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ABSTRACT

|
\

The Head-Up Display (HUD) has been developed from the well-known reflecting gunsight by
applying electronic methods to the representation of flight path information, which is optically
superimposed on the forward visual field. Previous investigations of the combination of information
In superimposed fields are reviewed to show the relationship between properties and design of the
HUD., An acceptable standard of safe usage is sought in the evidence of ability to perform
concurrent tasks based on display and forward view. Design variables are the position and visible
form of the display: constraints are the effects of errors and limitations, as they concern choice of
symbol.

IPUE LTERGR A o S G

Position is shown to influence the efficiency with which display and forward view may be used.
Pattern is shown to influence learning and tracking accuracy, Errors and limitations affect runway
and fight vector symbols adversely, cven when used in an auxiliary capacity, but have little effect
on nonpictorial elements, or on director and attitude symbols satisfying particular conditions.

Properties resulting from the application of these results and other rules relating to the design,
location, and control of symbols, allow the average user to learn very quickly, and to reach a
relatively high level of performance without overconcentration. At the same time, the pilot is able
to see where he Is going, and the transition from instrument to visual flight is virtually eliminated,

M~

PILOT'S VIEW OF HEAD-UP DISPLAY DURING APPROACH TO QAKLAND AIRPQRT. Development of
| Category 11| landing system in DC-0 Series 30, May 1087, Experimental installation usd for manual touchdown
or for monitoring automatic landing.
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INTRODUCTION

Recent flight tests in a DC-9 Series 30 airplane have shown a manual, full-touchdown, all-weather
landing capability!!) for the HUD, with small sink rates and longitudinal dispersions. This result is
attributuble to the quality of data sources and processing networks used in attempting to provide
the best possible flight path information, It is also attributable to the display itself, where, as will be
shown, an attempt is made to present this information in the best position and in suitable form,

The HUD wus developed (in earlier studies) from the well-known reflecting gunsight, by applying
electronic methods to the representation of a new class of information, It essentially transfers flight
data from the conventional location in the instrument panel to a more convenient (but unusual)
position, overlaying the forward view., The visual pattern seen by the user has a form obeying
particular rules, It also satisfies certain necessary conditions and is generated by special techniques,
The object of this work is to explain how the choice of display position, display pattern (or form),
and method of generation are related to investigations in real and simulated flight, and how the
system operates within the constraints imposed by practical considerations; in other words, to show
the connection between design principles and properties of the system.

Presentation in the head-up mode is intended to bring together flelds of Information which are
separute, und which may differ in form and content. Typical cases occur in high-speed, low-level
flight,und in the lunding approach, where it may be desirable to avoid having to separate instrument
flight from visual flight, each with its own limitations, but rather to allow one to complement the
other, continuously. Similar situations may arise in monitoring an automatic landing, in tukeoff and
in the overshoot, or wherever there is u need for the pilot's attention to be in two places at once.

In bringing together such widely different visual fields there may be some danger through
Interfering with the pliot’s maln information channel. It is therefore essentiul to be able to
puarantee efficient combination of the two visual fields on the evidence of performing suitable tasks
assoclated with each source of information. It will be necessary to show a capability for observing
display and forword view concurrently, while bearing in mind the ease and efficiency with which
the system can be used.

The subject is treated by deriving, first, the essential rules of position and form, on which the
distinctive properties of the system are found to depend. Then attention is directed towards
upplylng position and form rules within the limitations imposed by flight conditions and usage, with
special regurd for the choice of information and design of symbol, In brief, the main variables are
the position and visible form of the display; the main constraints are found in the Influence of
errors and limitations, as they affect presented informatlon,




DISPLAY POSITION

The pilot's flight instrument panel and forward view are visual fields occupying different positions,
Each field may not be observed continuously because physical acts of directing and focusing the
eyes are involved in changing the area of observation, and these acts can scarcely be accomplished
Instantaneously. It may, however, be possible to improve the chances of acquiring information from
: the separated visual flelds by bringing them together, to the extent that these physical acts are
; eliminated, If this is true, the position of a display will influence the acquisition of information

from both display and forward view, and this influence may be investigated if the total flow of
B information can be observed.

T

Evidence of information flow can be inferred from the performance of tasks based on the
information presented, and the ucquisition from two visual fields can be related to the performunce
of tasks uniquely associated with each field, However, if the fields are brought together, it becomes
necessary to be able to distinguish between them for the purpose of discussion, and it will
sometimes be convenient to refer to the forward view as the external field, or outside world,
because its origin is normally external to any means for presenting information. On the other hand,
presented information is conveniently described as occupying the display field, or the superimposed
visual fleld.

EXPERIMENT 1. INFLUENCE OF RELATIVE POSITION OF SIMPLE VISUAL FIELDS

Separate visual flelds may be brought together by placing tham in the same position, and it will be
shown that this method can be used whether the information conteit Is low or high. In the special
case of a simple display, e.g., one giving commands to go left or go right, other methods muy
perhaps be used, because a small amount of information can usually be represented by u crude
visual pattern, which might be seen without direct regard (fixution) or even without focusing the
eyes, und so the display could be placed off-uxis or at an intermediate plune, It will be shown that
eltii.. of these alternatives may be used to observe a simple display while observing the forward
view, and it will be interesting to examine the relative efficiency of these three methods of bringing
visual fields together,
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The three relative positions of the visual flelds were implemented for experimental purposes by
mounting a gross and movable display at A, B, and C, Figure |, where they bore different
relationships to the forward view, or external fleld, which was a television screen. The display wuy
presented In position A, in the direction and plune of the forward view, by mixing the output of
two television comeras, one trained on the displuy and the other on visual material used for the
external tusk. The display wus presented on-axls, although out of tocus, in position B neur the
windshield, by means of a semi-transparent reflector (alternatively, u trunsparent imuge-forming
device could have been used). For the offaxis position C, the displuy was mounted in the
conventional instrument punel,

. T R S R D T B O N T T ™ T A T e
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The object of the experiment was, in effect, to determine whether, and how efficiently, two ficlds
of visual information could be combined, or acquired concurtently, in each of the three relutive
positions. The degree of combination was estimated by meusuring the performance of tusks linked
to euch field, with priority given arbitrarily to the external field. Subjects were required to
recognize, with at least 95 percent success, u continuouy stream of numerals, presented In the
forward view at u size such that they could be seen only with central vision. The displuy task was to
null apparent left and right movements of a rotuting helical pattern of bluck und white stripes
(having sufficient slze, speed, und lumination to be visible fn euch fleld position). Performuance
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FIGURE 1. RELATIVE POSITIONS OF DISPLAY AND FORWARD VIEW (EXTERNAL WORLD!
IN EXPERIMENT 1. Display mounted in conventional panel pasition, at C, in plane of
windshield and direction of forward view, at B, or in direction and plane of forward
view, at A,

levels for the tracking task were then used to estimate combination, provided the required level was
achleved for the recognition task,

The visual tasks were carried out by 11 subjects, with the display driven in § ranges of apparent
lineur speed, left and right, for each position of the display, A, B, C, in rundom ordet. All subjects
reached the required level for the recognition task during each 50-second period, while integrated
tracking errors were recorded. Examination of tracking error scores, by analysis of variance, showed
no signiticunt differences arising through change of field position (A, B, C) in uny of the speed
ranges. In other words, tracking performance was not affected by the relative position of the display
for uny typical linear displuy speed, Tuble 1. An alternative analysis was made on the busis of
apparent angular speed of the display, and this showed an advantuge for position A, the collimated
display.

The more correct interpretative approuach was considersd to be the one based on linear speed, on
grounds that the unit of information per unit time should be the pussage of a display element (one
stripe) through its own width, which clearly depends on linear speed. On this interpretation all
display positions were equivalent, and display position may be considered to have no effect on the
totul information flow from the forwurd view and a simple display, when using an indicator
designed to be visible by the abnormal viewing methods needed for off-uxis and defocused display
positions, However, the result is not general, becauss it depends on n particular Information model,
suiting a special type of indicator, and the nature of the indicator Himits the capucity of the display
fleld.
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TABLE ¢

' RESULTS OF ANALYSIS OF VARIANCE FOR TRACKING SCORES
OF 11 BUBJECTS WITH 3 RELATIVE POSITIONS OF
DISPLAY AND 6 RANGES OF LINEAR S8PEED

PEAK BPRED DIFEGRENCES FOR DIFFAAENCES
, {INCHES/SECOND) FIELD PORITION POR SUBJECTS

:;f._ 0,47 NOT SIGNIFICANT NOT BIGNIFICANT
0,84 NOT BIGNIFICANT NOT 8IGNIFICANT
‘ 1,80 NOT BIGNIFICANT NOT SIGNIRICANT
’ 262 NOT BIYGNIFICANT NOT BIGNIFICANT
t 4.78 NOT BIGNIFICANT BIGNIFICANT
; P = 0.08)
:
N Meaning of Head-Up

- All of the display positions used in Experiment 1 can be called head-up because information is
: drawn from the display fleld in each case, while observing the external fleld with the head raised.
But limitation of information capucity, imposed by out-of-focus and off-axis viewing, suggests that
the term be reserved for the cuse where the displuy Is superimposed in the same position as the
3 forwatd view, and this practice will be followed here.

