvation rather than the specific item to be attended to. Color or shade
night alsco be used in another way. There is always a question on ai.plays
whether the erratic behavior of a symbol is due to display or data input
system error., It would be possible for the pilot to distinguish between the
two causes if a symbol, such as the steering symbol on a VSD, were coded

by color or shade to indicate that the data input is inoperative or out of
tolerance. This is analogous to the practice of flagging conventional in-
struments. Flash codineg 1s an excellent attention-gettine device. It also
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haa the stereotypic assoclation of urgoncy. Its use with discretes should
be reasrved for thome itoms which require lwmmediute attention or prompt
action,

Alphanumevics have virtually limitless possibility as a coding dimension
for discretes. Any message can be stated in compact and easily readabls
forw. ‘The following rules should be observed. The message muat be brief.
If abbravistions are used, follow MIL-STD=-783 and tha ANA-261 bulletin,
Alphanumerics should not he used for any aituation which calle for immed-
iate action} veading takes tima, and thare is always the posaibility of
error. Alphanumerica should be used for giving more detailed and specific
information than can be ancoded pictorially or by othar symbolic means.

1f some other coding techniqua is suitable and available, it should be used
in preference to alphanumerics. It is unwise to combine alphanumeric with
flash coding; a flickering legend ia hard to read.

There is a final and general point to be made in connection with diacretes,
Willisns et al. (1936) point out that there is a long-standing confusion
about the term warving. It is used to refer to genuine emergencies such

as fire, pull-up to avoid impact, or wave-off in a carrier landing. Warn-
ing ia alao applied to indications of potentially dangerous states, ¢.g.
low fuel aupply, landing gear position, and ECM information. These ara
really two different classea of information, While this observation applies
to all types of displays, it is most pertinent to E/O displays., For the
first time we have a device whose information handling capability is suffi-
ciently complex and varied to make it a general purpose source of informa-
tion about the total aircraft system. Deaigners and experimenters should
give more attention to this application of the E/0 display, Of immediate
intereat 1s the question of creating four classes of discrete indicators:

emergency (Williams and his associates use the term almw), warning, caution,

and advisory. As a consequance, it would also be necessary to devise a
scheme for allocating this information, by class and item, to the E/O dis-
play or elsewhere. Our tentative reocommendation is that all emergency

items be placed on the VSD along with a master warning and a master caution
indicator, To present more than this on the VSD would be to invite clutter.

A mcre fundamental and pressing need, however, is an investigation of the
E/O display as the information center for total system management, Most

E/O displays today are deficient in their capacity for self-detection of
display system error and out of tolerance situations. Further, E/O displays
do very little in the way of presenting information about the health and
readiness of other parts of the aircraft system. The flexibibity of symbol
generation and the multi-mode capability of E/O displays make it possible to
use these devices as a central reference source for callout of data either
automatically or in response to operator interrogation. This notion, of
course, goes far beyond the matter of discretes. 1t is raised here because
the present practice in aircraft is to use discrete indicators to display
the small amount of system-state data that is available.
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Ipdividual Symbols

In advocating a common diaplay language some tend to think primarily in
tarms of a standard alphabet of mymbol shapes, Standardization of this
sort hus much in its favor, 1In the present state of affairs a givan shape
may signify one thing on one display and something else, perhaps quite un-
relatod, on another., This leads to confusion, not only in the evaluation
of competing designs, but also in operational uso when the pilot transi-
tions to another aircraft with a different display. There is also reason
to conclude that a ntandard alphabet is needad to insure that the most
discriminable and appropriste shapes are used for given purposes. Finally,
since a display is an aggregate of symbols, there is a nead to ragulate
symbol usage so that the overall effect of the display is harmonioua and
suited to the intended use.

As domivable as these ends are and as admivable as it ls to seek them, we
believe the matter must be approached with great caution. Despite the
experimental evidence which has been amassed over the years, symhol design
8till has more the aspects of an art than a science, Personal opinions
atill come into play, and questions of aesathetics enter too easily into

the selection and evaluation of symbol design. There are also less sub~
Jective considerations, The characteristics of a given symbol may be opti-
mum if the symbol is lcoked at in isolation, but in combination with others
it may not be so suitable. The number of possible symbol combinations is
80 large and their interrelationships are so complex that any given symbol
alphabet is bound to be inappropriate in some cases. Even if it were possi-
ble to arrive at some set of symbols suited to all applications, one might
well discover that the symbols were truly optimum for none. A little more
freedom in the selection of symbol characteristics might lead to better
individual dfsplays,

Nevertheless, we feel we would be begging the question if we did not try
to reach some conclusions in this area. The recommendations which follow
are only a modest beginning, but we fully anticipate the criticism that
we have gone too far., We have made use of research evidence, current
practice, and the best advice of designers with whom we have talked. The
synthesis is entirely our own, however,

We have by no means exhausted the inventory of symbol shapes, nor have we
been able to assign a peculiar symbol to each item of information required
on VSDs and HSDs. We have simply drawn up a list of those symbols which
ought to be reserved for certain purposes. This usage is not mandatory and
the recommendations do not necessarily preclude the use of another symbol
for a given purpose provided, of course, that symbol is not also on the
reserve list.

Most of the symbols listed are for vertical situation displays. These

displays tend to have a much richer variety of symbols, and their need for
symbol conventions seems to be greatest. The recommendations for attitude
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and steering symbols apply only to inside-out displays. We have not con-
cernced ourselves with outside-in displays or hybrid forms since the sujit-
ability of such designs for E/O displays is an unsettled issue.

With the exception of the aircraft reference symbol, we have not included
horizontal situation display symbology. HSDs used for navigation consist
mainly of cartographic symbols, which tend to follow the conventions used
on printed maps. Although discussed earlier in connection with coding,

we wish to rapeat here for emphasis that the adaptation of traditional map
symbology to presentation on E/O displays is a topic which deserves exten-
sive research and prompt attention. As also noted earlier, tactical HSDs
already have a rather full standard symbology, but some effort will still
be required to extend it to all applications.

As a final point, we recommend that this or any list of symbols drawn up
by a standards committee be circulated among designers and display manu-
facturers for comment prior to adoption., Provision should also be made
for a periodic review and update to keep a standard symbol list consistent
with the future needs and evolution of E/O displays. The most likely de-
velopment, it s:ems to us, could be the development of two sets of symbols,
one for fixed wing aircraft and another for helicopters. Rotary wing air-
craft have been plagued by a lack of instrumentation appropriate to their
performance capabilities. Research is underway in this area, and as new
display designs evolve for helicopters it will probaby be necessary to
devise new and more appropriate symbols.

Horigon

The basic reference for attitude in the real world is the horizon. Obvious-
ly, a line is the appropriate symbol for this purpose. It may be solid or
gapped and may or may not extend all the way across the display. It should
be longer than minor pitch lines, and distinct in some way from major pitch
lines.

Aireraft Symbol

1°r o /N 20, « —
Preferred Alternatives

A number of symbcl shapes are considered appropriate for displaying one's
own aircraft reference. The desired elements of this symbol are; 1., its
pointer function which provides a reference for attitude and perhaps other
items such as angle of attack; 2. 1its gapped center which provides a
clutter-free zone to minimize obscuration of other symbols mcving in this
area; 3. 1its center dot which establishes a fixed display center reference
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point, null reference point, and index mark.

The preferred shape is considered superior to alternates because it is
especially good for use with the recommended, steering symbol shape, it
provides the least obscuration, and it has pictorial qualities. In regard
to the latter the 'wings" and '"wheels' also afford meaningful vertical
orientation cues against a dynamic background.

& +

For HSDs a small pictorial aircraft symbol has the virtues of common usage
and universal meaning. It serves as a pointer but does not seriously ob-
scure cartographic or other symbols in the same area.

Piteh Lines

Although the horizon is considered to be the basic pitch reference, incre-
mental marks are needed for more accurate reading. Scale type symbols are
appropriate for such use., The selected configuration should be readily
distinguished from the horizon. Positive and negative values should be
clearly indicated. The lines should not be so pronounced in luminance,
size, or rendition as to obscure other symbols or to distract from overall
display interpretation. When the horizon is outside the field of view
major pitch lines should be readily identified as to value and direction.

Roll Scale

\\IEIII,

The use of a scale to depict roll is generally accepted. A center refer-
ence mark with 10° increments to 30° is ordinarily used. Additional marks
at 60° and 90° points may or may not be required.

The real issue is placement of the scale rather than its shape. This was
discussed earlier under display format,
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Steering
L

The recommended symbol for steering is both pictorial and compatible with
preferred aircraft reference symbol designs. At the null position a com-
plete aircraft symbol results from the combination of respective symbol
shapes, t.e., wings, tail, and wheels (or fuselage) are represented when
the steering and aircraft symbols are joined.

The preferied steering symbol is a variation of the cross, which is one
of the most easily descriminable symbol shapes. Yet, unlike the cross,
it is not readily confused with the common stereotype of location or tar-
get so often associated with cross symbols. (See also Pathway below).

Pathway

o e———

The pathway symbol is an index of desired performance and encompasses steer-
ing, course/track, and scmetimes altitude information., It provides an
alternative to the steering symbol shown above. As a shape it is more
clogely allied with the contact analog concept.

The advantages of the recommended shapes are that they afford an easily
discriminable pointer in pictorial form. Deformations can be used to in-
dicate parameters such as altitude and course. Obscuration is minimal at
symbol apex.

This symbol should be used exclusively as a command symbol, and not as a
velocity vector.

Rurnway /Landing Site

[T\

A trapezoldal shape is recommended for representing the runway and landing
site, particularly for fixed wing aircraft. Common usage and pictorial
qualities are the primary reasons for this selection. The centerline is
optional.
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Glideslope/Glidepath

Glideslope and glidepath information can be sultably displayed by the illus-
trated symbol. It is analagous to the ILS cross pointers commonly found on
conventional instruments. The horizontal and vertical elements should be
capable of independent motion to show separate as well as combined glide-
slope/glidepath deviation.

Altitude

Either a scale or null symbol can be used. f a scale, the general scale
principles previously described should be employed. If a null symbol is
desired no common shape has or probably can be meaningfully associated
with altitude. Therefore, no recommended shape will be given.

Atrspeed

The same options are aveilable here as for altitude. No standard symbol
shape ic recommeunded.

Angle of Attack

A scale or null symbol may be used. See altitude. No standard symbol
shape is recommended.

Veloaity Vector/Impact Point

® o] o

The velocity vector or impact point symbol indicates the actual path of the
aircraft. It should not be confuvsed with an indication of desired performance,
such as a pathway or steering symbol, and is most suitably displayed as a
small outlined circle or a disec. To be clearly visible against varied dis~
play backgrounds and to be prominent in relation to other symbols, the impact
point symbol should subtend at least 15 minutes of arc.
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CHAPTER V -~ DISPLAY CHARACTERISTICS

INTRODUCTION

In the two preceding chapters an attempt was made to develop a common
display language (insofar as one can be developed) by examining informa-
tion requirements and display informational content. Such topics as symbol
coding, size, shape, and related properties were discussed to determine
what general guide lines for standardization might be suitable across dis-
plays.

This chapter is, then, the third of three successive major sections. We
are now ready to discuss those characteristics of displays that relate to,
or result from, the fact that they are either electronically or optically
generated devices. The emphasis, however, is not merely on display charac-
teristics per se but, even more importantly, on the fact that pilots must
use displays under a variety of field conditions. Therefore, we will at-
tempt to air some of the psychophysical issues that affect the pilot's
visual task and the design standardization problem,

Of the psychophysical considerations for display design, the most complex
and dominant are those of visual perception. A knowledge of visual percep-
tion and related interaction effects of physical stimuli is generally de-
sirable and sometimes vital to design decisions. For example, one might
ask if an electroluminescent display of low luminance is completely unsuit-
able for use in a cockpit in a high ambient light environment. Or, is high
contrast an effective substitute for low luminance in certain situations?
The answers to such questions might well open or close the door to research
and development in a given field. Other examples are not difficult to
find.

In order to foster a better understanding of the visual perception issues
that are so inextricably bound to display characteristics, it is helpful
to keep two points in mind.

1. Pilots are quite adaptive and are therefore able
to perform more or less successfully, if not
efficiently, across a range of poor to good equip-
ment designs. This human adaptability may come to
the defense of a marginal design and offset its de-
ficiencies. The consequences of poor designs are,
however, not always apparent in the early design
stage., Furthermore, deficiencies may not be ac-
knowledged until the situation becomes such that
the pilot cannot perform adequately in flight
tests or in operational conditions. The degree
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to which human factors studies can minimize
such deficlencies depends on a number of
variables that cannot be treated here.

Overdesign is as prevalent a problem as the
reverse, although it 1s probably less serious
and more difficult to detect. A piiot is

less likely to complain about having ten times
the necnssary display luminance, for example,
than he is about having only half as much as
needed., Overdesign tends to waste money and
resources., Underdesign, on the other hand,
detracts from pilot performance, causing
needless effort at best and serious consequen-
ces at worst,




VISUAL FACTORS

The importance of visual factors in avionics display design is stressed

in this report, partly because we believe them to be important and partly
because they characteristically receive less attention than they deserve.
Few agencies or contractors seem willing to invest the time and effort
needed to resolve visual factor problems of long term or even of more im-
mediate standing. Some of the inertfia probably results from the wealth

of available data in the visual research field. However, this is illusory.
Abundant marginal information may well obscure the need for studies which
are aimed at related, although quite differemt problems. The unaccounted
for effects of but one variable can alter the applicability of even the
most thoroughly resolved data. For instance, the effects of inadequate
display contrast on reaction time or the adding of one more task to the
workload of a pilot performing at the limit of his ability are obvious
examples of operational variables that can change or render useless other-
wise valid predictive data. Less obvious, but equally pertinent examples,
are the uncontrolled and non-uniform dispersion of light-emitting sources
in the night lighted cockpit or ine effects of vibration on visual tasks.
Such factors can readily coniound design guide minimums. Ideally they should
be resolved prior to final rquipment design approval.

In a more general view we can note that the risks of extrapolation and
generalization from one set of laboratory or field conditicns to another
are elementary pitfalls which should be well known to the bhuman factors
experimentalist. In the same sense that the cowling design for ore air-
craft may not be appropriate for a similar aircraft, although the same
aerodynamic principles apply, a display filter or CRT for one displuy may
not be wholly suitable for a similar application in anotier aircrary, al-
though the same psychophysical principles apply. In these matters an ounce
of human factors evaluative studies are indeed worth a pound of ratrofit.

Night Vision

A controversy still exists over the use of red or white lighting in a cock-
pit at night. Those who favor red light contend that red light, because

of its longer wavelength, helps to preserve rod vision for the dark adapted
eye, White lighting propoments maintain that the intensity of light is

rar more important than wavelength. They also point out that reading color
coded displays, maps, or controls is confounded by red lighting. The con-
troversy persists because both views are correct, at le=st in part. A
resolution of the issue is to be found only within the larger context of
operational requirements and overall system considerations,

The primary question is in deciding how important it is to maintain a
dark adapted etate. Air Force interceptor pilots, for example, may not be
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butween fndependent light sovrce intensity levels seons warranted, Othuers
support this view, Fer example, Movgan . 2!/, (1963) cite a need for
unitorm cockplt Hightion and suggest g range of il between the brightest
and dimmest Indicsvors or portions of indicators, They also recommend a
brightress adjusiment control that is continuous through the specified
range when dark adaptat.on jg necessary,

The brightest levels veconmended by Morgan are generally supported in
wtudioa by Spragg and Rock (1948) which indicate a critical brightness
level of approximately 0.02 ft L., Rock later (1953) found that the criti-
cal brightness level range {s between 0,02 and 0.05 ft L. He recommends
tvadine absolute {ntensity tor uniformity, if necessary, and suggests 0.1C
ft L as an acceptable level., Note the agrrement with Morgan's table

(Tabie L),



TARLE 1Yo INDLCATOR,

PANFL ¢ ANDY GHART LLGHTING

Condition ol uxe

Lighting
Tochinlque

Recommendat {ons

Hrightnass
ol markings
(L1

Srightnoess
ad juscment

Indicator veadiung,
adaptation nec-
osnATY

Red floed, iwndi-
vect, or hoth,
with operator
choice

0,04-0.1

Continuous
throughout
range

Indicator reading,
dark adaptation
not necessary bhut
desjvable

Red or ‘ow~color-
Lemperature white
flood, {ndirect,
or both, with
operator choice

0.02-1.0

Continuous
throughout
raage

Indicator reading,
dark asdaptation
not necessary

White flood

)-20

Fixed or
continuous

Panel monitoring,
dark adaptation
necessary

Red edge light-
ing, red or
white flood, or
both, with opera-
tor cholce

0.02-1.0

Continuous
throughout
range

Panel monltoring,
dark adaptation
not necessary

White flood

10-20

Fixed or
continuous

Either with possi-
ble exposure to
bright flashes

White flood

10-20

Fixed

Fither at very
high altitude
and restricted
daylight

White flood

10-20

"ixed

Chart reading,
dark adapta-~
tion necess-
ary

Red or white
flood with
operator
choice

0.1~1.0

(on white
portious
of chart)

Countinuous
throughout
ranga

Chart reading,
dark adaptation
not necessary

White flood

5-20

Fixed or
continuous

(Adapted from Morgan ¢t al., 1963)

215




Two spectal low intensity vigual problems arise with the use of E/0
displays:

1o The dlrect view raster display sometimes has
symbols, such as an aircraft reference symbol,
a roll scale, or fiducial wmarkers, which are
painted on the display surface rather than
generated elecrronically. To render thes:
displays red for night use, an aviation red fil-
ter is placed over the display, usually on top
of the day filter. With the display intensity
thus lowered, it can become difficult or fmpossi-
ble to distinguish the painted symbol from the
electronically generated background. This is
especially true if the ground plane is shaded
$0 as to form a dark zone just below the
horizon.

2. Chalmers (1950) found that dim silbouettes are
much more difficult to detcect when the eve is
exposed to dazzle and afterinages resulting
from extreme contrast, Kelley et ai. {1965) cite
the above report and warn that fluorescent line
written symbhels, such as those on projected head-
up displays, appear against an aliost totally
dark background. The use of a red night filter
and an adequately scaled intensity control should
help to miniinize this problem.

Still another problem arises in the general area of display visibility
which differs somewhat [rom the nighttime problems cited above. 4 con-
siderable amount of data have been gathered and guidelines established con-
cerning dial reading Juminance levels, index mark spacing and the like.
But, these data relate to painted surfaces,''iron gauges! needles, and
pointers which have clean, sharp lines and other characteristics making
them difierent from Juminance emitting devices, We cannot be sure, vith-
out experimenting, about how much the existing data generalize to L/O
displays. For exemple, E/O displays sometimes . tie¢r and may appear to
blossom but do not have parallax characteristics and do not require a

wide ranging scan pattern, as do the discrete instruments. Kelso (1965)
indicated a need for more research in this general area although her report
concerns three specific scale factors. We concur with this need.

We also find a need for more research related to establishing the effects
of varied CRT luminance intensity on contrast. Mcre will be said about
contrast larer, but one point should be made clear concerning CRT Jlow
luminance levels. The contrast ratio of symbol to background does not

of necessity remain constant throughout the range of intensities on raster
type displays; ncr is the relationship of contrast to intensity level
linear, Therefore, it 1s not sufficlent to estaublish a contrast ratio

'
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at, say, 80 per cent of maximum brightness and expuect that this will hold
at the 1 per cent brightress level. Designers can minimize some of the
contrast variability by using techniques such as gamma correction if they
recognize a need for so doing. Selecting an appropriate night filter thac
acts as a neutral density medium cam also help.

Tha preceding examples of recommended research are merely indicative of
tne types of studies that are needed prior to attempting a definitive
statement of E/O display values which will be effective across a variety
of operacional conditions. We do not, for instance, have convincing data
relating task loading, vibration, and fatigue to reaction time, symbol
dynamics, display luminance, vontrast, and color. We cannot specify the
ways that such factors differ under dark adaptation rules as distinguished
from less severe requirements. Similarly, we have insufficient data to
clearly state how much resolution 1is required tc detect a target on low
light level television or on an infrared display. We have roo little
evidence to determine how a red night filter and a polarized or micromesh
day filter plus some of the other variables mentioned above would affect
the same resolution requirement,

It seems apparent tnat a meaningful specification must be written on the
assumption that a systems approach will be taken and that certain system
requirements will be known. Such system requirements can then be matched
to appropriate display minimums. For example, a more rigid specification
could apply to the case where dark adaptation is of fundamental concern;
and 4 relaxed specificaticn where it is not. However, uniform cockpit
lighting might well apply to either case.

We are not sugpesting that a different standard should be written for
every concejvable variable. A standard might take the position that if
such and such is a system requirement, then a display minimum character-
istic of so and so is necessary. Perhaps the main point is that empirical
research is needed to convincingly establish E/O display design minimums
before they can be applied with autbority to any conditiorn. At this
point some guides and approximate ranges of values can be stated. 3ut,
assumptions must be made about the applicability of these values to a
given display problem. We recommend, ther~fore, that systematic studies
be funded to relate appropriate E/O display characteristics to pilot
visual needs in particular types of mission situations,
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Until such data are available, the Jdisplay designers will be forced to
use subjective judgments of what such terms as alearly viaible, proteot
dark adaptation, adequate contrast, geod human factors practices, and so
on, actually mean. The following introductory paragraph of the Smith and
Goddard (1967) ceport illuatrates the point quite well,

"The purpose of this veport is to clartfy an ambiguous
sttuation resuilting from paragraph 2.10.¢ of the 1
Octuber 1964 AFSCM 80-1, which statea: ‘'Imgtall
integrally lighted instrumente with a white lighting
system designed according to MIL-L-27160. Use a red
lighting system (MIL-L-25467) only 1f wnique opera-
tor requirements dictate the use of red lighting and
install only with the apprcval of the procuring ao-
tivity.' Just what constitutes unique operator re-
quirements ig not tdentified in AFSCM 80-1, If the
consideration is for dark adaptation vequtrements, 1t
18 heped that this statement doee not imply to the
reader that the use of red lighting will preserve
(that is, protect or sawel) the pilot's dark adapta~
tion, and that white lighting will deatroy tt. This
15 not true; the differences are only relative. Fuan
the pre-exposure to perceptually colorless Iight
below cone threshold dfsrupts Jdark adaptation, and,
obviously, pre-gaposwre to light above cone thrsshold
would disrupt dark adaptation ¢ven more, Therefore,
any notion that pre-exposing the eyes to red light
will preserve dark adaptation tg false."

It seems that unless we are willing to invest some time and effort in
generating what proteet dark adaptation and similar terms mean in quanti-
fied language, our success in writing an E/0 standard will be incomplete.
The alternatives to establishing a program of definitive, systems oriented
research are not difficult to imagine. For example, if we recognize a
need to do something to improve cockpift lighting for preserving dark adap-
tation, our best approach, using only that information now available to
us, would probably include at least the following:

1. Require that cockpits be uniformly illuminated with no
source to exceed, for example, 1.0 ft L. Different
values might be specified according to the anticipated
mission requirement,

2. Require that certain symbol-to-background contrast
minimums be preserved on the E/O displays.

3. Use best guess experlence to establish ready procedures

that winimize pre-exposure to adverse light intensity
and colors.
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dnith and doddard (1967) provide a good summary of the ved veraus white
Lighting lssue, They alee provide an annotatad bibliography of {mportant
vasearch on dark adaptation, The following pointa ave among thouwe made
i theiy veport and aummarvine our thinking.

1, In those canen where wiasion requirements demand a
manimum lovel of pilet dark adaptatien, the uae of
vod lighting for cockpit displaya ia vecommended,

2, For wissiens cequiving lesa atringent dark adapta-
tion, the use of auy color display illumination ia
acceptable,

3. 1ln order to minimise the illuminated area, diaplays
ahould be transilluminated when practicable, Cautien
muat he exercised, however, in fellowing such a guide-
line aince extensive use of tvansilluminated diaplays
may occasionaily vesult {n the pilot's lean of frame
of referance for the panel, and the panel may appear
to "float",

4, The curvent practice of light-on-davk display markings
should be continued in ovdey te reduce illuminated oy
reflecting diaplay avea,

$. Canopy glave, the reflection of light uff of the
canopy, ahould definitely he minimired.

6, Of the 10 variablea affecting nighttime tavget de-
tection (e.g., target miae, viewing time) only
average pre-exposuce luminance and pro-exposure
lighting color are a functfon of cockpit tnatrument
denign and pilot behavior,

7. A aysteax approach to cockpit {llumination should bhe
made,

8. The available literature i{a Inconcluaive,

9, fThe pre-exposure tolerance of the pilot for a given
atrcratt migalon should be conaideved,

Bay Visien

We have jurt reviewad some of the coumplexities of night vision and its
attendant red versus white cockpit lighting controveray, In thia section
even more complex problems ave evvident; alrthough they are perhaps not
quite as controveraial.
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Daytime ambient light conditions in the cockpit vary widely, Cockplt
conf {gurationd vange from those of the rutary wing type aircraft, which
often have large transparent window areas, to those of the transport
typea, some of which have comparativaly narrow windshield and window
arvan. The wide assortment of fighter and attack alrcraft lie somewhere
in between,

Such variety in windahield and window area tends to complicate the design-
or's problem in E/0 display deaign, He wust think about the particular
cockpit for which hia Jdi{aplay is to he used in order to eatimate the po-
tential meverity of glave effocts, contrast washout, and moiréd patterns
caused by direct incident or reflected sunlight, In head-up display
deaign, on the other hand, the main difficulty is that of generating
adequate aymhol intensity for viewing the projected display against a
bright cloud or uky hackground,

The above problems are diacunsed in more detail under appropriate sub-
headings such aa, Luminance and Contrast, For the present, we must ade
dress ourselves to the problem of estahblishing a criterion sky luminance
condition.

A widely accepted wordat oave sky condition is 10,000 ft L. This represents
the tops of white clouda at noon or bright sunlight on snow. Some reports
disagrue with this value, specifying from 8,000 ft L (Whiteside, 1965)

to 12,000 ft L (Buddenhagen and Wolpin, 196l)., However, 10,000 ft L is

the figure deemed acceptable to most display designers.

Occasionally, a head-up display designer will meution a test criterion
of "one or two diamaters from the sun" as the basis for evaluating HUD
symbol brightness. We do not recommend using this criterion for several
reasons!

1. This method {s too imprecise. Such factors as air
density, altitude, sun angle, haze and disc »s, atmos-
pheric halo must also be specified to make the defini-
tion precise. To include these variables in the defi-
nition would render it cumbersome and, ultimately, un-
workable,

2. A clear reason does not exist for selecting one sun
diameter as opposed to three, or thirteen, or even
looking directly into the sun. One sun disc diameter
is only about 0.5° (Sears, 1958; Air Navigation, 1963).
Therefore, onz or two diameters from thae sun 1is tanta-
mount to looking directly at the sun.

3. The percentage of time that a head-up display must be
used within one diameter of the sun is, almost certainly,
quite small. Such a criterion would result in an un-
necessary overdesign. Clear sky brignhtness at moderate
altitudes tends to be about 2000 ft I or less, although
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cloud reflections are often encountered, which may
raise it by a factor of 2 or 3. (Pitts, 1963.)

We therefore advise using 10,000 ft L as the standard for maximum sky
brightness for evaluating head-up display viewability. This represents
the background against which a head-up display must be seer and the high
luminance level for adaptation purposes.

The Cockpit and High Ambient Light

Our general concern in this section is to discuss the treatment of certain
display characteristics and to relate these to the high ambient light en-
vironment to which E/O displays are subjected. To this end, some specific
and practical matters are introduced which have a direct bearing on
writing an E/O display standard. We will start by defining two useful
terms from the field of photometry: Iuminance and <lluminance.