EXPERIMENT 2. INFLUENCE OF RELATIVE POSITION OF COMPLEX FIELDS

It {3 usually unacceptable to limit the Information capacity of a display system, as is necessury for
out-of-focus or off-axis presentation (B, C, Figure 1), since two-dimensional guldance is frequently
required und other Information muy be needed in u supporting role, e.g., attitude, height, or speed,
Also, unorthodox use of the eyes may not be advisuble in real flight, especiully for prolonged
operations or in critical situations. On the other hand, it should be possible to use the eyesin the :
normal way if the presentation is made in the line of sight, at the distance of the center of interest
in the forward view (A, Figure 1), and there should then be less cause for drustic Umitation of
information content,

TREET BT LT

These considerations of information capacity and ocular usage suggest that all relutive positions of
display and forward view may no longer be equivalent when the information ceuses to be simple,
but un identity of position may be preferable, especially if sutisfactory answers cun be glven to the
following questions. Can more complex flelds of information be combined when they ure presented
in the sume position? Are visual tasks linked with these fields unaffected when carried out together?
To what extent is performance In this (head-up) mode superlor to what cun by achieved with »
conventional (head~down) arrangement”? In answering these questions it will be shown thut display
position is important for complex fields and influences the total flow of information.

The object of the second experiment wus to find out the effect upon each other of more complex
visual tasks, In head-up as opposed to head-down presentation, One tusk wus to respond, as rapidly
us possible, to a visual stimulus appearing at random positions and random times in u 30-degree
external fleld, Figure 2, The other tusk was to follow, with the least possible mein modulus trucking
error, two<dimensional command signals, which were suppotted by attitude information, und
presented either by reflecting collimator in the external fleld position, or by direct view i the
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FIGURE 2. SEQUENCE AND POSITIONS OF VISUAL STIMULI IN EXTERNAL FIELD,
EXPERIMENT 2.

instrument panel, Figure 3. The subjects were six pllots with at least 50 hours instrument tlying
experience. A balanced experimental design wus used for performing the tusks by themselves and in
parutlel with each other, in both head-up and head-down modes,

For the head-up mode, comparison by t-test of performance of the tracking task, with or without
the external task, showed no significant effect in either command channel (tys = 0.708, 0,506).

The same comparison for the head-<down mode showed significant differences in one (uzimuth)
channel, ut the 5 percent level (tpg = 2.736). Thus the effect of adding the externul task was only
apparent in the heud-down mode, where performunce of the trucking deterlorated in one commund
dimension,

Anulysls of varinnce way used before comparing meun acquisition times for three modes in whivh
the external task was performed, viz. alone, concurrently head-up and concurrently heuad-down,
Mode differences were highly significant (P = 0,001) and subject differences were insignifivant.
Meuans for the three modes, Tuble 11, showed the additional tracking task to have a significant
influence in the head-down mode, the two relevant acquisition times (1.23 sec, 3.86 sec) being
separated by more than the S percent critical difference (1,29 sec), but there was no signiticunt
difference for the head-up mode. Head-up acquisition times were ulso more consistent than
head-down times, us shown by coefflcients of variution of 42 percent and 83 percent, respectively,
and there were less missed responses, Thus the effect of adding the trucking tusk was agaln only
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FIGURE 3. HEAD-UP AND HEAD-DOWN PRESENTATION IN EXPERIMENT 2,

TABLE |
MEAN TIME FOR 6 SUBJECTS PERFORMING EXTERNAL TASK IN 3 MODES
MODE
CONCURRENTLY CONGURRENTLY
ALONE HEAD-UP HEAD-DOWN

MEAN

TIME 123 0.88 3.86

{8BC) '

(BPERCENT CRITICAL DIFFERENCE = 1,29 §EC)

. o [Tt A S e 1 A A S Y
i ot s I T, e SRR i




apparent in the head-down mode, where times to acquire external stimuli were nearly 3 seconds
longer and were more variable,

An incidental finding in this experiment was that the rracking task (alone) was performed equally
well head-up and head-down, using the same display pattern and means of generation. In other
words, with the same information content and visible form, the result is independent of display
position for the case of a single field, though this is no longer true where two fields are involved,
The single fleld result is important in applications of the HUD where the question of compatibility
of head-up and head-down displays is relevant.

The main results of the second experiment show combination of more complex fields superimposed
in the same physical position, by the absence of an, measurable effect upon each other of the
assoclated visual tasks. Head-up presentation appears capable of allowing the same level of
observation in the external fleld as is ordinarily possible, and unimpaired performance in following
instructions presented in the display field. This duul capability is an improvement on what is
possible with conventional arrangements, and the influence of display position is shown by the
elimination of a penalty of about 3 seconds in making external observations, while concerned with a
complex display field.

Attention gaps of this order were observed by Ellis and Allun during conventiona! airfield
approaches,(?’ and the inference drawn from the present experiment is that pilots in the
corresponding heud-up situation might be able to observe the forward view while flying “on
instruments,” without large gaps of attention. The conditions of the present experiment, however,
are different from those of flight, where the pilot would be concerned with the extarnal field in a
more critical manner, and further investigution is needed to establish the inference,

Meaning of Concurrent

It may not be possible to reduce attention gaps indefinitely, since it does not seem that attention
may be given to more than one matter at exactly the same time'?’, However, the time tuken to shift
attention between flelds having the sume position is relatively smull - sufficlently small to allow
continuous tasks to be carried out together. We may then describe the tusks associated with each
visual field as concurrent, without needing to specify simultaneous attention,

EXPERIMENT 3. CRITICAL OBSERVATION IN COMPLEX SUPERIMPOSED FIELDS

The information fleld used in Experiment 2 was more complex than in the first experiment, but
could not be sald to represent a real flight situation, particularly as regards the external field. In a
visual approach, for exanple, the pilot is not simply concerned with detecting the onset of external
signals but, rather, in judging the position and attitude of his aircraft (from the apparent shape and
position of the runway), and the results of this more critical type of external observation are fre.
quently used by the pilot for comparison with corresponding datu derived from the display system,

Can the forward view be observed critically while occupied with a heud-up displuy? Ordinarily,
information Is acquired from the display and forward view in different ways, und it Is necessury to
separaie the corresponding visual processes by a definite transition between fields. However, if the
external field can be observed critically, while occupled with the display field in u representative
manner, there may no longer be any need for such a discontinuous process.

Critical observation was investigated in the laboratory by superimposing the displuy field on
simulated forward view, Figure 4, A reflecting collimutor (sultubly focused) was used to present the
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FIGURE 4. DISPLAY SUPERIMPOSED ON SIMULATED FORWARD VIEW BY
REFLECTING COLLIMATOR IN EXPERIMENT 3.

display, as in the head-up mode of Experiment 2, and the forward view in flight was simulated, with
6 degrees of freedom, by a technique(¢) that is now well known. An aircraft simulator was used to
provide attitude information in the display and to drive the visual flight simulator, Command
information was also displayed, for the purpose of taking subjects through a set program of

maneuvers.

Subjects were asked to comply with displayed commands and to observe generul features in the
forwatd view. The set manouvers were carried out in the vicinity of u siimulated airfield, Figure 5.
Runway directions were crossed twice at angles of 20 to 40 deg between positions § and 6, and
between 7 and 8, Figure 5, but after the tenth turn a runway was approached with only a smull
angular divergence, of the order of 3 deg. Completion of the maneuver program to this point
required tracking with a mean modulus error less than 1 deg.
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FIGURE 5. S8IMULATED AIRFIELD IN EXPERIMENT 3. Set maneuvers {1 — 10} shown dotted.

Thirteen (out of fourteen) subjects, all pllots, succeeded in reaching the approach position, at which
it was to be determined whether or not they would continue to track the display with the same
precision, If the tracking performance continued ut the same level, leading to misalignment with the
runway, there would be no objective evidence for critical observation in the external fleid, On the
other hand, if runway misalignment were corrected, ignoring the displayed commands, it would be
evident that subjects observed features in the external field with the same sort of care that typifies
a visual approach, whilst completing u tracking task with measurable precision,

In fuct, all subjects ignored the divergent command information and flew ‘‘visually™ along the
tunway. In other words, when runways were crossed at large angles, there was insufficient cause to
ubandon the experimental requirements of following the display, but when the angle was small it
was evidently assumed that the display was in error, that it was really “trying" to help fly along the
runway, and that better purformance could be achieved by visual flight methods. This result gave
reason to believe that a head-up display might help eliminate or modify the transition in real flight,
since the external fleld was observed critically while occupled (continuously) with the display field
in & representative manner.

10




EXPERIMENT 4. CORRELATION WITH FLIGHT. CONTINUOUS TRANSITION BETWEEN
INSTRUMENT AND VISUAL FLIGHT IN HEAD-UP MODE

Experiments 2 and 3 showed that a reflecting collimator display has sufficient information cr.pacity
for non-trivial guidance purposes, and allows concurrent, critical observation in superimposed “isuul
flelds, The system used for flight testing wus accordingly built around a reflecting collimator, and o
twin installation was provided so that two pllots could have the same display and forward view,

Figure 6. A command Input facility was avallable in the instrument panel so that the right-hand

pilot could inject guidance signals as an alternative to the normal ILS coupling,

The object of flight testing was to confirm laboratory findings of information capacity and facility
of observation in both visual fields. It was not necessary to develop specific methods proving an
adequate information capacity, as the system was found to be usable for instrument flight in all
phases of a sortle, It was, however, necessary to develop methods for studying observation of the
external world, and two sufficiently objective experimental techniques were found for this purpose,

DISPLAY PRESENTED TO EACH PILOT THROUGH REFLECTOR PLATES Ry, Ry,
CONTROL PANEL C WITH COMMAND INPUT FACILITY, BETWEEN INSTRUMENT PANELS 1y, i,
POSITION OF NEFLECTORE VARIED BY KNOBS Ky, Ky

FIQURE 6. DUAL FLIGHT TEST INSTALLATION IN EXPERIMENT 4,

11
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False *Fly-Down” Command

The training routine adopted for demonstrations started with a “directed tukeoff,” using computed
information to generate an idealized rotation profile, Injected commands were then used for
climbout and general flying at altitude, unti! the display could be used proficiently without
overconcentration. At this stage, it was possible to undertake terrain following, or contour flying at
low level, for which command signals were injected by the instructor, who effectively translated his
local knowledge into visual instructions used by the trainee.