Direct incident light falling on a display surface is specified as lumens
per unit area and is called illwminance. An accepted unit of measurement
is lumens per square foot, foot-candles. On the other hand, light reflect-
ed from or generated by a display may be specified in foot-lamberts, which
is the measure of surface lwninance. Luminance is often called brightness;
although, technically speaking, the latter refers to perceived sensation
rather than stimulus magnitrie.

Both luminance and illuminance are important terms to incorporate intc

an E/0 standard. These are particularly relevant when attempting to eval~
uate a head-down display which 1s being subjectad to high ambient light,
Without further qualification we can say that any attempt to specify the
suitability of an E/O display for use in a high ambient light environmeat
should at least contain the following:

1. A specafication of minimum acceptable display contrast.

2. A sgpecification of the intensity and direction of direct
incident light falling on the display surface (Z.e., the
protective filter) at the time contrast is measured.

Note that minimuw symbol luminance is not mentioned above although it has
some bearing on acceptable display contrast. The problem is that its
relevance is only meaningful in terms of initial symbol luminance inten-
sity, i.e., prior to introducing the illuminant. Once high intensity
illumination is added, as it must be to create the required high ambient
environment, a minimum symbol luminance value looses its identity. At
this point, only display contrast retention becomes meaningful. Some
minimum symbol luminance intensity is, of course, necessary in order to
provide adequate contrast in the presence of illuminating light. What
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that level will be depends on such factors as the intensity and incident
angle of the illuminating light, the characteristics of the display filter,
and the reflectivity of the display phosphor. There is no point in specu-
lating about a required minimum symbol luminance until some of the other
values are known,

We might also add that any specification dealing with 1light measurement
should include appropriate reference to photometric techniques. For
example, frequency of calibration of the photometer and its known light
source and such factors as the degree to which the photometer's wavelength
response curve may depart from the photopic response of the standavd ob-
server's eye, should be included,

Our discussion thus far relates to the practical matters involved in
evaluating a display's performance under demanding high ambient light
conditions. Whatever minimum display values are specified, they should
also be maintained in the presence of reflected light off the pilot's
flying suit, white shirt, face, helmet, or visor.

Three questions arise in this regard.

1. What intensity of incident light (illuminance) should be
specified?

2. How should the display developer or airframe prime con-
tractor prove that his display meets the specified
minimums under both day and night ambilent light conditions?

3. What display luminance and contrast minimums should be
specified?

The first two questions are actually parts of a single problem which is
discussed below. The third will be deferred to the next section which
deals with brightness and contrast,

We recommend that proof of a display's adequacy in day and night ambient
light conditions be included in a human factors demonstration test, to be
conducted by the display developer. We further recommend that the obli-
gation be made contractually binding. The reasons for taking a firm
stand on this matter are several. For example, it should be noted that
maintainability and reliability tests are now an accepted part of overall
program requirements. Human factors requirements are at least equally

as important, but tend to be a bit more difficult to quantify and demon-
strate. Our procedure would be a step in this direction. The human
factors discipline is not likely to reach full maturity and contribute

as it can and should to equipment design unless penalty-bound stature

is provided. This, of course, implies responaibility as well as authority.
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The above recommendation results from a genuine need to demonsgtrate equip=-
ment guitability and to resolve a chronic, although not necessarily an
acute problem, Our recommendation is based not only on our own experience,
but also on the concurrence of the many display developers, users, and
research groups with whom we have talked.

Cockpit Lighting Mock-Up

Both the intensity of incident sunlight and the cockpit configuration of

a particular aircraft should be considered in any demonstration test of

the effects of incident or reflected light on display contrast. In order

to control such variables, a rough cockpit mock-up is highly desirable.

It would allow, for example, determination of the minimum angle of incidence
at which sunlight is allowed to strike a given display and would provide

an appropriate alternative to flight testing.

To understand why the above statements are made, the reader should consider
for a moment the nature of head-down display mounting. Such displays,
along with their protective filters, are usually mounted on a cockpit
panel in front of the pilot or co-pilot. They may be afforded some pro-
tection from direct incident sunlight by a sun shield along the top of
the panel, but are otherwise protected or exposed by the geometry of a
particular cockpit configuration. The only certainty in any cockpit

is that incident sunlight cannot reach a display through the pilot's body
or the aircraft seat structure. At any rate, incident light striking a
reflecting display surface will cause certain diffuse and specular glare
effects. It will also tend to diminish display contrast. The severity
of its effects relate to the intenmsity of the light, the angle of inci-
dence that it describes, and the effectiveness of whatever filter or
other technique is used to protect display contrast.

Such factors as the above are particularly important for evaluating the
degree of protection afforded to a display by a directional filter. For
example, a given micromesh filter may be designed to block most of the
sunlight which would be incident to the display surface beyond a specified
zone, e.g., 15 degrees off-axis. If, however, direct incident light
cannot 1n fact reach the display withir 25 degrees of the normal axis
(because of cockplt geometry) it would be unnecessary to determine wash-
cut effects within the zero to 25 degree region. Data of this type are
deemed useful for estimating required CRT output in the planning stage of
display design, as well as for proof of specification satisfaction later
on. Such data should therefore be obtained,

While we are engaged in determining the effects of a particular cockpit's
geometry on display contrast, other factors, such as the following, can
readily be evaluated. For example, in establishing the intensity of in-
cident light falling on a display surface we must cousider canopy trans-
mission and haze. Haze, in this context, refers to light scattering with-
in the transparent materials (Wulfeck, et al., 1958). The following
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table from Glover (1955) outlines acceptable limits and shows how wind-
shield angle of incidence affects transmission and haze.

TABLE 20 - LLGHT TRANSMISSION AND HAZE VALUES

WINDSHIELDS CANOPIES | VISORS
INCIDENCF ANGLE
55° 60° 65° 70°

HIGHLY Transmiseion | 71% 747 83% 99% 897% 90%
DESIRABLE
VALUES Haze 0.5% 0.5% 0.52 0.5% 0.5% 0.57
ACCEPTABLE IF Transmigsion | 66% 69% 79% 937% 83% 867
OTHER FACTORS
TAKE PRECEDENCE Haze 1% 1% 1% 1% 1% 17
MINIMUM VALUE Transmission | (4% 67% 75% 89% 17% 79%
MAXIMUM VALUE Haze 27 2% 2% 2% 2% 2%

(from Glover, 1955)

In considering the mock-up approach to display design, the following should
be noted. There are some obvious reasons why it is vare to flight test

a display prototype in order to establish suitability for a given cockpit
application. For example, a new aiicraft design requires that displays
and the airframe be developed more or less concurrently., A flying model
of a new aircraft is, therefore, probably not available for flight test-
ing at the appropriate stage of display design. In addition, it is both
expensive and inefficient to use an aircraft for some of the neceesary
tests in display design. For ingtance, conditions of light intensity and
angle of incidence are difficult to measure and control in the aircraft
environment., In order to overcome such difficulties, however, artificial
lights can be used to simulate sunlight in an appropriate cockpit muck-up.
By taking such an approach, the effects of caropy and windshield trans-
mission losses, canopy haze, interior glare, bright surface reflections,
and so on, can he evaluated.

Granting that a lighting mock-up is desirable for display evaluatior, and
that a demonstration test of display suitability is warranted, a high
ambient illumination criterion mist be established. In other words, what
simulated sunlight intensity level should be used for display evaluation?
The answer 1s somewhat arbitrary since a particular value will not cover
all cases to everyone's satisfaction, However, the mejority opinion is
likely to agree with the following rationale.
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One of the problems in determining a satisfactory intensity level for sun-
light simulation is that sunlight intensity varies with altitude., For
flights within the atmosphere, however, this factor is not believed to be
significant,

The literature suggests that a meaningful specific intensity level is ap-
propriate. For instance, Luxenberg and Bonness (1965) do not specify al-
titude but state that "a perfect diffuser in bright sunlight is illumina-

ted by 9,000 foot-candles...."., On the other hand, Gordon (in Duntley et ai.,
1964) cites two reports oun clear weather sky conditions at sea level.

These establish sky i1lluminance at approximately 10,000 foot-candles when

the sun is at zenith., These values seem to be typical,and we accept 10,000
ft C as a convenient approximation for our purposes.

As a final word, please note that the color temperature of the lamps used
to generate simulated sunlight is not deemed critical for display evalua-
tion. A broad spectrum white at about 5,000 to 6,500 degrees Kelvin is
believed adequate. It should also be noted that ultraviolet and infrared
light wavelengths serve no useful purpose for display evuluation and are
generally to be avoided in illuminating light sources (Ketchel, 1967).
Certain of the UV and IR wavelengths can be particularly harmful, given
long exposures at high intensity levels, although they are outside of the
visible spectrum, Xenon lamps in particular should be used with caution.
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LUMINANCE AND CONTRAST

To date there has been a surprisirgly small amount of research eftort in
the JANAIR and earlier ANIP programs aimed directly at aestablishing suit-
able display luminance and contrast for cockpit applications. One excel-~
lent report that does specify CKT luminance, contrast, and other chavac-
teristics is that submitted by Carel to JANAIR in 1965. We do not intend
to duplicate his work in this section. Indeed, we suggest that readers of
this report will find Carel's treatment of display characteristics most
informative., Our purpose is to focus on display characteristics that are
of particular interest to those charged with writing an E/O standard and
to suggest areas of additional research when appropriate.

Luminance

Table 23 1indicates that raster type displays are being designed using a
nominal luminance of about 500 ft L. One may well ask what this implies

in terms of actual requirements such as visibility or resistance to con-
trast washout. The ramifications of such a question are, unfortunately,
based on many variables which manifest their effects according to such
factors as the particular task a pilot must perform, the operating environ-
ment of the display, and kind of job that the display is designed for.

The following are examples of variables that should be considered.

1. The most demanding acuity task that the pilot will encounter.

2. The degree of display contrast available under worst case
ambient light conditions.

3. The transmissibility of whatever display filter(s) is used.

4. The number and interval spacing of whatever gray tones are
required to perform critical tasks, such as terrain avoild-
ance.

5. The transmissibility of the pilot's visor, cockpit glare
factors, and the level of light adaptation of the pilot.

Our general view {s that 500 ft L of CRT luminance should be quite suffi-
cient for ordinary head~down display applications. If it is not, some
measure other than increased display luminance is likely to be required.
An even more challenging question, however, concerns the lowest acceptable
symbol luminance level and the qualifications that might attach to such a
value. Our subsequent development will be directed at this kind of prob-
lem,

To date, the one display that has been flown operationally, and therefore
may be considered acceptable, is the ADI display in the A-6A aircraft.
It yields a nominal 500 ft L luminance and provides 7 gray tones in the
terrain avoidance mode., But, it does not follow that we should therefore
accept 500 ft L as a standard luminance. There can be large gaps between
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the acceptable and a more suitable or more optimal value, For one thing,
experience indicates that a 500 ft L CRT output introduces heavy high
voltage power supply (HVPS) demands under MIL-E-5400 environmental con-
straints (which apply to avionics equipment).

In addition to the HVPS problem, which has an important bearing on relia-
bility, other factors must be weighed. For example, although 500 ft L

is generated, u protective filter, such as the micromesh or a polarizing
type, will reduce display output by perhaps 70 per cent as a result of
filter transmission losses. The actual luminance displayed to the pilot
in the above example would become 150 ft L, a value that is itself of
questionable utility. For instance, a more efficient technique for pre-
serving display contrast might easily permit such a value to be relaxed
considerably; and, preserving adequate display contrast is, after all,
the reason for generating relatively high display luminances. Such
luminances tend to be more recistant to the effects of high ambient light
washout.

Essentially then, the problem reduces to this: 1if we can assume that an
adequate display contrast level will be preserved in the presence of
high ambient light, we can directly address outselves to the important
problem of specifying appropriate luminance for efficient and immediate
task performance. The key prerequisite is a relative one., Do we want
to preserve display contrast by brute force luminance or by developing
more efficient contrast enhancement techniques? Penalties paid for the
former seem to indicate that developing more cfficient contrast enhance-~
ment techniques is our hest approach.

Gray tone iInterval spacing is one of the more difficult problems in deter-
mining wihich display luminance characteristics are actually required.
Carel (1965) shows that CRT output demands can be indeed great when con-
trast preservation of several evenly spaced gray tones is based primarily
on display luminance. We would add, however, that more studies are need-
ed in this area before conclusfons about CRT requirements can be convin-
cingly specified. Research may show that certain symbol luminance prior=-
ities can be assigned to criitical symbols, or for example, the gray

bands used for terrain avoidance, so that worst case high amblent condi-
tions will not degrade critical performance tasks, To {llustrate, it
seems logical that a velocity vector symbol or a steering symbol would

be far more lmportant than ground texture elements and should be given
contrast pricrity. The same is true of those terrain avoldance radar
ranges which a pllot needs most for timely maneuvering, Our point is that
there is no firm reason for assuming that an even spacing of gray tones

ie necessarily important or that equal contrast {s required at each level,
Instead, we should det-rmine what the performance consequences of various
gray tone schemes are and what petter display contrast enhancement tech-
niques are avallable, Then we can reach conclusjons about the luminance
requirements,
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A oA fantnote to the above, (8 mav concoelvably be oxtablished that a line
written hoad=down display attords exsent dally squal performance to that of

A dlaplay whiteh providea pray tone shadiop,. Wo will not veally know uatil
twa mucl ddaplava ave compared,  The apparent dasadvantages ol |ine written
dhaplave aee thely luapyropriatencesa tor displaying LLLTV and terrain avold-
anve contour bandsa, an inabitity to pencrate the pichness of 4 contact
analog presentat fon, and Pinttat fons o syvmbol coding techniques,  Such
dinadvantagos are presumed to be more disabling tor some wisstions and eappli-
cations than for otherss Theve is a detinite need for comparative display
analyviin In this arva,

In genverval, we belfeve that tnsut v e fent work has been done in the lumi-
nanee and contrasc arvas, We cannor convinedngly proedict which symbol
luminancws, gray tone spaving, and rilter charvacteristics ave appropriate
ropr given cockplt mabient caviromments, A cecent study by Ketehel (1967),
howaver, wde an attempt Lo begin vesolving some of these problems by in-
vat bgat fap the offects of hipgh intensity Tieht adaptation on display lumi-
nanve i contras!t reguivements,  He tound that a svabol lumlnance of 8 ft
Lot abjectively necessary and about 17 £t Lois subjectively comfortable
tor ude dn the presence of o (0,000 1t L adaptiog light "window". His
stipulations wre that a good contrast level must be maintained and symbol
wiae must be sudtably lavge (oo, 19 to 23 minutes of ave or more).

The scope ot the above stady dId not cover such variables as task loading,
fatigue, and vibration,  op the variables that were investigated, however,
{t wag found that the 8 e boand 17 L mintnun symbol fuminance values
hold yegacdloss of whether or not the observer is wearing a sun visor,
This point ia tmpovtant because [t indirates the low range of symbol lumi-
wanee which {5 aceeptabley providing that adequate display contrast is
malntalned,

Roetehel concluded that wearing a visor which transmitted only 7.8 per cent
ol both the adapting Tight and display svmbel cuminance, effectively re-
duced the tormer without serfously degrading the latter. For instance,

tn bis exoerlment the svmbol luminanee delivered to the pilot's eye throush
the visor tor the 8 10 Losvmbol was a4 mere 0.6 £t L. But, in conjunction
with the hign symbol-to-backpronnd contrast used, 250 per cent, 0,6 ft L
wias adequate for famediate symbol detection and identificaticn.

From alr ot the foregoing, it can be seen that luminance {s difficult to
discuss meantngiully without talking about contrast., Luxenberg and Bon-
tess (19649) have this to sav:
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the greater the visibilily under high ambient
lght., This ie not necessarily true, since
some dieplaye o) lower intrinsic brightness
have better vistbility than far brighter ones.'

The main idea in the above quote is well taken. Contrast is the most sig-
nificant factor in display legibility. It was previously shown that a con-
siderable amount of CRT luminance is blocked or sacrificed by a protective
filter that is designed primarily for contrast retention. This suggests,
as we indicated, that brute force techniques to increase display luminance
ace really attempts to achieve and maintain contrast under high ambient
light conditions.

Subjective Magnitude and Stimulus Magnitude

A tangential point should be made in relation to increasing display lumi-
nance. Stevens (1962) makes a distinction between stimulus magnitude and
psychological (i{.¢., subjective) magnitude for various sense modalities.

For example, a slight increase in the amount of electrical shock seems to
the recipient as though the increase is manifold. However, to make the
brightness sensation of 10 ft L appear to double, we must increase the lumi-
nance to 90 ft L, a factor of 9. Or, to put it another way, a display that
produces 50 ft L does not seem to be half as bright as one that generates
100 ft L. Later, we will see that Clauer (1966) makes much the same kind of
distinction in his discussion of contrast from the observer's viewpolnt.

Although we consider the above information of importance for various pur-
poses 1n display evaluation, we would add a comment. One should not assume,
nor do Stevens or Clauer suggest, that performance on a given display nec-
essarily equates with providing a duplicate psychological magnitude follow-
ing, for example, the introduction of high ambient light degradation effects.
Performance, in terms of speed or accuracy of response, relates to certain
physical stimulus minimum values on the display., What these minimum inten-
sity levels are percelved to be on a subjective basis is quite a different
matter from how well one performs with them, Therefore, we need not strive
to protect such display characteristics as gray scale rendition to the

point of always having the display seem to have equal contrast under all
ambient conditions. We should strive for good subjective picture quality
but should accept display luminance and contrast values that provide ade-
quate performance under test criterion conditions. More work is required

to determine what some of the minimum acceptable performance values actually
are.

Electroluminescent Display Luminance

When we consider electroluminescent (EL) displeys it becomes quite apparent
that great care must be exercised in the selection of a standard luminance
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level, FL displays are comparitively weak in luminancey but this is not
necessarily a deficiencv, particularly in view of recent advances in EL
contrast enhancement. (See Peterson, 1966, and Soxman and Hebert, 1968,)
Thus, 4f we are not to set a standard which is prejudiced against EL dis-
plays, we should not select an arbitrarily high luminance minimum without
qualification. Of course, a winimum suitable for CRTs need not be en-
forced against EL displays, just as head-up and head-down displays need
not be judged together for minimum acceptable values,

The EL display issue calls forth a number of provocative questions about
which there is some apparent diffcrence of opinion; although the differ-
ences are believed to be more apparent than real. On one hand, we have
such investigators as Peterson (1966), who suggest that EL displays are
suitable for some cockpit applications. On the other hand, we have display
developers who produce avionics displays having 500 ft T luminarces and

CRT developers who strive for still greater output levels. Are these
factions contradictory?

Our interpretation of available ecvidence indicates that here, as in other
instances, there is really no right and wrong dichotomy. Rather, there is
a question of establishing what kind of job the display is supposed to dc.
To return to the questions asked earlier: Are terrain avoidance gray tones
a requirement? What contrast enhancement techniques are available? How
demanding is the high ambient light environment to which the display will
be subjected? What resolution requirements are speciiied? Until such
questions are answered judgment should be reserved as to which approach is
or is not suitable.

Research Program

In summation, we are not convinced that brute force approaches to CRT
luminance are the most appropriate means to solve the high ambient light
problem. Nor is it abundantly clear that EL displays are sujtable for do-
ing all of those tasks now relegated to CRTs. We are convinced, however,
that a sound evaluation and experimentation program would be very desir-
able for comparing these and other display generation techniques and for-
mats in terms of pilot performance, The literature provides several
examples of techniques that might be evaluated in such a program as that
suggested., A sampling of these is given below, although a more detailed
recommendation for a suggested program will be deferred until later.

1. Hughes Alrcraft recently developed an experimental dark
faced CRT for minimizing halation effects (Hoffman et al.,
1967). This technique deposits a dark layer between the
phosphor and faceplate, thus providing a neutral density
device and halation suppressor.



Lally (1966) suggests a non-linear optical filter that
allows Stokes' Law principles to be used for contrast
enhancement. He notes that most luminance materials absorb
energy at some short wavelength and reemit it at some longer
wavelangth and that the process is not reversible. His
approach is said to be similur to that of having an ideal
black body display.

Micromesh filter design improvements have been suggested
to improve transmissibility.

The use of photochromic materials in the cockpit canopy
has hardly bean exnlored; even though this might provide
au excellent shield for some types of over-the~shoulder
incident light problems.

Peterson (1966) and Soxman and Hebert (1968) report promis-
ing advances in EL display contrast enhancement.

The He-Ne laser has recently been suggested by Kilpatrick
(1966) as a possible head-up display light source. Excep-
tional high brightness levels may be attajinable using such
a technique.

Bell Helicopter has developed a head-mounted CRT display
that affords exceptional freedor of head movement as well
as external field of view advantages.

Trichroic coatings for contrast enhancement of head-up dis=~
plays has been given some evaluation and endorsement; but
needs to be studied in more detail.

kxamples of techniques, cumparisons, and study issues that can and should
be explored are plentiful. The above list is m2rely representative of
some of the hardware related techniques that are known to be of immediate

A systematic program of display evaluation,such as that suggested above,
would allow us to chart the strengths and weaknesres of given approaches
to display technique and format. Solutions to problems could be identified
and related to given constraints on the basis of empirical cvidence. 1In
addition, performance criteria against which to evaluate subsequent dis-
play designs could be made available. We will summarize by noting that
such a program could be used to test new techniques and concepts, evaluate
controversial points of view, and establish a bedrock of data upon which
to structure and update a standard. It is our conviction tnat a program
of inter-display comparisons should precede or at least run concurrently
with an in-~depth concentration of resources devoted to anr one particular
display or concept.
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Head=down Display Luminance Migimums

In view of the foregoing developmonts and quallvicat fons, wo Vind thet
insufficlent research hag been porformed to allow us to mpucliy convinetnrly
a minimum acceptable display luminance value for head=down displavs without
referance to a apecilic application and envivonment.  Even these data which
ere directly related to clectronie dixplay luminance (v, Retohely 1Nel)
are more indicative than definftive,

If pressed to specify a minlmum symbol fuminance for head-down dispiay
guidance purposes, wo would tentatively suggest that a symbol of adequate
size which provides a luminance of 17 {t L atter passting through o proteds
tive fllter, and which affords a contrast of 250 per cent aneald be comtert-
able for use in ordinary applications* on the other hand, o 0o 1 osvabed
luminance at 100 per ceat contrast would boe acceptable fn terms ot aveuravy
of identification and response time,  These conelusions are bazed on Ketehot's
study, the results of which he warns should not be pencral faod too tar
without supporting rescareh,  Note also that high awbicot jfocident Tight
will add to whatever symbol luminance is generated awoa tunction ol tilter
and phosphor reflectivity, We can only conjecture abont what retiectivity
and transmission values might boe appropriate tor g given application,

Carel (1965) often uses the example of o filter that transmlts only 10 per
cent, but this fis assumed to be mervely (Hlusteative and tor explanatory
purposes.

As a final word, we add that a suppested luminanee or contrast Tevel shoald
not be forced on a display desipner who can prove that hin approach attovds
equal accuracy, response time Latency, and approximate viewing case,  For
whatever Juminance minimums may be piven, however, an aceeptable meaanre-

ment technique should alse be described in details Such o ctatvment edd
cover non-uniformity of CRT luminance, whether or net blasking i+ te In

used, the raster size, and puldaoce on photometric callbration aua teonmiques,

Head-up Display Luminance

We are not aware ol any rescarch that has been afmed at specitving the res
quired luminance of a head-up raster type displav. Nevertheless, such
displays may be designed for TV weapon delivery in the near tuture,  The
need for appropriate research scems evident,

The situation is not a great deal better tYor head-up line wvritten displavs,
although Kelley et a’. (1965} do offler some cmpivical evidence as a start-
ing point. They found that, against a 10,000 ft L background (sky) condi-
tion, 1,000 ft L of dizplay luminance reflected from a clear combiner is
quite marginal. Thelr experiment revcaled that for the particular display
system and combiner used, 90 per cent of the CRT luminance was lost through
the combiner. This, of course, is not necessarily truc for all head-up
displays., Be that as it may, using an uncoated combiner in Kelley's ex-
periment, it was estimated that perhaps 1800 to 3500 ft . of dlisplay

%HAgégnﬁzhes-ZJS ff for a discussion of contrast,
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Taminai e voabd e dnooeeeaby ab b bt Yy ses Fer s gt e g,

Whelt Wiling A briehibets eabipg it L combin by heweved, Kelley Found that
Al eyquAlly camfaptable dioplay biminat e wan pEavided by del lveving Bag

te 1300 FU b e Ve pitat, this veaubied althangh Kedlev's teichesls
aample wan deaigied Bar oa A" angte of incidei e and the Huplay spiieal
vanf iguration veguited a of° ngley o cthe wavda, the wample was pat
denigied Fol w0l isnt npetation sith the sipetimental displav, Az uaed
In the sapeViment howsver, 4t 4 83 amgie, the D ichiiels sanple vetlevivd
3% pey vent wl Lhe CRT luminaios 4l tranasitied Bl per vent of the almie
Lated sky hackground bighe,  The mepite of 2 diaplayv enhanvement techinigue
advl aa the trichveis aptlal sating ave wnt ditrisult 1o anvisian,

We will disvyas trieireis veatings sabe Tully in tnds chapter updet Filters,
Buby heforve beaving the Lepis we ocan tte that the wxperiment cited above
wan eaplurateyyy it vaed 4 mwall aample side, 4 non-veprsientative voat=
1y At did et davestipate the vifeitn ol wearing 4 pilatta visor,

We wunt com dude that wove work s voguived betfere o Firm vecommsndat ton
val bo made an Lo mindeue avoeptable trichyedo coat g v head-up display
haminance chavactevistioe . ov eaample, trivheado tvanawlasion verdus yve=
flectdvity tradeoulia muab be evaluated o anauve adequate night vislen,

We ahuuld alau deteviine Lhe elfevta of Jdriving VR phosphioyas at vatsous
high vatput levels, Pratind'a v1unl) vepart which deals with the latter,
will he disvudaed lator op, Uatevtunately, 1t descyibes svaluative work
at URT intensity levels whive ave tua low Tay vatvapulativny to the head=up
dinplay probles,  The data ave, Wowever, fndicative of the kind of studiea
that arve needed,

A alternative ponstbility adght he that suggeated hy Kidpatvick (1968),

Le vepurts that the HesRe Py might be owaed as oo hdgh fntensity gt
souree for head=up display applications. AU this vimg, we do hot have

enough data voncerning the veliabibivy of such devives for vperat{on with-
fnoa vaviety ot corkpit envivonmenta,  Hewever, 11 compavative cost,
ragaedigation, aml MU -L-5400 yoquiteients arve et Limluing, auch a techaique
seels Lo be wolth vapdoring,

Contvast

Aa mentivned previously, contrast and luminance oie not eastly sdeparable,
Several of the comments made in the proveding socticn on luminance ave
equally appropriate heve,

Many of the existing recommendat fona on aymbol afge and contvast vequire-
ments In the presence of given amblent light ifntunsities have rveaulted
Crom Blackwell's (194n) work, His vesults are often refarenced (McCormick,
1964 Haydy, 1963) and ave evidently the baaias for much of Cavel's (1963)
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vatitent o diaplay coptrast o requl rementa,

Although e Blhackwe ! work is an oxveptional example ol voreful and ex-
tensive data vollection, generaliration trom it tor E/o display purposes
ahoald be done cawtiously, Constder the tollowing points:

Ty Hlackwel] developed 30 per cent threshold data.  This
means that at the stipulated values of contrast, half
of the subjects did not deteet the presence ot the
stimulus at ally A rule of thumb multiplication fac-
tar of two ix used to correct the given value to a
Y9 per cent probability of detection,  But, nevertheless,
the data reter to detection, uot to recognition of the
stimuli G Iman, 1966),

3y Mlackweil's data were gathered in the range 1077 to
Lo v L (Hardy, 1963) . The rvange 1,000 to 10,000
ft Lowas not investigated,

§. The subjoects were all young women, aged 19 to 26, with
20720 uncorvected vision,

4y The subjects were seated in an auditorium and had nearly
fdeal viewtng conditions {n terms of even light distri-
but lon and trecdom tfrom distraction. They were not
wearing san visors, Jdid not experience vibration, had
no instrument scan problem, did not have to search the
Jisplay area to tind the target, were not burdened with
additional task., and were presumably not as strongly
motfvated (Fooy, under equivalent stress) as a military
pllot might be,

To allow for some of the obvious ditferences between laboratory data

and practical applications, a ficld factor correction is applied. A
factor of 15 is spevificd by Carel (1965). McCormick (1964) notes that
a field factor of L5 relers to the gencral capacity of seelng moving ob-
Jects under fleld conditions. McCormick cltes Crouch (1958) as having
developed Blackwell's data to obtain curves for field use.