Having made certain that the trainee followed displayed commands continuously and efficiently,
the instructor unexpectedly injected a false command signal, usually as a fly-down instruction when
the external situation called for the opposite action. In the event of this command being accepted
there would be no evidence of the trainee observing critically the forward view, (It would also
probably be necessary for the instructor (o take control.) On the other hand, {f the command were
to be ignored, it would be evidence of a correctly appraised external situation while continuously
occupled with the display — all previous commands having been accepted, To conclude the routine,
subjects made instrument approaches and, in some cases, completed the flare maneuver, by means
of the head-up display,

Concurrent Recording for Both Visual Fields

Tracking errors were meusured in flight by recording mean modulus command signals, using a
lowsnertia motor driven through u simple sign-reversing network, with the effect of measuring
performance based on informution gained from the display fleld. Information gained from the
forward view, or external fieid, wus estimated by recording the pilot’s spoken description of the
approaching terrain. Combination of these techniques during an instrument upproach allowed un
estimate to be made of the information gained concurrently in both fields.

Over 50 subjects took patt in the flight program, completing more thun 100 sorties of 1-1/2-hours
sverage duration, The false command technique wus not used in all cases because adequute
experience could not alwuys be ussumed, but where the technique wus used, the false command wus

ignored,3)

The second technique was used by only one subject, who made an accurate approuch to threshold
(before overshooting), while giving a verbal description found to occupy more than $0 percent of
the recording time. Limitations on the use of communication frequencies during the approach
precluded further application of this technique, but 13 other subjects reported sighting air traffic,
pround objects, and birds while using the head-up display,

These results do not prove continuous und complete uwareness of both visual flelds, but they show
4 reasonable divislon of attention between them, sufficlent (for the first method) to allow
observation of :+ potentiully dangerous situation in the externul fleld, while occupied continuously
with the display (though this particulur skill took ubout haif an hour to learn). This experimentul
finding showed that the facility for criticul observation found in the luboratory could be trunsferred
to the real flight situation, allowing the “all or nothing” nature of the transition between
instrument and visual flight to be replaced by u more continuous process, The flight tests ulso
showed that the information capacity of the collimated displuy was udequute for all modes of flight,
In agreement with the results of ground tests.
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SUMMARY: INFLUENCE OF POSITION

It should be possible to improve information flow from separated visual flelds by bringing them
together, so as to eliminate acts of directing and focusing the eyes, and this can be done in three
ways. Experiment 1 shows that the resulting relative positions of display and forward view can be
regarded as equivalent, provided the information content is low, A common fleld position is
preferable when the content is increased, and a complex field can be superimposed on the forward
view by means of a reflecting collimator, the display being observed by normal visual methods.
Experiment 2 shows that the tasks linked with the fields are then without effect on each other,
being performed as well together as if by themselves, and eliminating large gaps of attention.
Experiment 3, with a similar display position, shows that u complex external field can be observed
critically, while ocoupied continuously with a complex display in n realistic manner. The flight trial,
Experiment 4, shows correlation of real and simulated flight results; viz, fields superimposed in the
same position allow adequate information capacity for practical purposes, and critical observation
in the forward view while using the display, a process of “continuous transition.” The influence of a
common display position is thus essentially in avoiding abnormal visual methods and in allowing an
Information capacity adequate for instrument flight, while Improving the total flow of information.
The abrupt and mutually exclusive nature of the transition from instrument to visual flight is
eliminated, while reducing associated gaps of attention and attendant risks, e.g., of mid-air collision.
In other words, an efficient combination can be achieved by superimposing the display in the same
position as the forward view.

18
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DISPLAY PATTERN

The pllot's instrument panel and forward view are flelds of visual information which generally
cannot be interpreted by the same rules, e.g., the apparent movement of an external object does not
have the sume meaning as the movement of an instrument pointer, A difterence of interpretative
method may conceivably hinder the overall flow of information from both fields, especially when
they are superimposed in the same position, If this is true, it should be possible to promote
information flow by eliminating the difference, to the extent that a display inay be designed to be
understood by rules applicable to the forward view.

The method of coding information in the conventional instrument panel {8 one which depends
heavily on the position, movement and shape of display elements, The method of decoding, or
obtaining information from the forward view, although different, is also essentially geometric n
that the position, motion and attitude of the vehicle may be judged from the apparent shape,
motion and position of external objects, A suitable basis for designing a conformable display may,
therefore, be sought In its visible pattern. At the same time, other visual characteristics of the
display, such as brightness and color, should not be allowed to interfers with conditions promoting
the overall flow of information from the flelds to be combined.

It Is known that an even distribution of brightness is beneficlal to viewing,8’ so it is assumed that
display brightness is made just sufficlent to distinguish this fleld from the forward view when they
are superimposed, and that all parts of the display are equally bright. It is also known that
equidistant objects of differsnt color appear at unequal distances (chromatic relief)("), so it Is
assumed that color {s uniform in a superimposed display and is made to lie near the middle of the
visible spectrum, These conditions of brightness and color should cause least interference with the
visual conditions desirable In superimposed flelds; they may ulso be used to give identlty to
displayed information,

The chiolce of pattern as a basis for conformity implies u need for greater flexibillty in generuting
displays than conventional methods allow, and this may be sought in cathode ray tube technology,
Also, it will need to be shown that sufficfent and necessary information can be represented
conformably, to allow appropriate tasks to be performed, After meeting these needs, the effect of
reducing differences of interpretation should be felt, if at all, in the ease with which display and
forward view are used, and since a pilot can already interpret the forward view in flight, he may
concelvably learn to use the display by transferring this skill to a display understood by similar
rules, The Influence of display pattern on information flow {3 thus to be sought in reducing
Interpretutive differences between display and forward view, by investigating the learning process
for 4 conformable displuy of suitable information,

CONFORMABLE DISPLAY OF ATTITUDE AND COMMAND INFORMATION

Information selected for u conformable head-up display shauld not only allow u pattern to be found
which agrees at all times with the appropriate aspects of the forward view bus should also be such
that the pattern can be readily contained within the limited display tield of u reflecting collimator.
I the case of an alrcraft display, some of the information normally supplied by flight instruments
does not meet these two requirements. Thus, height and speed Information may be difficult to
extract from the forward view,'®) so a strictly matched pattern would not permit transfer of this
information ut u useful level, without some kind of pattern exuggeration und cortresponding loss of
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conformity, Also, heading information is derived from the forwurd view by observing objects lying
mostly outside the ares usable as a head-up display. On the other hend, attitude and command
Information can be represented conformably in a limited area, as will now be shown.

The pattern used in the experimental display of attitude and command information is shown in
Figure 7. The component parts of the display are a reference symbol, an artificial horizon and a
flight director symbol. The appearance, movement conventions and conformity aspects of the
display elements are presented iu the following paragraphs,

—_— G —t O ——
A S———— I W ——
FD
A B

PIGURE 7. EXPERIMENTAL ATTITUDE AND COMMAND DISPLAY CONFORMING WITH FORWARD
VIEW, {A) Airoraft refarsnce R, Artiflcial Horizon HH, Plight Director FD. Azimuth command
(B) partially satistied {C) fully satisfied (D). Note movement of dirsctor index dot along horizon,

AIRCRAFT REFERENCE SYMBOL

The aircraft refarence symbol Is a small circle with lateral “wings.” It Is intended to remuin fixed in
the display fleld, and cun thus be fixed in the aircraft framework without difficulty. The identity of
the symbol is emphusized by its wings, which are used in estimating bank angle, und its circulur
shape allows a director index to he centered equully well from any direction. The symbol, being
fixed, behaves in the same way us un object rigidly attuched to the alrframe, such us o windshield
strut, so both display element und (externul) object are interproted by the sume rule, viz a fixed
position in the display fleld represents an alrcraft axis,
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ARTIFICIAL HORIZON SYMBOL

The artificial horizon is represented by a single bar having a central gap slightly wider than the
reference symbol, to avoid interference, For special purposes, small vertical bars may be added to
the underside of this gap, e.g., to show the downward direction in the absence of the flight director.
The symbol is made to rotate in bank at the same rate as the visible horizon, and there is then no
difficulty in understanding display and forward view by the same rule. In elevation, the situation is
different because a single horizon symbol cannot be retained within the limited display field for all
attitudes of elevation unless the presentation Is scaled down, The artificial horizon will then move
at a slower rate than the visible horizon, with only two coincidences per revolution, With this
arrangement, forward view and display are interpreted by similar but not identical rules,

It is interesting to note an incidental advantage of scaled-down presentation in elevation, arlsing
from the fact that the visible horizon seldom coincides with the true horizon. The difference clearly
depends on height, visibility and terrain, and the artificlal horizon, representing a truly horizontal
direction, should not be made coincident with the visible hotizon unless the chance of presenting
false information is accepted, This difficulty is avoided by scaled-down presentation,

FLIGHT DIRECTOR SYMBOL

The flight director symbol, Figure 7(A), Is a set of lines which are always parallel to the horizon and
lie within o triangular envelope, The apex of the triangle, a single dot, is the flight dirsctor index.

Command information is shown by the position of the index In relation to the reference symbol.
The index is moved along the horizon for azimuthal commands, Figure 7(B), and at right angles to
the horizon for commands in elevation. When It moves, the trangular envelope distorts, while the
baseline remains at fixed distance from the reference, As the command {s satisfled, e.g., Figures 7(C)
and 7(D), the index returns to the reference symbol in the usual way. If demands remain grossly
unsatisfled, it muy be necessury to “purk' the index at the edge of the field in order to keep it
visible,

By an extension of the rule ulready applied to the reference symbol, a movable displuy index
represents u direction vurying with respect to the longitudinal aircraft axis, such as a commund
direction, Conformity of movement Is then secured simply by displacing the index in the direction
of the command, so that it moves upward for a climb command or to the right for a command to
turn right, and so on, In other words, both display and forward view are interpreted by similar rules
if the alrcraft reference is flown toward the flight director index,

If the flight director symbol is taken to represent a path from the baseline to the index, Its
perspective form heightens the sense of “from here-to-there,” u feuture which is ulso useful in
distinguishing between up and down. It is not, und cannot be, u runway symbol. The total form of
the symbol also leuds the eye to the index, which should be useful if local varfutions in externul
brightness make the index difficult to find, und should help avold overconcentration on the tracking
tusk,

The complete experimental display is thus of information which cun be represented within a limited
optical field, as a pattern understood by rules similar to, but not always identical with, those
applied in the forward view. The content should be sufficlent for maneuvers requiring only attitude
and guidance information, und by investigating the learning process in these conditions, it may be

possible to estimate the influence of u conformable display pattern, which could ullow u trunsfer of

visual flight skill,

b i e i R bt et F BT bs ot 2 ARl 1 G . . . e
o e it 3 et 1 i ol i e e U AR e il TR S e e e B s L. e
- ol ey 3 W T okt s



EXPERIMENT 5. INFLUENCE ON LEARNING OF PATTERN CONMIFORMABLE WITH
{ FORWARD VIEW

Case (1) Instruction of Experienced but Skeptical Subjects by Diagram. Use of Display in
Simulated Flight without Forward View

The object of the experiment was to investigate the influence of a conformablc display pattern on
ease of learning. The subjects were seven pilots, each having & minimum experience of $0 hours
instrument flying. All subjects were known to be skeptical about head-up instrument flight.

e

Diagrams such as Figure 7 were used in explaining the experimental display of attitude and director
Information, with a view to performing a two-dimensional tracking task in simulated flight. For this
purpose, the display was presented against an smpty external fleld.

1t was found that all subjects were unable to use the display. Although they would ordinarily be
efficient in relating control actions to situations percelved in the external fleld of flight, they
evidently could not behave in a siinilar way with a conformable display. The reason for this fallure
to transfer a known skill could have been that the pattern conformity principle was useless, but it
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was also possible that subjects had not been propetly conditioned.

Case (2) Demonstration to Same Skeptical Subjects by Autopilot. Use of Display in Simulated

Flight with Forward View
“ The same subjects, and a further group of six similar subjects, took part in the second phase of the
;- experiment, where precautions were taken to avoid the possibility that subjects might be prevented
£ ‘ from understanding the displuy by their own attitude. Operation of the display was demonstruted in
un aircraft simulutor against a forward view similur to that of flight (us in Experiment 3). In other
words, pattern conformity was demonstrated in a dynamic situation, and subjects could see how the

display was intended to look against the uppropriate background.

To muke the display work correctly, un autopliot was used to satisfy director demands so that 1
subjects were relieved of ulmost all workload, However, the autopilot wus adjusted to leave a smull 4
residual error, perceptible as a small displacement of the flight director, which subjects could reduce 3

by using the control column to override and improve on the autopilot responses. Subjects were told
they could switch out the autopliot entirely and assume manual control at any time.

Only one subject falled to use the display under these learning conditions. The remaining 12
disengaged the nutopllot after an average time of 4-1/4 minutes and completed u trucking tusk, |
similar to that of Experiment 2, with mean modulus errors less than 1 deg, 4

The display could thetefore be learned rapidly under the correct conditions, und most subjects were
evidently able to trunsfer skills normally used in the externul fleld to the conformuble displuy.
Perhaps the most striking feature of this result iy the extent of the chunge in performance levels for
Cuses (1) and (2), from complete failure to almost complete success, New questions were to be
answered: How Important was the personal uttitude of subjects? Could success be achleved by more
highly motivated subjects with a less elaborate method of instruction? “
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Case (3) lnstruction of Experienced and Motivated Svbjects by Diagram. Use of Display in
Simulated Flight without Forward View or Autopilot,

The subjects in this case wete nine instrument flying instructors, all highly motivated about head-up
presentation, Display usage was expluined by diagram, after which simple attitude changes were
demonstrated {or 4 period of one minute, without steering commands. The presentation was made
in the simulator aguinst a blank external fleld, and the autopilot was not used. Immediately after
this brief demonstration, subjects were glven a typical tracking task.

It was found that all subjects performed satisfactorily under these conditions., Mean modulus
heading errors were recorded, with an average for all subjects of 0,84 deg, and a standard deviation

of 0.41 deg.

Tha display could thus be learned very rupidly Indeed, without nssistance by sutopllot or forward
view, and it was evidently possible for the customary skills of visual flight to be transferred to the
display after receiving very simple instruction. Whether or not this possibility would be realized
appeared to depend quite dramatically on the attitude of the user; on factors affecting the ability to
start performing rathe: than the ability to perform, which was about the same for motivated and
unmotivated subjects huving a high level of flying skill. Then the question urose: Would the transfer

of skill be less {f subjects had [ess skill to transfer?

Cave (4) Instruction of Inexperlenced Pilots by Diagram and Simulator Demonstration, without
Forward View or Autopllot.

No satisfactory leurning curve could be plotted from the brief learning times of Cases (2) and (3).
For this purpose, it would be desirable to have an expanded time scule, us might occut with
Inexperienced pilots using 1 conformable displuy, These pilots would have less akill in trunsforming
the Information derlved from the external field into control actlons and therefore less skill for
transfer to the conformable display, which should thus take longer to learn,

Elght glider pilots acted as subjects in this case, Instruction was uguin by dlagrum, and then
progresslve maneuvers were practiced for flve minutes without autopilot or forward view. Subjects
next completed three S-minute runs of u two-dimensional tracking tusk before resting, The serjes
was continued for each subject untll the standard deviation of the mesn modulus tracking error was
less then 0.12 deg of heading and 20 feet of height, over a group of five consecutive runs, when the
displuy way considered to have been learned, Meuns and standard deviations for five qualifying runs
are shown with learning times for six successful subjects in Table 111, Two subjects futled to qualify.

The results show that glider pilots could learn the display in 20 to 30 minutes, which is reasonably
small although longer than the time taken by un experienced pilot. It confirms the hypothesls that
conformuble flelds are readily understood, but to an extent depending on the skill available for
transfer. Further confirmation might be provided by showing that the display could be learned
more readily than instruments having less conformity with the forward view, such as are found In
the conventional flight panel, Before investigating this {ssue, however, it would be necessury to
increase the information content of the experimental display to that of the conventlonal flight
instrument system, with a view, also, to examining the learning process in real flight.
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TABLE 1t

| ( LEARNING TIMES FOR 6 SUBJECTS
WITH MEANS AND STANDARD DEVIATIONS OF MEANS
FOR TRACKING ERRORS IN 8 CONSECUTIVE QUALIFYING RUNS

; HEADING BRAOR HRIGHT EAROR

‘; LEARNING (ORGRAS) (PEET)

5 TIME MEAN MEAN

é suBJECT (MINUTES) {OF B RUNS) 80, (OF B RUNS) 80D.
f 1 20 0.8 0.088 a7 K}
: 2 20 048 0,064 383 na
i 3 18 084 0.070 010 179
E

i ] » 082 0,080 724 19
f 5 10 0.48 0,021 w2 82
i
3 % 0,62 0.412 81,2 184

LEARNING TIMRS ARE TOTALS FOR FAMILIARIZATION AND PRRQUALIRYING RUNS,
QUALIFYING CRITRRIA ARE 8.D.'s LES8 THAN 0,12 DEG AND 20 FERT,

T

Case (5) Inexperienced Pilots Learning Display in Real Flight, Comparison with Conventional
Syatem,

If a conformable display 18 understood by interpretative techniques similar to those in which the
user is already skilled, learning should be possible under any conditions conducive to transfer, us the
conditions of real flight may well be, either through the reinforcing influence of acceleration effects
or through increased motivation, The investigation could thus be continued in real flight, with the
precaution of using a control group of experienced subjects similar to those of previous cases.

e ’,’:

e gl A

The puplls were four inexperienced pllots (300 hours jet time), and a control group of four
experienced pilots (1,400 hours or more), The arrangement shown in Figure & was used to provide
instructor and pupil with the same display, forward view and controls, The previously described
display of attitude and command information was augmented with symbolic, or nonpictoriul,
elements showing speed error and digital height, Figure 8, so that the complete presentation would
be sufficient for instrument flight, Subjects were shown a movie and expected to use the display
without prior training by simulator for takeoff, general flying, low-level flight and approach (a :
routine similar to that described under Experiment 4, Case (1)). The supervising instructor assessed ;
the learning process in flights of about 1-1/2 hours duration,

.

It was found that all subjects were able to use the display ab initio, No differences were observed in
the way each group learned to use the display, but inexperienced pilots were slower in learning to
divide attention between display and forward view, L.e.,in learning to use both flelds efficlently.

The experimental display was thus leurned In something between zero and 1-1/2 hours (clearly, it
could not be considered fully learned until several maneuvers had been completed), und this is
smaller by an order of magnitude than the learning time for a conventional flight instrument
sy .tem. So a conformable displuy can evidently be learned more readily than o display showing little

similarity to the forward view.
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FIGURE 8, EXPERIMENTAL DISPLAY OF ATTITUDE, COMMAND, SPEED ERROR,
AND DIGITAL HEIGHT INFORMATION USED IN PLIGHT TESTS,

The main usefulness of the control group was in showing that when greater skill can be transferred
to the display, it Ig easler to draw information from both fields, presumably because the display
fleld then needs less interpretative effort, Thir resuit emphusizes that head-up presentation cunnot
be evaluated on display usage alone. The significance of ab inftiv use by inexperienced pilots is that
a little skill can be transferred quite rapidly in learing the display, suggesting that perhups even less

skill need be available In the subject.