The questions that avlse from the above have to do with the validity of
generalizing from Blackwell's data to the pilot's task regardless of
whether or not a field factor is used, In licu of specific research it
is proper to use the best available data, such as Blackwell's. However,
because there are so many variables that complicate the pilot's visual
task, specific research designed to confirm or modify the Blackwell and
Crouch findings for cockpit displays seems entirely reasonable.
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A study by Hanes and Williams (1948) on radar visibility shows that at
their highest adapting level, 2,000 millilamberts, a contrast ratio of
2.50 is required for immediate detection of a radar target on a PPI dis-
play (at a display luminance of 0.22 millilamberts). Ketchel (1967)

used an identical contrast ratio but increased the adapting light levels
to 10,000 or 5,000 ft L for subjects, both with and without a pilot's
visor, In this study it was found that latency effects did not manifest
themselves until symbol luminance was reduced to below 8 ft L. In other
words, there was no time delay as a function of the high intensity adap-
tation level/display luminance mismatch until the display was reduced to
below 8 ft L. Subjects could identify 8 ft L symbols as quickly as they
could identify 30 or 100 ft L symbols of equal size (23 minutes of visual
angle)., The task was to search a direct view, raster display, which was
sectioned into four areas, and to identify which of two symbols appeared.

Contrast Formula

A numbexr of methods for specifying contrast are available and are used by
various authors., Unfortunately, it isn't always clear which method is
being used. Therefore, we recommend that one method be adopted by the
standards committee, not as the only suitable method, but rather, in the
interest of common understanding.

An often used formula for contrast is that which divides the difference
between symbol and background luminance by the background luminance. The
problem is that values for bright symbols against dark backgrounds range
from zero to infinity. However, for dark symbols against a bright back-
ground, we must either deal with negative numbers or subtract the symbol
intensity from the background. In this case, dividing by the background
(which 18 a higher intensity) restricts the contrast range to between zero
and plus one.

To avoid these difficulties we recommend that the following formula be
uged (see for example Graham et al., 1965).

h Ll where: Lh = high luminance

L L1 = lower luminance
C = contrast
Multiply by 100 to express C as a percentage.
Unless this or a similar formula is adopted, the direction of contrast
should be noted for a clear understanding of what a given contrast means.

That is, symbol-to-background or background-to-symbol contrast should be
specified.
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Subjective Contrast and the Modulation Transfer Function (MTF)

In discussing contrast from the observer's viewpoint, Clauer (1966) dis-
tinguishes between physical contrast and subjectively perceived contrast.
This distinction is similar to that of Stevens (1962), who differentiates
between stimulus intensity and psychological magnitudes of brightness.

Both Clauer and Stevens suggest that we cannot assume that the human
visual response system acts like a measuring machine, which objectively
records absolute increments of a physical stimulus at each point on a
magnitude scale. A difference of one increment, for example, may seem to
be a large or small change to the human visual mechanism according to the
level on the scale at which the change is introduced. For high intensities
of luminance or large percentages of contrast a small increment (or decre-
ment) may not be noticed at all by the visual system. Nor will such a
change be perceived below threshold levels, Clauer has this to say:
"...the human visual system, unlike the physical system, doec not respond
at all at contrast levels below the contrast threshold and, above this
threshold, (it) reepond(s) as a nonlinear fumetion of modulation.”

Here, modulation can be taken to mean contrast.

As an example, Clauer asks whether an observer perceives a physical con-
trast change of 10 per cent at high contrast levels as equivalent to a

10 per cent change in contrast at low levels. He contends that such
changes are not perceived as equivalent and illustrates his logic by using
the graph in Figure 18.

BRIGHTNESS (PLRCENT:

A USRS Y G TSN N NN WS T S
10 20 30 40 50 60 70 80 90 100

RELATIVE LUMINANCE (PERCENT)

Figure 18 BRIGHTNESS AS A FUNCTION OF RELATIVE LUMINANCE
(RENOTATED MUNSELL VALUE SCALE)

(Adapted from Clauer, 1966)
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Figure 18 relates a linear scale of equally spaced Munsell values, which
represent psychophysical color brightness, to a relative luminance scale
(contrast) which is also equally spaced. It can be seen that a relative
luminance reduction to 25 per cent is equivalent to a reduction on the
Munsell scale to 50 per cent. It is also apparent that a 10 per cent
change in contrast is perceived as being of a greater psychological magni-
tude at the low end of the curve.

A modulation transfer function (MTF) may be defined as the ratio of modu-
lation of a reproduced image of a sine-wave target to the modulation of
the original target. This concept is useful, as Carel (1965) suggests,
for characterizing physical image systems. He notes, in a discussion of
resolution, the MTF is normally plotted against spatial frequency or lines
per unit length. For serial components, system MTF is found by multiply-
ing the individual component MTFs.

Clauver, in his discussion of display contrast, agrees that the MIF is
useful for describing system physical characteristics. He adds, however,
that the MIF is not entirely suitable for providing quantitative evalua-
tions of displays from the viewer's standpoint. This is, of course, re-
lated to his foregoing comments about subjective and physical contrast.
He supports his position by showing that subjective contrast curves can
be related to the MTF for different luminance levels (Fig. 19). 1n short,
Clauer's goal is to find a convenient way to measure the system and its
components, and also, to describe quantitatively what this means to the
observer.

SC' = Subjective Contrast

SC = Subjective Contrast
at 20 ft L (for com-
parison)

C'T = Contrast Threshold

MT¥ = Modulation Transfer
Function

CONTRAS!

C'sr = Suprathreshold Modu-
lation curve (obtained
SPATIAL FREQUENCY (CYCLES/MILLIMETER) by subtracting the C'T
curve from the MTF
curve)

Figure 19 GRAPHIC CONSTRUCTION OF SUBJECTIVE CONTRAST AT 300 FT L,
\Adapted from Clauer, 1966)
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We believe that Clauer's approach has merit and should be evaluated fully
in connection with E/O displays. The notion that subjectively perceived
contrast is more important than physical contrast (Z.e., the objectively
measured difference in stimulus magnitudes) may be of considerable value
in determining the proper spacing of gray tones for displays which use
this as a coding dimension. The fidelity of the MTF and corresponding
subjective contrast may also serve as a useful way of 2valuating displays
which present televised displays of the real world for the purposes of
weapon delivery, reconnaissance, or low level contact flight at night.

Shades of Gray

The presentation of shades of gray on a raster display is onme of the more
vexing problems of display design. It has been touched upon in Chapter IV
in connection with coding dimensions and earlier in this chapter in the
discussions of luminance and contrast. The problem centers about two
questions. How many gray tones are needed or usable? What should be the
range of the gray tone scale and the spacing of intervals within it? Un-
fortunately, the answers to these questions are elusive and, if found,
subject to qualification,.

For the direct view raster displays analyzed in this study, seven to ten
shades of gray are specified., Although no display actually makes use of
the full ten-shade gray scale, this figure seems representative of what
designers and users believe and manufacturers accept as a suitable maximum
for displays which use shading as a coding dimension. On the other hand,
work by Miller (1966) and Alluisi and his colleagues (1957) indicates that,
insofar as shading is a coding dimension, six or seven shades of gray is
the maximum usable number, More recently, Slocum, ¢t al. (1967) alsc sug-
gest seven as a practical number of gray scale steps, although they do not
indicate the empirical grounds for thelr opinion,

The dif ference between seven and ten is not as trivial as it may seem., If
we assume a 100 per cent contrast between adjacent shades of gray and a
value of 4 ft L for the lowest shade of the scale, a seven shades of gray
display requires a luminance of 256 ft L for the lightest shade. A ten
shades of gray display would require over 2000 ft L for the lightest shade.
That 1s, a ten step scale requires a maximum display luminance which is
eight times more than a seven step scale, C(learly, the range of the scale
and the number of steps makes an enormous difference in terms of hardware
design and reliability since, generally, the higher the level at which the
CRT 1s driven the shorter the tube life,

The foregoing example is admittedly simple. Many other factors must be
considered, but most of them tend to indicate that even higher maximum
brightness levels would be required., The earlier discussion of the modu~
lation transfer function indicates that, at the higher luminance levels,
greater than 100 per cent contrast might be required between adjacent
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shades of gray. The use of protective filters reduces overall display
luminance and, therefore, might require a generally higher luminance
level to insure that the display will be usable in high ambient light
conditions. The contrast ratio of 100 per cent in the above examples

was chosen somewhat arbitrarily. Some research findings (e.g., Hanes and
Williams, 1948) suggest that - for radar displays, at least - an even
higher contrast ratio is called for, perhaps as much as 250 per cent, A
study by Ketchel (1967) indicates that factors such as symbol size, adapta-
tion level, symbol 1'minance, and the use of a sun visor may combine

to produce a situati a in which 100 per cent and, at times, 250 per cent
contrast is not adequate, In fairness, it must be pointed out that 100
per cent contrast may be too high. A study by General Electric (1961)
states that 85 per cent 1s adequate for mogt visual tasks (our italics).
In short, adequate gray scale contrast varies greatly depending upon the
viewing conditions and the observer's visual task.

In practice, the shades of gray problem usually comes up in connection with
one of three types of displays: a VSD with stylized symbols, a terrain
avoidance display which uses shade coding for range, or televised displays
such as LLLTV or certain TV missiles. A closer look at each of these appli~
"3 - may serve to clarify the problem and to suggest practical methods

+f resolving it.

For VSD symbols six or seven shades of gray are normally used although,

as noted above, it is not unusual to find as many as ten called for in
specifications, The problem here is not how many shades but, rather,

how to provide adequate contrast between symbols and background to insure sym-
bol legibility and to avoid washout effects in high ambient light conditions.
It is possible to achleve this through judicious selection of shades for
each symbol or class of symbols. For example, critical svmbols such as

a steering symbol, impact point, or command altitude index should be
brightest and have the best contrast with the general display background.
Since these symbols are normally viewed against an artificial sky and

ground plane, the latter display elements should be dark, 7.e., at least

two or three gray tones darker than the critical symbols. Less important
display elements, such as ground texture which is used primarily to enrich
the background or to provide qualitative contact analog cues, need not

have such high contrast.

In most cases, it is fairly easy to decide which symbols are of greater or
lesser importance and to assign gray scale values accordingly.,

In some circumstences, however, it may not be possible to control the back-
ground against which the symbol will be viewed., That 1is, the symbol may

be free to range over the entire display and thus be presented against
geveral different gray tones. A common solution, here, is to have the
symbol carry its own high contrast background with it, Z.e., to enclose

the symbol with a border whose shade is several gray scale intervals removed
from that of the symbol. This technique is often used with alphnumerics,
which are presented as a bright figure inside a dark box. By this method
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it is possible to obtain symbol/ground contrast on the order of several
hundred or even thousand per cent,

Some terrain avoidance displays employ a quasi-VSD format in which terrain
contours are presented in azimuth and elevatiens and the range to these
terrain contours is coded by gray tones. The terrain avoidance display

of the A-6A ADI is of this type and will serve as an instructive example.
The A-6A ADI 1is capable of presenting ten distinct shades of gray. These
are used to represent ranges from 1/4 tc 10 miles ahead of the aircraft,
with the range intervals becoming larger as the range to terrain increases.
Through simuluation and flight test it was discovered that only about 5 or

6 of these ranges (and, hence gray tones) were of use tu the pilot, who
tended to concentrate on the terrain closest to the aircraft and disregard
range information beyond 3 to 5 miles ahead. In this case, it was possible
to reduce the number of gray tones and widen the interval between them
thereby achieving a better match between information content and symbology,
increasing the contrast between adjacent shades of gray, and relaxing hardware
requirements. The point, here, is that analytically derived requirements
must be verified through simulation and flight testing of prototype equip-
ment. The variables studied should include the number of gray shades,

the amount of contrast, the number of intervals to be encoded, and dynamic
effects such as speed, altitude, vibration and wind gusts.

For televised presentations such as LLLTV or missile TV, the problem is

to achleve a realistic or at least readily interpretable rendition of a

real world scene. This is one of the most demanding tasks yet required of
E/0 displays and sensor systems. In part, it is a problem of resolution,
which is discussed elsewhere. However, the resolution problem is complicated
by present sensor-display system limitations and, in the case of LLLTV
particularly, by the inhereantly poor visual quality of the real world scene
under low light conditions. In terms of gray scale rendition, the problem
manifests itself in a need for a relatively large number of distinct gray
tones (Z.e. 10 or more) in order to compensate for sensor inadequacies,

Something on the order of ten shades of gray appear to be needed for the
presentation of realistic TV images, at least insofar as commercial
television is concerned. However, it is by no ineans certain that commercial
quality televigsion is adequate for the specialized purposes of weapon
delivery or night reconnaissance. The required number of gray shades and

the minimum acceptable contrast between tiem have not yet been adequately
fixed by research. Perhaps a wide latitude exists in terms of gray shades

if resolution requirements are suitably handled. The interaction effects

of these variables are not certain. Research should alsc include a more
penetrating analysis of existing literature pertaining tc TV detection ranges
and experimental testing of various combinations of imaging chain components.
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FILTERS

One of the most serious problems with direct view displays is protecting
them from washout (loss of contrast) in high ambient light. There are
several techniques and devices which have been found helpful for this pur-

pose.