Case (6) Non-Pilots Learning in Real Flight

As o flnal test of the influence of puttern conformity, two non-pilots were trained to use the
experimentul display in real flight, using the same cockplt urrangement, Figure 6, and displuy,
Figure 8, In this case, experience In interpreting the forwurd view was limited to that gained from
the malnly two-dimensional (dynamic) environment of ordinary life, and therefore comparativoly
little skill would be avallable for transfer to the display, It was thus to be expected that learning
times would be greater than those for subjects in the previous cuses,

The training procedure was similur to that of Cuse (5), but with more extensive practice In general
flylng before attempting low-level flight. After this extended learning period, subjects were able to
use the displuy for terrain following and for the approach, although there was less evidence of
critical observation in the forward view. 1t was thus possible to learn with only a modest level of
skill available for transfer to the conformable display but, as expected, greater time was needed.
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To sum up: The results of Experiment 5, collected in Table 1V, were obtained with a displuy of
attitude and command information designed to be understood by rules similar to, but not identical
with, those applied to the forward view, and which could be accommodated within a limited optical
field. The display could only be learned by unmotivated subjects with the help of autopilot and
forward view, Cases (1) and (2), but motivated subjects of similar experience learned rapidly
without these aids, Case (3), showing the significance of motivation in the learning process. With
less flying experience, and therefore less visual flight skill available for transfer to the display,
learning was slower, Case (4). With less conformity, learning was inferred to be slower, since greater
times are needed to learn a conventional panel, in real flight, than the (augmented) display, Case
(5). At the lowest level of skill, learning was still possible at reduced rate, Case (6). These results
showed that the experimental display could be learned, given adequate motivation, at a rate
depending on experience in using the forward view for visual flight and on the extent of
conformity, with a smallest possible learning time in the region of zero,

The results are consistent with the concept of transferring skill between conformable fields,
although it was not necessary for both fields to be present at the same time, Cases (3) and (4), With
both flelds present and conformable, there was little difficuity in interpreting them, Case (§),
although more time was needed to learn how to observe in both flelds, It seems reasonable to
belleve that the flow of information is better when the same skill can be used in each field than in
the situation when skill cannot be transferred between fields.

TABLE IV
RESULTS OF EXPERIMENT 8 ON PATTERN CONFORMITY AND LEARNING

PLIGHT INSTRUCTION INSTRUCTION LEARNING LEARNING
CAsE SURJECTY ENVINONMENT METHOO AIDS CA VERION Timi
1 7 AXPERIENCED PILOTS, | SIMULATED DIAQRAM NONE GENBRAL HAND: INFINITE
UNMCTIVATED LING ABILITY
2 7 EXPERIENCED PILOTS, | SIMULATED NONR AUTOMLOT AND | TRACKING l%HOI 4:1/4 MIN
UNMOTIVATED PORWARD VIEW LESS THAN )
+4
3 9 BXPRRIENCED PILOTS, | BIMULATED DIAGRAM AND NONE TRACKING E8ROR 1 MiN
MOTIVATED ATTITUDR LESS THAN 1|
DEMONSTRAATION
4 8 INEXPERIENCED SIMULATED DIAGRAM AND NONE 8.0, LEBS THAN 20:30 MIN
PLOTS MANBUVER 0137, 20 ¥T
PRACTICE
5 4 INEXPERIENCED REAL UBE IN FLIGHT MOVIE INGTAUMENT FLIGHT LEMB THAN
PILOTS AND EXTRANAL 1:1/2 HA,
OBSERVATION TO possiBLY
4 EXPERIENCED PILOT> INGTRUCTOR' ZBRO
SATISPACTION
] ¢ NON.PILOTS REAL USE N FLIGHT Movig LIMITED USE LESS THAN
1O INBTRUCTOR'S 1:4/2 HR,
SATISHACTION BUT URRATER
THAN FOR (B}
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EXPERIMENT 6. INFLUENCE OF PATTERN CONFORMITY WITHIN DISPLAY

Case (1) Simulated Flight

It has been shown that a conformable display is easy to learn and is easy to use with the forward
view, but the influence of conformity in improving the total flow of information has only been
inferred. A more direct approach can be made by measuring performance of tasks associated with
the display fleld, comparing a display having a single scheme of interpretation with an equivalent
display having more than one scheme. Then, if better performance results with the single-scheme
display, conformity within the display must improve the flow of information. In this way, it should
be possible to measure the effect of eliminating differences of interpretation, by confining attention

to the display fleid.

The experimental display provides command information in two dimensions, which is supported by
attitude information showing the nature of the maneuver performed. The additional attitude
information should improve performance, because Poulton(®) has shown that better tracking is
possible when displaying both the error to be corrected and the direct effect produced by control
actions. Beyond this, there may be a further improvement due to the method of presentation,

insofar as the display is interpreted by one set of rules,

The experiment was designed to investigate, by change of display pattern, the progressive effects of
adding information and of using a single framework. Three displays were used, each presenting the
same command information, according to the same convention of movement (fly-to), Figure 9. A
zero-reader display showed only command information. A so-called roller-blind display showed
command and attitude but with different coordinate axes for each type of information. The
experimental display showed both command and attitude information within the same framework.
Any difference between performance with zero-reader and roller-blind displays would reflect the
influence of added information; differences between roller-blind and experimental displays would

reflect the influence of framework or interpretative scheme,

Twelve pilots of differing skill acted as subjects, performing a tracking task of six level 90-deg turns
at a prescribed rate of 3 deg per second, in simulated flight. Subjects performed the task twice with
each display, in balanced order, the conventional displays being presented head-down and the
expetimental display head-up (a difference of display position producing no measurable effect).
Mean modulus errors in azimuth and elevation were measured to an accuracy of 2 percent.

Analysis of variance showed that error differences for displays were highly significant in the heading
channel (P = 0.001) and less significant in elevation (P = 0.05). Subject differences were also
significant, as was reasonable, but all other sources of variunce gave insignificant effects, These

results are summarized in Table V,

It was clearly permissible to cornpare mean values for the three displays, and these are shown in
Table VI. In azimuth, the mean value (of the mean modulus error) for the experimental display was
0.51 deg, for the roller-blind display it was 0,98 deg, and for the zero-reader it was 1.44 deg. These
values are very nearly in the ratio of 1:2:3, and each is clearly ssparated by & S-percent critical
difference of 0.36 deg. In other words, tracking errors were distinctly and progressively reduced in
the ratio 3:2:1 in the demanc channel as the display changed from simple command, through
command and attitude In mixed coordinates, to command and attitude in the same framework.
Mean values were not so clearly separated in the height channel, where differences between displays

were only just significant,
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EXPERIMENTAL ROLLER:-BLIND ZERO READER

FIGURE 9. DISPLAYS OF COMMAND AND ATTITUDE USED IN EXPERIMENT 6.
Commands for climbing turn to left shown above, satistied commands shown
below, Experimental display has one, and Roller:Blind two frameworks; Zero
Reader only shows commands,

The experimental results show the expected improvement in tracking due to increase of information
content and a further improvement due to reduction of interpretative complexity, these effects
being especially clear in the demand channel. They confirm that an attitude-augmented flight
director is better than a simple flight director, and show clearly the beneficial effect of eliminating
differecnces of interpretation. It is concluded that conformity within the display improves
information flow to an extent justifying application in display design.

Case (2) Real Flight

The results obtalned in simulated flight suggest that it may be possible to improve the standard of
instrument flying appreclably by using a display having 4 single interpretative scheme. For, if similar
results could be obtained during real flight, it should be possible to fly much further down the
approach path than is possible with zero-reader or roller-blind types of flight director, because
departures from the ideal path would be smaller.

This possibility was investigated by observing tracking errors in real flight using the experimental
display of Figure 8 and the disposition of Figure 6. Four pilots experienced in using head-up

24




TABLE V
- { RESULTS OF ANALYSI8S OF VARIANCE FOR TRACKING ERRORS
o OF 12 S8UBJECTS USING 3 DISPLAYS FOR 2 RUNS

HEADING ERROR HEIGHT ERAOR .
SOURCE OF VARIANCE DIFFERENCES DIFFERENCES 3
suBJECTS (8) P = 0.1 P = 000
g DISPLAYS (D) P = 0,001 P« 0.08
E RUNE (R) NOT BIGNIFICANT NOT SIGNIFICANT
4
80 NOT BIGNIFICANT NOT 8IGNIFICANT
SR NOT 8IGNIFICANT NOT SIGNIPICANT 4
DR NOT BIGNIPICANT NOT 8IGNIFICANT 3
E TABLE VI :
3 MEAN TRACKING ERRORS FOR 3 DISPLAYS 4
3 L 3
HEAD.UP ROLLER-BLIND ZEROREADER :
HEADING® 081 .08 1M ]
{DEGRETS)
HEIGHT 298 811 8e.7 4
(ruuT) )

*5 PERCENT CRITICAL DIFFERKNCE = 0.36 DEG

presentation flew 33 runs, while recording mean modulus errors with respect to an ILS approach ‘
path, It was found that performance in elevation was such as to keep the director index within the i
alrcraft reference circle, corresponding to a helght error of 4 feet at an arbitrary height of 100 feet,

for the “gearing” used in display. (Performance in azimuth was less accurate because of Dutch

Roll.)

It is usually considered difficult to place an alrcraft within 12 feet of the glide slope at a height of
100 feet when conventional instruments are used, The experimental display allowed this figure to
be reduced by a substantial margin, thus confirming the simulated flight results and showing that a
single frumework display permits worthwhile improvement in the standard of instrument flying. '
Futthermore, since an error less than 12 feet at a height of 100 feet is considered acceptable for
i Category 111 approaches, this type of display should allow manual touchdown In all weather. A
similar result was obtained Independently by Morrall (19)
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To sum up Experiment 6: It should be possible to obtain direct evidence of the effect of removing
Interpretative differences by unifying the framework of a display presentation and measuring any
change in performance. Simulated flight tests with a single-scheme display showed, in compatison
with a two-scheme display, an almost 2-to-] reduction in tracking errors, and real flight tests
showed a marked improvement on conventional standards of instrument flying, allowing an aircraft
to be placed well within the Category III window at 100 feet, and suggesting the possibility of
all-weather manual landing.