The two most widely used are ti.e micromesh filter and the circular

polarized filter. However, before examining these, let us glance at some

of the other techniques for improving display visibility and comment briefly
on their suitability and limitations,

1.

Neutral density filters - These are transparent devices that

reduce the intensity of light transmission without changing the
color of that light. Used as protective devices, neutral density
filters reduce display luminance as a function of their density,
i.e., the percentage of light that they are designed to tramsmit.
Incident ambient light, however, is reduced both on its way to the
display surface and again as it reflects back from that surface.

As separate devices, neutral density filters are not generally

used for displays because they are relatively inefficient, But,

it should be noted that neutral density effects are provided by

any density agent interposed between the viewer and the display.
For example, blackening on the inside surface of a CRT, for
suppressing halation, creates a neutral density effect, The micro-
mesh filter, in addition to blocking light at certain incident
angles, also acts as a neutral density medium.

Direct view storage tubes - This is a brute force method of increas-

ing tube brightness to levels which are high but still somewhat
below that attainable with conventional CRTs. Pizzicara (1966)
advises that brightness levels of 200 to 4000 ft L are typical for
direct view storage tube operation. He also notes that a conven-
tional 5-inch CRT costs about $50, while a direct view storage
tube can cost $1,000 or more. Aside from cost, these tubes tend
to be more complex, to present problems in matching persistence to
display up-date requirements, and to have marginal resolution and
gray scale rendition,

High brightness CR1s - Carel (1965) points out that the high bright-

ness direct view CRT has been the generally preferred approach
throughout the years. He 1s optimistic about the development of an
8-inch diameter direct view CRT opevating at 30KV, giving 1000 line
resolution, and with highlight brightnenses {n the 20,000 ft L
region.

At the present state of technology, high brightness CRTs pose ser-
lous questions of cost and reliability. There is also a point of
diminishing return at which higher voltage will not yield a propor~
tional increase in brightness. Further, with present phosphors the
danger of phosphor burn iIncreases with higher voltage beam currents.
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Fqually dmpovtant, wxperience with opocational avionles displays
watng convent tonal CRTY with 15KV power supplies has shown that the
stringent environmental testing requiremeints of MIL=-E-5400 are
diftricult to meot,  Ono can casily envigage how much greater

the problems would be in producing, at a rcasonable cort, o re-
Liable Wigh brightaess CRT display uystem which offers signifi-
cantly preater bhrightuess and resolution than present displays,
onpevially when this may require a subatantial {ncrease in the

Wigh voliage powetr level

Nen=rotlecoing phosphor = For both EL and CRT displays the pre-
supvation of contrast by using non=veflecting phosphor is bheliev-
ed to be oan etfective technique.

The non=veld lecting phosphor approach to El displays seems to be
vapeclally promising since kL luminance intensity s character-
int{cally low, Other filtering methods, which may block 70 per
cent or more of disp’ luminance, would be a serious handicap

in UL displays,

Non=linear optical ilters = This techinique makes use of Stokes
lnw to exploft the characteristic of irreversible wavelength
shitts common to lumivescent matervials (Lally, 1966). The tech-
nique i also called the diode of fect,  Without golng into detail,
the principle of Stekes' Law is that luminescent materials absorb
v gy ot some short wavelength and ve-emit {t at a longer wave-
tengthy By using the proper filters, Lally proposea to hlock

and absorb most broad spectium ambient light before it can reach

a retlecting surface,  The display generated short wavelength
Light, sowever, passes through a long wavelength blocking filter,
ts then vonverted to a longer wavelength by a fluorescent layer,
and tinally exits through a shore wavelength blocking filter,

Although this technique svems promising, it has not, to ovur know-
ledge, been thoroughly compared to other techniques or evaluated
in high ambient light environments., We are, therefore, not able
to discuss the Hmitatfeas which may become manifest,

Fiber optic taceplates - These are consldered cffective but are
excussively costly for large displays.

In this technique, thousands of tiny light transmitting fibers
are cut to a specitied length, are bonded together, and are
packaged into a houneveomb configuration similar to that of the
micromesh filter, Advantages of this filter technique are that
transmission is relatively high for display generated light and
multiple laminated layers are not needed (as they are in micro-
mesh filter designs).

Ora of the manufacturing difficulties asdoclated with fiber ovptic



faceplates is that in order to make large fiiters (e.g., 5 inches
by 7 inches) at a reasonable cost with available equipment, small
component sections (Z.e., smaller filters) would have to be bonded
together. This presumably would cause visible lines to appear
between adjacent component sections, Whether or not such lines
would be noticed by a pilot or degrade his performance is not
known, nor is it known whether manufacturing techniques and equip-
ment could be devised to allay some of the problems.

7. Photochromic materials - The Corning Glass Company has developed
a process whereby transparent materials can be made to darken
upon exposure to light. The process is completely reversible,
but the restoration to full transpar:ncy ucually takes longer
than the initial darkening. Glass or plastic 1s impregnated with
silver halide compositions (Justice and Leibold, 1965), or some
other chemicals which darken upon exposure to certain wavelengths
of light. Temperature also affects the process in terms of the
speed of response, thus providing a se:ondary means of control.

This approach to the cockpit high ambient problem has herdly
been explored although it shows promise. Certain aft sectionms
of a canoupy might be darkesned automatically and/or be placed
under pilot control to reduce over-the-shoulder direct incident
light on critical display panel areas. The process also has ap~
plication possibilities for atomic flash protection.

The above list is not intended to be a complete summary. It merely high-~
lights some of the more promising or better known techniques for display
protection in high ambient light. The two most popular techniques, the
micromesh and circular polarized filters, are discussed in greater detail
below.

Micromesh Filters

This type 1is sometimes called a honeycomb, grid, or directional filter. It
is made up of finely perforated metal plates laminated between layers of
glass. The filcer thus consists of thousands of tiny transparent cells or
holes. Incident light striking the filter parallel, or nearly parallel, to
the axis of these holes is passed; light striking at more oblique angles of
incidence is blocked. The incident angle at which light is passed, called
the cone of acceptance, is determined by the diameter of the holes and their
depth. Usually the cone of acceptance i1s on the order of #15° from normal,
Since the blocking effect operates in both directions, 7Z.e., for light emerg-
ing frou the display as well as for ambient light, the filter creates a

cone, in which the observer must keep his head, in order to view the display.
While it might be expected that this would limit the range of observer head
movement, in practice this does not usually prove to be a serious restric-
tion since a 30° cone (¢15° from normal) offers considerable freedom of
wovement (+7 inches or so) at the customary 28 inch viewing distance.
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A more significant practical consequence is that the use of a micromesh
filter prevents side-by-side observers from sharing a single display.
There seems to be no simple solution to thie problem since opening up

the acceptance angle of the filter to a point where both observers can see
the display also renders the display vulnerable to ambient light and
washout effectgs. The problem can most easily be resolved by providing

a display for each observer or by using some other type of filter.

Of more importance is the fact that display luminance is considerably
reduced by the neutral density effect of the filter, only 25 to 30 per

cent of the available display luminance being transmitted. The majority

is sacrificed to preserve contrast. Better transuission might be achieved
by improved design and manufacturing techniques, but such speculation is
beyond the scope of this discussion. We suspect that transmission could be
improved without degrading efficiency if sufficient effort were directed

to this end.

It is sald that the micromesh filter produces a slight reduction in resolu-
tion. While this may be true, we have seen no evidence that this is of
practical significance for the majority of display applications. Any sigui-
ficant loss of resolution would presumably be for a display which required
extremely fine reading or for a system with unusually high resolution
characteristics. Neither circumstance is true for the ordinary VSD.

Micromesh filters, and for that matter any other cockpit glass or trans-
parent plastic surface, should have antireflectance coatings on each reflecting
surface to reduce specular glare, It gshould be noted that such coatings

block visible wavelengths of light, but not necessarily infrared or ultra-
violet., The canopy may block much of the shorter UV wavelengths, but it has
comparatively little effect on IR, and the pilot - theoretically - can be sub-
jected to some impressive doses of IR without knowing it. Unfortunately,

the most serious consequences of overexposure to IR are irreversible. Such
damage may result either from exposure to very high intensity levels or

more moderate intensities over long periods of time. Retinal burn uand partial
blindness can result without the victim being aware of it since the retina
contains no pain sensing nerves. We have seen no reports of pilot diffi-
culties in this area, and the problem may be of no practical consequence

for most aircraft. However, as the operating altitude of aircraft increases
and the attenuating effects of the atmosphere lessen, the danger becomes

more real.

Circular Polarized Filters

The following descriptive and illustrative data are provided by the Polaroid
Corporation.

Circular polarization makes use of a linearly polarizing filter plus a

quarter-wave retardation sheet, which has its axis oriented at 45° to the
transmission direction of the linear polarity. This configuration "twists"
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the light so that vibratlons leaving the retardation filter form a helix
of right or left circularity in two axes, slow and fast. The effect is to
create a retarded beam one quarter out-of-phase with that of the other
axis.

When a circularly polarized light ray reflects from a specular surface,

a reversal in helical rotation occurs., On re-entry through the quarter

wave component, the change in direction and rotation results in an additional
quarter wave shift, The total phase ghift results in transforming the
reflected circular polarity into linear exit polarity, oriented 90° from

that created initially. Since the linear polarizing filter will not trans-
mit light 90° off axis, it blocks the reflected ambient but permits display
generated light to pass.,

Linear Retardation CRT or EL

Polarizer Sheet Phosphor
Light ) ) 7
Unpolarized p )
olarized Reflecting
. * Linear Surface
1 B Polarized

[
...B." \ Right Circular
/ ( '%
< Incident
Ny

Y
ay

r
n“.

3 W"Reﬂected
1 ) \< -
‘E g. TPIN Do

t

Polarized
Linear \

No Light »

Linear Polarizer Layer 4+ Quarter Wave Layer = Circular Polarizer

Figure 20 A CIRCULAR POLARIZER

A circular polarizer is a "sandwich" consisting of a piece
of linear polarizer bonded to a quarter-wave retardation
sheet oriented at an angle of 45° to the transmission
direction of the polarizer. This schematic diagram snows
what happens as light passes through.

(Adapted through courtesy
of The Polaroid Corporation)
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The bloeking effect ia moat pronaunced when the verlecting surfdce emils
specular reflectionn, Hecaune phosphors tend 'o emit hotl upseular and
non=apecular (depolarining) veflectiona, the amaunt of amhient wanhaut
proatoction varles an A function af thir factov,

The phyaical propevties of Polaveid Corporation plaatie and alann laminated
polarisers reatrict applicationn te a temperature vange of =78°F (=60°C)

to + 173°F (+ 80° &) with shert permiaaihle expasuren to 00°F, Rtabllivy
ia not guarantesd at operating temperatures aheve 175°F, Palaviaevs ave
alao affected by a vombination of high relative humtdity and tempsrature,
Palavigation diminishes with time of expowuce te high intennity MV gadia=
tion. The effecta of IR and N-rava are nat sapeeified,

Comparative data svem to indicate tuat pulaviaeya arve not aupsrior to mievos
mean or neutral filter devicea unleas apeculay reflections ave of aignifi=-
cant importance, In aa far an thia (epurt {a concerned, f.¢,, far antiei=
nated E/O display standards, compelling vessvns cannot he {dentified to
qualify one protective devics over another, The matter aheuld he left

to the discretion of the diaplay designer, aiv frame manufacturer, ar huyer,
A fiat from a standarda group {8 noi warvanted in thia {pstance,

Trichroic Color Ffepavatlion Filtevs

Az indicated sarliev (n thia chapter, CRT luminanee requirements can be
conaidervubly relaxed hv uring trichrof{c coatinga on head-up diaplay com=
binera (Felley «t ol,, 196%), Such an application haw baen [light tested
and approved far the F-1118 head-up display, Testl pilota repurted that

they could track an ordinary stav across the windshield aud combiner without
noticing a pronounced losa of hrightnesa when viewing the stav through the
combiner. Thev concluded, on subjective evidence, that night vision was net
seriously degraded by the coating Leing flight Ltented,

A trichroie coating 1{s a thin film depoatt which reflecta a narrow wave-
length band of energy (:.g2,, % millimicrons wide) while tranamitting
moat of the energy at both longer and ahorter wavelengtha,

When the filtered notch ia designed to vremove the apecific wavelengtha of
light which match the display phosphor color, v,g., P 3] green centeved

at about 525-millimicrons, the contrast enhancement of the display ia quite
pronounced, The following descrihes what occurs:

1, Only a apecific, narrowly defined, veal world green color hand
iz blocked., The world still looks gresn hecause other green wave-
lengtha paas through the ccmbiner,

2, The display cclor which i{s projected againat tne comhiner from
the interior side is reflected hack to the pilot in atrength,
It seems all the more vivid hecause litkle matching real world
green is present to degrade it,
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3. he tvanasiasion of ather vavelengthe of light in net
vaiatdeved to he serlounly degraded. Tranamisaion Yer
theas waveiengtha i on the avder of 10 par venty, Pitala
wef, af course, leeh avaund the sambiner LT they sa denire,
hit a need to de ae in net antlelpated,

Availabnle evidenee indieates thae tviehvele vantinga are hath apprapriate
and denirable for head=up diaplay eantvast ephaneement, They ave aatid
e meet NiL=P=07% envirenmental test vrequirements,

SAT Raliability, lubg Lt and Piv mher Juxn

Hubner and Bloae (1964) ewphaniae the iwportance of avienien display
veliability in tnele veport en =111l flight uwvaluations of the V/HUD
displaya, e aupport theilr viww and veuld advise againat any brute fovue
or oathey aueh teehnique thar geriaualy deavaden veliabhility, Wherever
Apprepriate the tvend ahcuid he .awerd redueing pewe?, weight, ceat,

and complenity and enhaneing roliabiVity,

An nnted ahove, Kelley's vepart indieaten that trichreic coatings might
vwell he uaed *a relan CXT autpul demara ‘e preblem ta Lhat we are not
you able ta asitun weiyhta to tiw var »un factora fnvulved, or to {dentify
eritieal viewsnta veioted to them,

Ptalin) (196.) dincusson the aging of phoaphera and ahows that aging data
can be veprisented o a Jival appronimatien byt

Lo 04 e

» {nitial {ntenaity

= aged intenuity ,

» burm parametev, cm”

= pumber of alactrsm
deporited per cm

wh:vel t

- e Rod=1

Three pluta are ahown {n the riport to {llustrate the applicability of
the expression [ = [, (1 + CN) " to vepresdent phonphor aging curves. Two
versions of ¥ 4 phoaphor and one P 19 curve {ndicate that a straight
line linvar velationahip {a produced far some phoaphora by the indicated
expression. In chese examples the ordinate ia (I13/1)~1; the abaclsna ia
coulomba/emé,
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REPRESENT PHOSPHOR AGING CURVES

(From Pfahnl, 1961 by permission of Pergamon Press,)

Pfahnl notes that the burn parameter C as defined by the equation is a
measure of the rate of dastruction of the luminescence. He defines 1/C

as the number of electrons necessary to reduce the intersity of the
luminescence to one-half of its initial value. Table I of the Pfahnl report
indicates chat 1/C (expressed in Table I as the number of coulombs/cm
necessary to reduce I to 1/2 Ig) is 104.0 for P 1 type phosphor (10KV
excitation), a value much higher than shown for the other phosphors rep-
resented, Unfortunately, P 20 and P 31 data are not given.