These results show the effect of conformity in improving information flow, by allowing different
parts of a display to be understood by similar rules, and to an extent justifying application in
display design. In the case examined, conformity was Internal to the display, but this display could
be regarded as two fields of information superimposed in a common framework, which otherwise
would be presented in two frameworks, 1t follows that a similar improvement should oceur on
reducing Interpretative differences between display and forward view when these fields are
superimposed, and such a mechanism Is consistent with the ease of use experienced with the
conformable display in flight, Experiment 5, Cases (5) and (6).

SUMMARY: INFLUENCE OF PATTERN

In a conformable display, the pattern is designed to reduce differences of interpretation, eg.,
between display and forward view, and this should allow a transfer of skill between fields und an
improvement in the flow of Information, Experiment 5 shows that a flight display of this kind can
be learned at a rate depending on piloting experience and extent of conformity, provided subjects
are sufficiently motivated, with a limiting learning time of zero. This result suggests a transfer of
skill between conformable fleids either with or without the forward view present, the display being
used readlly in either condition, but with more time (up to 1.1/2 hours) needed to learn the
concurrent use of display and forward view,

Experiment 6 shows that conformity within the display field improves performance and
information flow, in real and simulated flight, to an extent justifying application to display design,
By analogy, conformity of display and forward view should also improve information flow, which is
consistent with the ease of use found In Experiment 5.

The influence of pattern (which is assumed to be viewed under uniform, matched conditions of
brightness and color) Is thus shown in the effect of designing a display to be understood by rules
similar to, but not necessarily identical with, those applied to the forward view. Success in applying
this concept of conformity without overflowing the limited optical field available for head-up
presentation depends on the symbols chosen, which may include flight director and artificiul
horizon, Pattern conformity can be used to allow eage of lsurning and high tracking accuracy, and
the significance of its influence lles in the possibllity of achieving manual landings {n all weather,
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DISPLAY ERRORS AND LIMITATIONS AFFECTING SYMBOLS

It is clear from the preceding work that the characteristic advantages of head-up presentation
depend on an identity of position and a similarity of form (pattern) for display and forward view.
There appears to be only one way of achieving identity of position, {.e., by reflecting collimation,
but there may be several ways of achieving similarity of form, e.g., by using flight vector and
runway symbols instead of a flight director symbol, However, there may be risks in using other
symbols, such us the ground object type, Besides the field limitation effect, noted briefly in
connection with pattern requirements (page 15), there may be effects due to other characteristics of
the system, such as errors, The object in this section s to discover the significance of display errors
and limitations, in relation to symbols available for, but not necessarily suitable to, head-up

presentation,

Since head-up presentation depends on choice of display position and form, small departures from
an idea! configuration may have adverse effects and it is conceivable that these errors may affect
different symbols in different ways. Errors of position occur when a symbol is placed incorrectly in
the display fleld, whether through misalignment of a reflecting collimator, or through an incorrect
or & nonlinear deflecting voltage applied to a cathode ray tube, and the influence of position error
on a given symbol should depend on the significance of position in conveying the symbol’s meaning.
Similarly, iIf a pattern is generated by an electronic method (to achieve design flexibility and
freadom from inertial effects), there may be errors of form due to circuit faults, and their influence
should depend on the way shape is used to convey the meaning of a symbol. It s therefore to be
asked how position and form errors affect symbols; e.g., whether a runway symbol is more affected
by false position than alphamerics, and whether the additional information latent in a complex
symbol forin is wasted through Increased chance of form errors.

Position or form errors which vary rapidly may be regarded as display noise. An electronic display is
not necessarily subject to form noise because the pattern may be generated by time-sharing methods
but position noise is distinctly possible because a cathode ray tube is highly susceptible to signal
noise, affecting some or all of the symbols; moreover, the whole display field may be affected by
mechanical vibrations, or the display aperture may be disturbed, though the latter effect should
matter only if the fleld becomes partially masked, Display noise is thus perceived as partial- or
whole-fleld noise, with or without aperture motion, and these noise types will be considered in their
effect on symbols, using the results for position error but giving particular attention to flight vector
and runway symbols, which are subject to speclal nolse effects. (Flicker effects are ignored becatise
they can be eliminated in practice by raising the frame rate above about 50 ¢ycles per second.)

The display field in head-up presentation is frequently smaller than the observer's natural field of
view, us a result of limiting the spuce used to install a reflecting collimator in the instrument panel.
This may cause symbols to move out of the display fleld If they have the same angulur
displacements us objects in the external fleld, and it may cause an apparent enhancement of angular
velocity within the reduced visusl framework, Moreover, as symbols are added the visual field will
become cluttered, so that symbols may need to be disposed according to their importance and so as
to reduce interference. 1t may also be necessary to restrict the size and complexity of symbols,
without destroying thelr identities. Field limitation effects should thus be Important in deciding the
types of symbol to be shown and how they should be controlled. Of less importance s the influence
of display brightness, because sufficient operational visibility can be obtalned with high brightness
tubes, opetating at about 15 kV, or by the use of narrow-band color fllters (with some loss of

Information in the external field), so that brightness is not a limitation,
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Lo ( It will be shown that errors and limitations affect symbols differcntly, to an extent affecting the
" choice of symbols and with results which can be used to design displays. These resuits should also

be used to compare dlsplays, for it can be misleading to evaluate in terms of a particular attribute,

such as display content,!!) gince the aim of head-up presentation is to transfer information from

both display and forward view, therefore other attributes, such as clutter, are relevant,
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INFLUENCE OF POSITION ERROR ON SYMBOLS

Alphameric Symbol

The meaning of an alphameric symbol {s independent of its position. For example, the meaning of
the character A, or the numeral 8, is the same wherever the symbol is found. Alphameric symbols
should therefore be immune to position error, and flight experience with a digital presentation of
height, Figure 8, shows that no particular care is needed in maintaining an exact position for this
type of symbol. It would, nevertheless, be possible for misorientation at a given fleld position to
hinder access to the symbol's meaning, as when a symbol ls presented upside down, but this is only
remotely possible after once setting up an electronic display. Position errors are thus uniikely to
affect alphameric symbols, and similar reasoning may be applied to a nonpictorial symbol, such us
the speed error symbol in Figure 8, This result {s shown in Table VII, together with results for other
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symbols.
TABLE Vil
INFLUENCE OF POSITION ERROR ON SYMBOLS
(
SIONI FICANCH
or INFLUBNCE OR
SYMBOL POBITION POBITION ERRON AEMARKS
ALPHAMERIC NONE NEGLIGIBLE
RAEFNANNCE ARBITRARY NEGLIQIBLE
ARTIRICIAL RELATIVE ONLY IN BANK
HORIZON
PLIGHT ABBOLUTE NOT NBGLIGIBLE |
VECTOR
GROUND ABSOLUTE NOT NEGLIGIOLE WHEN USED WITH
OBJECT ELIGHT VECTOR SYMBOL ‘
BLIGHT RELATIVE NEGLIGIBLE DOES NOT DELAY
DIRECTOR RUNWAY ACQUIBITION :
WHEN 8YMBOL. I8 4
DISTRIBUTED i
K|

Reference Symbol

The aircraft reference symbol serves to show the direction of an arbitrarily chosen aircraft axis in
relation to the forward view. The effect of position error {s to cause the symbol to present a
different axis, which will only be significant when the pliot needs a specific alignment with the
external world. There appear to be few cases outside the realm of weapon-giming where this type of
alignment is mandatory, even during the ground run, and the influence of position error on the

referance symbol Is therefore small,
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Artificial Horizon Symbol

The artificial horizon represents a truly horizontal direction, which is an abstract concept only
approximated in rare cases by natural features, such as a cloud layer or the sea horizon. (The dip of
the sea horizon in minutes of arc is approximately the square root of the height in feet.) A position
error in the plane of elevation is therefore almost always undetectable, whatever the scale of
elevation may be, and ia thus insignificant. An error in bank angle, however, is detectable as a lack
of parallelism; e.g., with a cloud layer, and Right experience shows that the tolerable misalignment
is of the order of 5 degrees,

Flight Vector Symbol

The direction in which an aircraft moves, as distinct from the direction in which it points, can be
shown by a flight vector symbol. If the symbol is misplaced from the absolute position of the flight
vector in the external field, the aircraft will move sideways with respect to the direction shown by
the symbol, causing apparent drift between flight vector and any adjacent ground object. If external
visibility is good, or if an accurately positioned ground object symbol is displayed, the error may be
detected and corrected, probably without serious effect on performance, but if the error remains
undetected, the nircraft will proceed in the wrong direction. Position error of the flight vector
symbol can thus exert an influence on performance.

Ground Object Symbol

It 1s generally assumed that the apparent position of a ground object symbol should represent the
absolute position of the corresponding object in the external fleld. Since this position varles with
aircraft attitude and position, it cannot be used by itself as a single source of information, When It is
used In conjunction with a flight vector symbol (e.., to show where the airoraft will meet the
ground plane), both symbols may be subject to position error, If these errors are undstected and
additive, the flight path will be doubly affected, so the Influence of position error on a ground
object symbol cannot generally be neglected.