These data verify the suitability of P 1 phosphor for head-up display and
other high intensity applications, But, even more interesting is the
ahsence of sharp inflections in the curves, However, these plots do not
extend beyond 100 coulombs/cm?, and we are not apprised of their shape at
higher levels.

Pfahnl has this to say:

"The exact mechaniam of agtng 18, tn moat of tne
aaces, not well widerstood. It must be {nvestt-
gated sepamitely for each matertal. Conclusions

aan be Infermed only from the results of several

A pferent tupes of meagurements made be fore and
after ‘rradiation, suoh as light emisgion efficiency,
tharmo luminecoence, dielrctrio constant, conduc-
tieity, eto. The mechaniam of the aging pwwcesses
Jor tupioal grows of rhoaphore is, nevertheless,
gqualitatively vaplainable.”
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Although we do not purport to be expert in this area, the evidence

seems to indicate, and Pfahnl agrees, that investigations along the lines
of his report would be fruitful for higher intensity levels. More
specifically, assuming that a more penetrating search of the literature
does not reveal the required information, a study should be funded to
determine the shape of aging and burn degradation curves for those phos-
phors likely to be used in avionics displays, particularly the head-up
displays. At least the green phosphors, P 1, P 20, and P 31, should be
evaluated. The objective would be to determine the relationship of tube
operating level to phosphor burn and tube life degradation. If the rela-
tionship is sharply curvilinear for a given CRT phosphor at some intensity
level, an effort could be made by the display developer to design controls
that are helpful in keeping tube output below identified sharp inflection
points. Such data would be useful in selecting the proper combiner coating
after the desired CRT output had been established. Thus, an intelligent
tradeoff could be effected to provide adequate day and night vision. TIf
the curves do not exhibit sharp bends, the information would still be use-
ful in estimating half-life degradation, failure rates, and so on.

Electroluminescence

One of the most important psychophysical factors in the E/O display field
is determining adequate display brightness and contrast under a variety
of ambient light conditions. A display that cannot be seen is useless.
The problem is of particular interest to those concerned with the feasi-
bility of solid state displays.

In diccussing the intensity and effective life of EL phosphors, Peterson
(1966) advises that EL phosphor improvement is not a promising means to
achieve acceptable display readability under daylight ambient intensities.
He concluded from a study in visual perception (presumably done at the Air
Force Flight Dynamics Laboratory, WPAFB) that low emission displays can

be seen in daylight ambients if they have acceptable contrast.

Peterson reports that, for a pilot adapted to 3,000 to 5,000 ft L, only

3 to5 ft L of emitted light against a dark background is necessary to
produce a usable display. Using high contrast filter techniques (the
"hi-con' display), a mere 1.3 ft L afforded immediate accurate viewing of
a simple numeric readout. This compares to a requirement of 36 ft L for
an unfiltered EL display, Subjects in the above study were adapted to
5,000 ft L for 30 seconds, and the displays were flooded with 1400 ft
candles of incident light.

Peterson does not specify required EL display contrast and brightness
under the 10,000 ft C of incident light which we proposed earlier as a
standard for evaluating cockpit display visibility., It would be most
valuable to determine such data in controlled evperiments. Peterson's
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subjects were merely required to read a series of numbers generated on
an EL panel. Stroke width, visual angle, fatigue, vibration, and similar
variables were not systemmatically studied.

The report cited earlier (Ketchel, 1967) concerned a raster CRT display,
but it generally supports Peterson's findings. To summarize briefly,
Ketchel's subjects were exposed to either 5,000 or 10,000 ft L of adapting
light and were required to identify a 23 minute symbol. Independent
variables included: wearing a pilot's visor, display clutter, and, in
some cases, a symbol size reduced to 15 by 5 minutes.

It was found that surprisingly low symbol luminance intensities and low
symbol to background contrast ratios can be tolerated under laboratory
conditions without introducing reaction time latency effects. Such prac-
tical considerations as task loading, vibration, and fatigue were not
studied.

Following the Hanes and Williams (1948) work on radar display visibility,
Ketchel used both a fixed contrast ratio of 2.50 and varied lowev contrast
levels. He generally concludes that the adaptation problem is not as
formidable as are the washout effects from direct incident light. Merely
wearing a 90 per cent blocking visor effectively minimizes the adapcation
problem and yet permits comparably reduced symbol intensities to be seen
across the range of values examined.

A recent report by Soxman and Hebert (1968) describes a high contrast,
solid state display which makes use of a vacuum deposited EL thin film
that 1s essentially transparent to ambient light. This permits a dark
field structure to be generated for contrast enhancement, While test-
ing of this display is still in process, preliminary results indicate
that display readability can be maintained for a few thousand hours
under ambient lighting conditions of several hundred foot-candles and
perhaps more, even though the luminance output of the device 1s in the
1-10 £t L range.

Although it is perhaps too early to predict that solid state devices will
replace CRT's for certain head-down displays, such conjecture is not en-
tirely unwarranted. Adequate luminance intensity, resolution, and packag-
ing have traditionally been the shortcomings of EL displays, but the re-
ports cited above suggest that these are being overcome, In terms of
weight, power requirements, space, replacement cost, and reliability the
EL display may offer some advantages over the CRT. All these, however,
are matters of technology and hardware, which are not in our purview,

Our concern is with the readability of such devices when used as aircraft
displays. It would seem that EL displays offer promise and that develop-
ment is proceeding rapidly in this area, It also seems that those con-
cerned with standardization should retain an open mind on EL display
luminance and contrast until more research data are available. In this
regard, it would be interesting and helpful to have data on pilot per-
formance using a conventional VSD raster display in cumparison with
performance using a similar display of the EL type.
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FLICKER

Critical fusion frequency (CFF) can be defined as the rate of change in
the luminance intensity of a visual stimulus at which perceived flicker
extinguishes and a smooth fusion occurs. The rate changes as a function
of at least these variables:

@® increased absolute brightness,
@® the age of the subject,

® the difference between brightness levels of bright and
dark stimulation phases (Z{.e.,, the size of the increment),

@® certain changes in the on/off duration ratio (e.g., phos-
phor persistence changes),

® wavelength of light,

® size and location o the retinal area stimulated.

CRT's tend to create flicker because the raster and images are written
and rewritten by a moving spot of light, thus creating bright/dark cycles,
The electron gun must rewrite ('.<,, refresh) the image at a specific
minimum rate, given certain existing conditions of luminance, to provide
a picture perceived as fused or flicker free,

Poole (1966) states that carly commercial TV testing led to the adoption
of 60 fields per second at luminances up to 180 ft L for flicker free
perception., He also advises that lower frequencles may be acceptable
for some applications as a compromise., However, displays whose refresh
rate is under 20 cps are sald to he extremely annoying.

Other authors have diverse opinions about the shape of the CFF curve at
high frequencies and luminance intensity levels. Morgan (1965) notes
that the CF¥ varies from 2 or 3 cvcles per second at very low intensfties
to about 60 cycles per second at high iIntensities. See Figure 273.
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Figure 23 ANALYSIS OF THE CURVE FOR FLICKER DISCRIMINATION

(Adapted from W.J. Crozier and E. Wolf. Theory
and measurement of visual mechanisms, 1IV. Crit-
ical intensities for visual flicker, monocular
and binocular. J. gen, Physiol., 1941, 24,
505-534. By permission of The Rockefeller In-
stitute Press.) Cited in Morgan (1965).

Underwood (1966) cites data from Lloyd (1952) and notes a regular increase
in CFF up to about 45 cycles per second.

Foveal stimulation levels off at this point while peripheral stimulation
begins to reach asymptote at approximately 50 cycles per sccond for a
stimulus suhtending 2 degrees of visual angle.

Graham et al., (1965) points out that visual summation effects occur over
arvas in the periphery than in the central retina and thus alter the rela-
tion of CFF to retinal locus for different test field slzes. For a small
test field, ¢.g., 12 minutes, CFF decreases over a wlde range of luminances
as the stimulus moves away from the tovea. sut y for lareger test field
areas CFF may be higher in the periphery than in the fovea, even at relat-
ively high luminances., The phvsiological reasons for these effects are

not entirely understood,

Carel (1965) reproduced some CFF curves from Schade (1948) who showed
the flicker threshold to be dependent on the ratio of viewing distance to
screen diameter (/..., the visual angle subtended by the display), the
fieid rate, and phosphor decav characteristics, Carel notes that although
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Schade's curves imply that CFF keeps increasing with brightness, other
data show CFF dropping off or reaching an asymptote in the vicinity of
60 cps.

Although the issue is not wholly resolved, certain values can be consid-
ered as reasonably safe approximations for standardization. In the case
of head-up displays, where the background luminance is of high intensity
and the display consists of discrete lines rather than a complete raster,
CFF tends to be lower than it would be if a raster display and a dimmer
background were used. One head-up display, having a refresh rate of

45 cps and a writing rate of 660 microseconds, has been flight tested
without evidence of annoying flicker. 1In this instance, the green P 31
phosphior is of medium-short persistence, and the display subtends a 12°
area of wvisual angle.

For a raster display with 2:1 interlacing, a repetition rate of 60 cps
should be standardized. This is comparable to commercial TV values
{Crob, 1964, Poole, 1966)., For a line written head-up display a lower
rate can be standardized (o.g., 50 to 60 cps). However, the standard
should not be rigid for all applications, but rather a reasonably firm
gulde to acceptable values.

A problem that arises in this area i{s that line written displays some-
times require the trading of brightness and display content for writing
time. If the refresh rate is too high, the amount of symbology or the
intensity of symbol luminance may be undesirably constrained. Therefore,
the display designer should be allowed to deviate from design goal values
if necessary. However, the burden of proof that a deviation does not
create noticeable and annoying flicker should then rest with the dispiay
designer.

The choice of protective filter(s) also relates to CFF giunce directional
filters can block adjacent seat exposure to display luminance. Thus, if
the co-pilot becomes annoyed by the pilot's display or the reverse, a
directfonal filter can be considered as a means to elimlnate peripheral
flirker, Although the literature is not conclusive about the exact shape
of (he high frequency and high luminance part of the CFF curve, we do not
anticipate that the refresh rates which are recommended in this report will
create objectionable effects.

Please note that threshold CFF and annoying or distracting flicker are not
necessarily the same thing. The important factor is not at what point
flicker just becomes apparent to 50 per cent or 90 per cent of a given
population, The practical criterion is at what point does it become so
noticeable that {t is annoying or begins to affect performance, induce
fatigue, or create similar deleterious effects. This value is a bit more
elusive, but the recommended frequency levels of %0 cps for head-up, line
written, and 60 cps for head-down, raster, displays should be quite adequate.
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Before leaving this topic, the role of phosphor persistence characteris-
tics in determining CFF should be mentioned. Turnage (1966) reports that
much of the published data on flicker do not apply to CRT display design
because they do not take phosphor persistence into account. He advises
that the CFF for a phosphor-human system is reduced substantially from CFF
values for dissimilar light sources., The following table shows how the
seven phosphor types used in the Turnage study are ranked in terms of their
ability to reduce flicker at the 100 ft L display intensity level.

TABLE 21 RANK ORDER OF SEVEN PHOSPHORS ACCORDING TO
FLICKER CHARACTERISTICS AT THE 100 FT L LEVEL

PULSE MODULATION DATA
PHOSPHOR CFF in cps
P 12 32 (least flicker)
P 7 43
P 1 43
P 28 46
P 4 47
P31 51
P 20 54 (most flicker)

(Adapteq from Turnage, 1966)

These data indicate the P 1 has an advantage over the P 31 and P 20 phos-
phors for use in E/O displays because of {ts less pronounced tendency to
cause flicker.
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RESOLUTION

Resolution can be broadly defined as a measure of ability to delineate
detail or to distinguish between nearly equal values of a quantity. Carel
(1965) points out that there is no universal understanding of the precise
meaning of the term. To illus:rate the variety of meaning, he lists nine
measures of resolution which range from radar resolution to ground target
recognition. He also provides a table of reso’.ution requirement« for
pictorial displays which is based on estimate. ideal values. Carel's
table is reproduced on the following page (Table 22).

Our purpose is not to present a detailed discussion of various types of
resolution, generation techniques, conversion formulas, and the like, The
Carel report has already covered this ground thoroughly. Our concern is
to sample the evidence, specify the generic problems, outline the gigni-
ficant factors, and make whatever recoumendations seem appropriate.