Flight Director Symbol

Information is conveyed essentially by the relative position of elements within a flight director
symbol, and it Is therefore possible for the whole symbol to experience position error without
affocting information content, This conclusion is amply confirmed by extensive flight experience of
accurate touchdowns in crosswind conditions, without drift compensation of the display.
Information is degraded, however, if elements suffer different position errors (an effect equivalent
to signal error) but this possibllity is reduced in electronic displays if time-sharing methods are used
to generate the symbol, and the influence of position error on the flight director symbol can then
be considered small,

While position error does not greatly affect information gained from a flight director symbol in the
displuy field, It is concelvable that it may nevertheless affect the visual situation in the external
fleld, For if there ls any tendency for the user to flxate the center of the (inlealigned) display, there
may be delay in acquiring external ground objects thrown off-axis by misalighment. However, tha
flight director symbol used In the experimental display, Figure 7, shouid snable commands to be
followed without fixating, because of what may be called the “distributed” form of the symbol, So
it may be poasible to show freadom from delay in acquiring off-axis ground objects when this type
of flight director symbol is in use, and position error will then be aimost entirely without effect.
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EXPERIMENW 7. EFFECT ON RUNWAY ACQUISITION OF MISALIGNED DIRECTOR
SYMBOL HAVING DISTRIBUTED FORM

The object of the experiment was to find out wi.ether misalignment of a distributed form of flight
director symbol delayed visual acquisition of a runway, In simulated flight conditions. The
experimental display of command and attitude information. Figure 7, was presented by reflecting
collimation against an initially blank forward view, and was used to track a saries of shallow tumns,
of 2 to § degrees amplitude. The pilot’s forward view of a runway appearing through cloud was
simulated with 6 degrees of freedom, Starting conditions were prescribed by the experimenter to
give unpredictable misalignments of display and emergent runway, Subjects were to use the display
with given accuracy (1 degree error), to establish information flow from the display, and they were
to press a switch on fimt sighting the runway. At this point, the angle of misalignment and the
acquisition range would be determined,

Subjects were 4 non-pilots who each completed at least 15 runs with misalighments in the range 2
to 10 degrees, which is sufficient to cover a large proportion of the values likely to ba experienced in
practice, The results, Figure 10, showed no correlation between acquisition range and misalignment,
there being no significant differonce in range for all positions of the sighted runway.

Since the runway was acquired without change of acquisition range, for all angles of misalignment,
there was no tendency to observe only the central region and ignore visual objects appearing at the
edge of the visual fleld. The experimental method did not show whether or not subjects fixated
centrally but the result could be explained on either basis. If subjects fixated the middle of the
display fleld, off-axis effects tending to degrade vision were evidently balanced by factors acting in
the opposite sense, such as changes of position or brightness, If there was no central fixation, the
index position being inferred from the overall form of the director symbol, subjects were able to
conduct rapld small-angle seurches without loss of tracking performance.

A distributed form of director symbol can thus be immune to position error, as regards tracking
information galned from the display and information concerning ground objects in the external
fleld. Because of this immunity, the same display could be used according to the gunwighting
convention, in which the director index becomes a ground stabilized symbol and the atroraft
refersnce a floating symbol, without change in the relative position of the two elements, The
solf-evident nature of the displuy, and consequent ease of learning, would then no longer be
guaranteed, because of the moving reference symbol. It is also interesting to note that because
position is not critical for this form of symbol it may be altered to suit the users’ convenience (e.g.,
by means of movable reflector plates, Figure 6), and flight tests have shown a dispersion of about 2
to 4 degrees in preferred positions for given modes of flight,

The Influence of position error on symbols Is summarized in Table VII, using the analytical and
experimental results. Symbols with meanings which depend on absolute position are more affected
by position etror than those having meanings independent of position, or dependent on arbitrary, or
rolative positions., Ground object and flight vector symbols are thus less suitable for head-up
presentaiion than flight director, reference, and alphameric symbols,

INFLUENCE OF FORM ERROR ON SYMBOLS

Alphameric Symbol

The meaning of an alphameric symbol {s conveyed by its characteristic shape, and it does not matter
whether the symbol is large or small, or whether there are small changes of form, os are found In
different styles of writing and printing. Alphamerics are thus not critically affected by form error.
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DIBPLAY MISALIGNMENT (DEGREES)

FIGURE 10, AUNWAY RANGE AND DISPLAY MISALIGNMENT FOR 4 SUBJECTS iN
EXPERIMENT 7,

Reference, Artificlal Horlzon and Flight Vector Symbols

When symbols are used to show a position - such us a fixed reference position, the angular position
of a horlzon, or the position of a flight vector - their form must allow each symbol (assumed to be
used only once) to be identified, and its intended position to be shown, If characteristic geometrical
shapes, such as circle, line or cross, are used it should be possible to deform symbols without loss of
identity as long as the characteristic shapes can be distinguished, It may even be possible to degrude
forims beyond this point if symbols can be recognized in other ways, e.g., by movement
characteristics. 1t should also be possible to deform the same type of symbol without losing the
ability to show a position which might, for example, still be recognized as the center of an ellipse,
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the mean position of a wavy line or the intersection of skew lines. When these simple and distinctive
geometrical forms (circle, line, and cross) are used as reference, artificial horizon, and flight vector
symbols, the arguments given here indicate that none of them will be affected criticully by form
error.

Ground Object Symbol (Runway)

A ground object may be shown in self-evident manner as a simple perspective transform of its
ground plan outline. The gymbol may then be relatively complex; ¢.g., a runway may be shown as a
quadrilateral, and there will be a correspondingly small chance of destroying identity through form
error. On the other hand, the form of a ground object symbol may be used to judge aircraft
pozition, by perspective interpretation, and in this respect form error may be less tolerable,

It is generally agreed that position in the vertical plune through runway centerline cannot be judged
w~ith any accuracy from the apparent shape of the runway but lateral position with reapect to the
centerline can be judged from the angle at which centerline and horizon intersect. This angle can be
observed as a departure from perpendicularity, which should be capable of estimation to about |
deg,(!2) corresponding to an accuracy of about H/60 In estimating lateral offsst, where H is the
height of the observer. In other words, lateral position can be judged accurately if the linear form of
the symbol s generated with a directional accuracy of about 1 deg, and the symbol's usefuiness thus
depends critically on form error, u small change causing loss of information.

Flight Director Symbol

Arguments based on the powery of identification and location of simple geometrical shapes have
been used to suggest that a reference symbol; e.g., of circular form, need not be affected critically
by form error. The same arguments could be used for a display element in the form of a single dot,
which should also be easily distinguished and located. 1t would then be possible to conclude that a
director symbol, of dot-and-circle type, should be insensitive to form error,

The addition of other elements to support the director index, as in the experimental display, should
improve distinctiveness and perhaps increass the amount of deformation needed to confuse
symbols At the same time, there might be no loss of the power to indicate position through
deforming the supporting elements, a deformed pathway still having the power to lead from
here-to-there. In this case, an augmented dot-and-circle type of director display would ulso be
insensitive to form error.

EXPERIMENT 8. INFLUENCE OF FORM ERROR IN COMMAND AND ATTITUDE DISPLAY

The object of the experiment was to investigate symbols having functions chiefly of identification
and location, such as the reference and flight director symbols of the experimental display, which
are expected to be insentlve to form error. Minor circuit changes were used to make deformations in
selacted components of the command and attitude display, as shown In Figure 11, D1 to DB, where
D9 is the standard form. The reference sy mbol was deformed into an ellipse, and an enlarged circle,
in DI and D2. The envelope of the director symbol was changed to give a funnelshaped, and o
truncated symbol, in D3 and D4, The envelope was separated Into halves, laterally and vertically, in
DS and D6, Vertical spacing was altered in D7, and in D10 (not shown), All components, including
the horizon, were grossly deformed in D8,
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FIGURE 11, FORM ERRORS IN EXPRRIMENT 8

The display was again presented by reflecting collimator in an aircraft simulator, Each form of the
display wus used once by twelve experienced pllots, in balanced order, for a tracking task of 6 level
turns through 90 deg, at 3 deg per second. Fumillurization was allowed with the standard form, D9,
for longer than the known learning time, and the experimental runs were completed in two groups,
sepurated by a rest period, while recording error scores in azimuth and elevation,

Because of its preponderant effect, the score for D8 (gross deformation) was excluded from the
analysis of vurlance, which was used to show that display differences were highly significant in
heading (P = 0.001): subject differsnces were also highly significant, in both channels, Means for
the different display forms are compared in Table VIII, where it i seen that DS (lateral separation)
is the only mean bosides D8 to be separated from the rest by more than a critical difference at the
0.1 percent level (0.216 dog). The mean for DB (gross deformation) was just greater than four times

the mean for all displays,

The results showed that several small changes of form could be made in reference and flight director
symbols without impairing distinction between symbols, or estimation of the position represented
by an element. The only form change affecting the estimation of position was lateral separation of
the diroctor symbol Into halves, with consequent ambiguity of azimuth command and corresponding
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TABLE VIH
MEAN TRACKING ERRORS POR DEFORMED DISPLAYS

- DISPLAY FORM (OVI:A.LALD:ANIOAa?&OSI'ﬂRl“D
o1 ELLIPTICAL ARFERENCE 082
02 LARGE CIRCLE oes
03 FUNNEL ENVELOPE 063
D4 TRUNCATED ENVELOPE 086
Do LATERALLY SEPARATRD 08
] VERTICALLY BEPARATED 088
D7 VERTICALLY COMPRESSED ogs
D8 QHOBBLY DEFORMED 4.27
De STANDARD .82
010 VERTICALLY COMPAESSED 081