For convenience,R/0 display resolution may be divided into a few broad
areas by the following categorization,

1. Display generation constraints or limiting factors,
such as field of view, display slze, viewing distance,
sensor and system component limitations, the resolving
power of the eye (or an acceptable limiting criterion),
wnd special weapon delivery requirements,

2. Recognition of ground objects.

3. Alphanumeric symbol generation, such as symbol size and
the required minimum number of raster lines for character
rendit ion,

4, Multisensor display considerations which relate to the

diaplay of ifatormation from two or more sensors on a
single monitor,
5. Linc written displays,

It seems evident trom the dftferent types of resolution, the varifety of
measurement techniques, and the tablulated estimates of display require-
ments, that a single resolution value should not be specified for standard-
ization across 211 display tvpes and for all display uses, This is not to
say, however, that some compromise values cannot be reached for certain

classes of displays. Carel (1965) recognizes this problem and cites his
table of estimated display values as an example of "g tpemendous oonflict
I opequiremente s i w i it T wee o f the dlaplay,”  He also
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staten thal a stngie deapiav dovice ohileh natintied all vequl renenty
wauld, iRdead, R @ lursuleen ashiovenent,

Althaugh Cavel supguats 10uY Lines of ﬂlquaé Menlutian ax 4 ganiral
SompraRlae hutunen what Ia aqrrontly svallabhle and what he entimaten Ve

be nosded, he deon net »ake o full presantation of the evidenes te support
suvh nenda,  He ave ReE Implydng that Savel deen nav wpselfy the hasts lew
hlo eatioaten, o7 ThAT ENC Q0RimAkRd aTe net gosd onas. Mo do sugpeet
that the human petfarmanes ponalties ve bo pald for vielating veselutter
Nuivenante are genevally Aot well dequmanted in tha livevatues,

Caral does valate the veenpnivian of greund targeis to gertato reselution
Paquivenenin,  This v & weeiul parformante eritetion, dSimtlarly, Bhurtleft
(1087) velatan avwhal svae and ausber ot restev iines » apeed and aceuraqy
wi apiel tdentifieation, Theane are alne usealul perfeormance eriteria,
Hosowar, what are the panaltien L0, fov examplin, we previde enlv 0V
vartical vaater Minew wien M0 ap 100U ave sald te be needed? Arr the
penatiios fep degraded resnalutian af raughly squal sevecetny for differ-

ont elasaes of diaplava aud nisaion taska! We aaayme nutg bhut, Lo

maRy situatians, we ave farcod te speculate an to yvha intevaction of dia-
play vaviavles and the sevevity of vesulting pevfovmance degradation.

Qup paint (e thal heve, As in othes areas, the displey eharasteriatie
should he gelated to vaiic muaaures of human pevformance within the eon-
atvalntad of a vealistic envivonment, In this wav we can hoth prediet
man-machine pevfaymance aid estimate the aptvleality or aceceptahiliny of
hardware: related deficton:ius, Ve can wake intelligent design tvaduoif
deciaions wo that veliability, cost, and avatem elifsctivensas are given
prupsr conantdevation, ;

Vertical and Mevfaantal Resolution

Variod detinitionn notwithatanding, 1t {n popular to discuaw reater geneva-
ted ES dlaplay vosolution in tevma of the total number of vaster lines,

or tn tevms of vanter lines or picture elementa pev inch, In those dis-
plava that have the same vesolution as commercial TV, vertical resolution
ta spacivied av 523 total raster lines., Blanking ov fly=back time vses
ahout 1) of theae linea thereby veducing the total numbher te 300 active
lines for one frame (f.e., wach laterlaced field has 230 active lines).
Total active vaster lines (309) divided by 8 inchea (total rvaster haight)
Jlelds a vertical resslution of A2 linew per inch,

On the other hand, horisontal vesolution for rester gensvated K/0 displaye
in calculated by multiplying wctive seanning time, {n mtorosecondy, by
tanduwidth, in megacyclea, and their product by a multiplier of &, The
multiplier 2, which is haste to sll informatiern content enuations, is nee=
essury bacause vach tycle has a maximum and & minimum scate, which {n the
case of video means alternare black and white dots, This eimplilied ex-
planation assumea that the raster is not heing traced in & hovisental
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progreasion, Rastera arc usually genevated in top to bottom sweeps of the
electron beam. Hypothetical values are used below in an example of hori-
sontal resolution calculation,

1. Total icanning time 63.5 usec
2. Blanking time =12.0 usec
3.  Active scamning time (T) 51.5 usec
4, Bandwidth (B) 3.0 mepacycles

Reate (1963) offers the following method for calculating horizontal resolu-
tion. To Ffind N, the total number of horizontal elements, where T is the
active scanning time, and B is bandwidth:

No= 2 (TR)
N = 2 (51,5 usec x 3.0 me)

N = 2 (1%4,5 cveles) = 309 elements resolvable horizontally

The preceading formula and calculation are included to provide a simplified
underatanding of the Jifferences between vertical and norizontal resolution.
For more detuiled treatments of resolution see Carel (1965) and a compre=-
henrive television reference source, such as Fink (1952).

Fink, incidentally, augpests that the figure of merit which best describes
the resolving power of o television image is not the vertical ov horizontal
vesolution taken separately, but rather their pcoduct, which is proportional
to the total number of resolvable plcture elements in the image, We would
add that 4f {1t were decided to use such a figure to evaluate the recognition
of ground tavgets, bvoth the number of elements or resolution cells placed

on the targets (target definition) and the fidelity with which the target
image is reproduced within the sensor-display system, (the modulation
transfer function) would be appropriate considerations,

To sumnarize briefly, we have thus far indl-ated that resolution can be
defined ind trveated in a number of different ways. The figure of merit to
be adopted is relnted ro the purpose for which a given display is being
used, Coutemporary vertical situation displayvs arve being designed with
vertical active raster line totals of between 500 and 700 lines on B-inch
rasters. These displays have, therefore, between 52 and 87 vertical lines
per inch, If we compare such values to Carel's recommended 1000 line
display, assuming that it has a similar raster size and 80 blanked lines,
the result is a total of about 115 lines per inch. Carel is, in effect,
auggesting that we improve arpoa 1967 displays by about 100 per cent. But,
baefore imposing such a requirement ovn display designers, we recommend

that a better understanding of the relatiunship between human performance
and display resolution be developed,
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If we accept, as some asaume, that the eve's vesolving puwer ia limited

to about 1,0 minute of vimual angle, & diaplay which generatea 113 linews
per inch approaches that limit, Note that 1.0 minute of visual angle
translates to about 120 raster lines per inch at a viewing diatance of

28 inchea, Our view in this mattev is the aame aa Poole's (1966))

1,0 minute is really a convenient approximation rathey than a atatement

of a resolution limit., For point sources of light, thin linea, and verniey
alignment tasks, the eya can resolve leas than 1.0 minute of ave,

Alphanumgrie Symbuls

A somawhat different approach to vaster line data ia appropriate for alpha=-
numerics, Although we have alveady treated Shurtleff'a (1947) veport in
Chapter TV, his findings provide a meaningful way to evaluate the veaolution
of those rastear genavated displasa which contain alphanumerie or cumpavable
symbology. Shurtleff applied two principal criteria: accuracy and apeed

of identification, Following his own experimentation and a literatuve
review, Shurtleff recomrended a min{mum alphanumeric svmbol conatvuetion

of 10 raster linea per svmbel heipht for discrete aymbhols,

In an earlier report (Shurtleff .t ul,, 1966) {t wun stated that the visua)
symbol sizes required for 99 per cent accuracy of {dentification variwvd
from 13 minutes of avc for a symbhol compvised of 10 lines to 36 minutes for
one composed of 6 lines, Although he does not comment on the number of
raster lines, Poole (1966) suggests that 15 minutes of arc {8 the mintmum
acceptable digplay symbol size,

In relating these findings to existing display designa, we tind that

a 15 minute symbol is cquivalent toc about )25 {nches at a tyvpleal 28 fnch
viewlng distance. For displavs which provide 62 raster lines per inch,

only 8 raster lines would constitute a wymbol of this size, On those

displays which provide 87 raster lines, 11 raster lines would be available

to congtruct a symbol of minimum sise, Based on Shurtleff's data we would
have concluded that the former resolution is not acceptable. A larger svmbol,
that is, more raster lines would be required for the 62 line per inch display.

LL Display Resolution

This topic 1s germanc to the above discussion since electroluminesuvent
segments are somewhat analagous to raster elements, As we have noted
elgewhere, EL displays are being considered tor cockpit applications,
Peterson (1966) adviscs that 50 closcly spaced EL segments per inch is the
most that will ever be required under normal conditions for solid state
flight displays, He also warns that solid state displays should pravide
the lowest acceptable resolution to augment driving circuit simplicity,
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We are thus made awave of an Kl limication that ia likely to restrict

fte usage aw a CRT aubatitute, Unleas comparative human performance data
on KL and CRT display mechaniaations are gathered, however, it will he
diffieult to apecify the precime extent te whieh such a limitation applies.

Biaelay dcxesn Hiae and Resolution Megyurement

Cochpit apace ia limited and {» likely to remain av, empecially for tactical
atrevatt, Becauae of thia, ideal diaplay aizes are sometimes compromised.
Prewent deaigna for head-down VEDa apecify viewing acreen aizes of about

3 {nehea vertically by 7 inchea horiaontally, although contact analog types
may be a little larger, Tactical diaplava and some special purpose types,
auch as atr-to-air 1R, may vange from 8 tuo 28 inchea according to Carel's
eatimaten, However, Slocum et al., (1967) advise that displays which exceed
8 inchea in diameter create serious space problems in tactical aircraft,

When display aise {a veatricted by available space, it is helpful to estimate
the effecta of auch constraints on the design, Whitham (1965) provides some
handboek type charta which allow us to estimate rapidly the limiring effects
of some hastiec diaplav parameters on resolution. For instance, he relates
viewing distance to diaplay element size, viewing distance to symbol size,
and display acreen height to hoth element size and the number of elements

oy harizontal linea, Using one of his charts for a 1000 line display having
a height of 3 Inches, we find that the maximum element size is about 0.004
{nches (4 mila). TFor a typical 500 line screen with a height of 5 inches,
the maximum element sige {a double the above, about 0,008 inches (8 mils).

Approaching the problem from a slightly different direction, we can use an
alternate Witham chart to determine the range of element sizes appropriate
for a given viewing distance. At 28 inches, the chart shows that elements
are neither too large nor below the limit of acuity (not defined) 1if they
are between about 0.009 and 0.085 inches (7.e¢.,, 9 to 85 mils). We can

s@a from this that neither of the previously mentioned display resolutions
{s too large, although the 1000 line display exceeds the limit of aculty
eriterion Witham has chosen,

Unfortunatelv, the problems in resolution cannot yet be treated in such a
straightforward manner. Slocum, et al., (1967) hold that "It would be
deatrable for the dieplay system to have at least double the effective
regolution of the sensor to minimize the lose in resolution in the eombined
aengor-diaplay syatem,” Here, again, it would be helpful to have some
specific human performance data to support such a contention, Nevertheless,
the point is that the system and not the E/0 display alone must be considered.

Another problem is related to measurement techniques and reaching some

agreement about which method to use. Carel (1965) provided a comprehensive
introduction to this problem, and Slocum and his colleagues tend to support
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his analysis. They note, for example, that the 1000 TV o lines specified
by Carel appears to be reasonable after consideration 18 given to high
resolution sensor performance, operator tasks, and system performance.

They also note that 1000 TV o lines 1s the same as 590 optical line pairs
or 840 shrinking raster lines. This being so, we should adopt a particular
method for defining the way that resolution is to be compared. According
to Slocum et al., the three most frequently used techniques for measuring
resolution are these: shrinking raster resolution, limiting television
responge, and spatial frequency response or modulation transfer funetion
(MIF), Their explanation of these techniques is given below.

"Shrinking Raster Resolution. Shrinking raster reso-
lution 13 determned bu writing a raster of equally
spaced lines on the display and reducing or "shrinking"
the ragter line spacing until the lines are just on the
verge of blending together to form an indistinguishable
blur., A trained observer normally determines this flat
Jield condition at about two to [ive percent peak-to-
peak light intensity variation. Since the energy dis-
tribution in a CRT spot i8 very nearly gaussian, the
Slat fpield response factor occurs at a line spac-

ing of approwximately 2¢ where o 78 the spot radius

at the 60 percent amplitude of the spot intensity
distribution.

"Televieton Resolution(TV Limiting Response). A
television wedge pattern measures spot siaze by
determining the point where the linee of the wedge
are juct detectable. The number of TV lines per
unit distance ig then the number of black and white
lines at the point of limiting resolution. The wedge
pattern is equivalent to a square wave modulation
Junction, and therefore the TV resolution is often
referred to as the limiting square wave reaponse.
(One needs to be careful to remember that, in tele-
vision parlance, one cycle of the square wave pro-
duces a black interval and a white interval and ia
constidered as two televigion lines,) Assuming

a jjugeton epot dictribution, the limiting square
wave reasponge oceura at a television line spacing
of 1.18a. Thug, thcre are approximately 1,7 timea
as many Llimiting televieion linea per wnit distunce
ag shrinking raster lines for a display with the
same spot size.
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"Modulation Transfer Function(MTF). The sine wave
regponse technique of 0.H. Schade...analyzes the
display resolution by the uge of a sine wave test
stgnal, rather than the square wave signals employ -
ed in a TV test patterm or the photographic bar
patterns commonly employed in the optical field.
The sine wave response test produces a curve of
response called the modulation transfer function
(MTF). ... When gseveral devices are cascaded such
as a sean converter video amplifier and CRT, the
MTFs of the individual devices are multiplied to-
gether to determine the total system MTF, The MIF
regponse can be related to the shrinking raster
and televigion resolution measurements i1f a
gaussian spot shape is assumed. ... For example,
if a sine wave test gignal were set on the display
at a half cyele spacing corresponding to the
ghrinking raster resolution line spacing, the re-
sultant observable modulation on the display would
be aprroximately 29 percent."

Wurtz (1967) also refers to the ambiguity surrounding the meaning of certain
statements of resolution. He notes that the claims of manufacturers con-
cerning high resolution CRTs are sometimes misleading. A specified spot
size of 0,001 inch (1 mil) does not necessarily mean that the systems de-
signer has 1000 elements to the inch. Wurtz advises that we must take into
account the follow factors:

"(1) The method by which the resolution ig to be
evaluated

(2) The degree of response of modulat