*CRITICAL DIFFERENCEK AT 0.1 PEACENT LEVEL ~ 0,218 DEG

drop in performance. Gross deformation, and therefore gross uncertainty of position, caused an
appreciable loss of performance but without complete loss of control, indicating that symbols could
still be distinguished, presumably by velocity characterlstics, and their approximate positions
inferred. The deformations found to be effective in degrading performance were quito complex, and
thus unlikely to occur frequently. It could thersfore be concluded that symbols having functions
chiefly of identification and location, such as the experimental forms of reference and director

symbols, are largely insensitive to form error,

The influence on symbols of form error is summarized in Table 1X, where symbols are classified
according to their information function. The evidence for considering alphamerics to be insenitive
to form error Is based on the common acceptability of alternate forms of the same character or
numeral, The general immunity of symbols having powen of identification and of showing position
{s assumed from the experimental result for reference and director symbols, The evidence for taking
a runway symbol to be critically sensitive to form error is based on its function of allowing alrcraft
position to be inferred from judgment of perpendicularity. In brief, form error appears to be chiefly
important in the ground object symbotl, of runway type, which is evidently the least suitable symbol

for head-up presentation,

INFLUENCE OF NOISE ON SYMBOLS

1t Is unnecessary to consider the detailed effects of noise on all symbols because results have already
been obtained for position error, of which nolse may be regurded us u variation In time, variations of
form error being relatively unlikely. On this basls, Table VII can be used to show that the influence
of noise on flight vector and runway symbols should not be ignored because they are strongly
influenced by position ervor. They are also subject to the special data source nolse effects discussed
below, On the other hand, alphamerics, reference, horizon and director symbols may be relatively
insensitive to nolse because they ure less affected by position error, Whole-field nolse, uffecting the
position of all symbols, should have little effect in this cuse, but partial-field noise may affect such
of these symbols as have meanings dependent on the relative position of displuy elements, viz,

hotizon und director symbols.
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TABLE IX
INFLUENCE OF FORM ERROR ON SYMBOLS

INFORMATION FUNCTION OF INELUENCR OF FORM
SYmMEoL SYMBOL FORM IRAOR
ALPHAMERIC ENCOOING NOT CRITICAL
RERERENCE
IDENTIPICATION
HORIZON
RLIOHT AND SHOWING NOT CRITICAL
VECTON
FLIGHT POSITION
DIRRCTOR
QROUND IDENTIRICATION AND ALLOWING
osJECT OASERVER'S POBITION TO B CRITICAL
(RUNWAY INFERRED

EXPERIMENT 9. INFLUENCE OF NOISE ON EXPERIMENTAL DISPLAY

The object of the experiment was to investigate the influence of different kinds of noise on a
command and uttitude displuy, containing symbols which should be sensitive only to partial-fleld
noise, The experimental display wus presented against a dark ground by a reflecting collimator in
the afrcraft stmulutor. For whole-field motion, the entire cockpit and display installation was
disturbed us an ungular movement in elevation. For whole-fleld motion relative to the collimator
aperture, u step voltuge was applied to the Y-plates of the displuy-generuting cuthode ray tube at
irregular intervals, Purtinl-fleld motion was Introduced by applying & nolse signal to the director
symbol, causing relutive movement of index and reference in a vertical direction, In all, seven
piternative states of the display were availuble, including the standard form, partial-fleld motion at

four different levels und whole-field noise with and without aperturs motion,

The experiment was carrfed out with four pilots qualified in instrument flight each performing a
tracking tusk of 6 level turns through 90 deg at 3 deg per second, using the display in each of the 7
alternative nofse stutes, in bulanced order. Fumiliurization was allowed for § minutes with the
standard form, after which the experimental runs were completed without breuk in a period of

about 40 minutes, while error scores were recortded.,

Anulysis of varfunce showed highly significant score differences for display states and for subjects
(P = 0,001), and means for sach stute of the displuy are shown In Tubic X, 1t Is seen that values for
the standurd displuy, 54,7 feet, and for both cases of whole-field motion, §2,4 feet aund 41.4 foet
(D2 und D7), ure not separated by a § percent critical difference of 17.8 feet. But values for euch
stute of partiul-field motion, D3, D4, DS, und D6, exceed u meun value of 49,5 feet, for stundurd
und whole-tleld states, D1, D2, and D7, by more than the critical difference ut the 0.1 percent fevel,
27.3 feet, There I8 also b successive increase in score for each incrensed noise level, with values
which can be shown to be approximately hall the scores accumulating In the absence of any
tracking action by subjects, In other words, subjects attempted to follow disturbances from g steady
helght, duting level turns, to an extent which appeured to depend on noise level, Less pronounced
effects were observed Ip the heading channel, where nolse was not applied,
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TABLE X
MEAN S8CORES FOR NOISE STATES OF DISPLAY

OVERALL MEAN BROR
IN HEIGHT®

NOISE 8TATE
{(VERTICAL DIBTURBANCE) (FEET)
D1 STANDARD FORM B4.7
D2 WHOLE-PIELD MOTION RELATIVE TO 824

APERTURE, AS 0.8 DEG §TEP FUNCTION
TWICE PER TURN

03 PARTIAL-F.ELD MOTION OF AMS we
AMPLITULE 0.93 DEG

04 PARTIAL-FIELD MOTION OF AMS 110.0
AMPLITLDE 1,07 DEG

D8 PARTIAL.FIEL.D MOTION OF RMS 119.8
AMPLITUDE 1.22 DEG

D8 PARTIAL-RIELD MOTION OF RVSE 144.8
AMPLITUDE 1,35 DEG

D? WHOLE FIELD MOTION OF RMS 414
AMPLITUDE 0.88 DEG

*CRITICAL DIFFERENCE AT 5 PERCENT LEVEL 17.8 PERT
AT 0.1 PERCENT LEVEL 27.3 FERT
[CORRECTED FOR 4
SOURCHS OF VARIANCE)

The experimentul results show thut whole-field noise, with or without aperuture motion, had no
measurable effect on the transfer of information from a display comprising reference, artificial
horizon and fight director symbols. On the other hand partial-fleld noise applied to the flight
director caused loss of' performunce through following spurious information. These results ure
ressonable for symbols having meanings dependent on the relative position of display elements.

SPECIAL DATA SOURCE NOISE EFFECTS
Flight Vector Symbol

The flight vector symbol is particulurly susceptible to dute source noise when its computation is
based on meusurement of the angie of attuck, since turbulence may cuuse signul variutions us greut
as the quantity meusured. These variations may be smoothed out but informution is then lost
through the influence of the time constunt, tending to delay changes in the position of the flight
vector, Flight tests have shown this Indirect effect of noise Lo be unuceeptable to pilots,

Ground Object Symbol

The influence of datu source noise on o grouad object symbol depends on the method used to
generate the symbol, If the symbol is formed by positioning distinctive features, such us corners of a
runway, with respect to a datum determined by the data source signal, the effect of source noise
will be to disturo the symbol as u whole. On the other hand, if the position of each feature is
determined by un independent data source signal, it will be possible For the symbol to chunge shape
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in a random manner. The influence of this type of forni noise could be felt when the shupe of the
( symbol is used to estimate aircraft position,

2
b
s
Table X! summarizes the influence of noise on symbols. In the case of alphamerics, freedom from
E noise influence is assumed from their immunity to position ertor, with the further assumption that
' ' no visual blurring arises through high-frequency noise (which can usually be filtered without
% affecting the dynamic aspects of an information display of this kind), Symbols of the relative
‘3- position type; i.e., horizon and director, used in conjunction with a reference symbol, are known
from Experiment 9 to be affected only by partial-fleld nolse, which can be ignored because flight
2:}* experience shows no difficulty in flltering this kind of nolse without loss of information. In the case
g of flight vector and ground object symbols, noise effects cannot be ignored because these symbols
% are of the absolute position type, which are sensitive to position error, and they may be subject to
ineradicable effects of data source noise. The latter symbnls are thus unsuitable for head-up
t

v presentation,
3
i TABLR XI
¥ 2 INFLUENCE OF NOISE ON 8YMBOLS
v syMmoL INFLUENCE OF NOISE
ALPHAMERICS NeaLiaiaLe
REFERENCE
ARITFICIAL HORIZON NEQLIGIBLE
FLIGHT DIRECTOR
PLIGHT VECTOR NOT NEGLIGIBLE
GROUND OBJICT

INFLUENCE OF LIMITED DISPLAY FIELD ON SYMBOLS

Displacement Effect

Symbols which represent flight vector and ground object as absolute positions will have the same
angulur displucements as corresponding objects, imaginary or real, in the external world. They may
therefore reach the edge of the display field after quite small changes of attitude, especially if the
symbol itself covers a relatively large area of the display. A similar effect may occur through change
of height, leading to a change of symbol size, The influence on thase symbols of a imited display
fleld is to cause, mainly through the former (displacement) effect, a loss of information which
cannot be considered negligible,

On the other hand, a director symbol need not have the same angular displacements as an abject in
the external field since it is only required to show the direction and amount of a tracking command,
to some convenient scale. It may reach the edge of the fleld but it can then be “parked” without

loss of information and its position may be found rapidly with the heip of supporting elements, 1
such as those used in the experimental display. The influence of fleld limitation on the flight _
director symbol can therefore be ignored. 1

. ?'?""“:"“'—‘""""*"""‘"““'~"" e
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As previously discussed, the artificial horizon need not, and possibly should not, have the samc

i ; angular displacement in elevation as the visible hcrizon, This symbol may be retained within the
display field by elevation scaling, until zenith or nadir symbols appear, and it is not driven outside
the field by changes of bunk angle. Even less difficulty Is found in retaining refersnce and
alphameric symbols since they are not required to bear any relation to positions in the external
fleld, It is thus permissible to ignore also the influence of field limitation on artificial horizon,
reference and alphameric symbols. These results are summarized in Table XII, which shows that
field limitation renders flight vector and ground object symbols less suitable for head-up
presentation than the symbols used in the experimental displny.l
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3 TABLE XI|

b INPLUENCE OF LIMITED FIELD ON 8YMBOLS

T

3 GISPLACRMENT VELOCITY

- SYMBOL arERCT KRFECT INTERFERENCE

3 ALPHAMERICS NEQLIGIBLE - NEGLIGIBLE NEGLIGIBLE

- REFERENCE :

HORIZON

i DIRECTOM

h

‘ FLIGHT VECTON NOT NEGLIGIBLE NOT NEGLIGIBLE NOT NUGLIGIBLE
GROUND OBJECT

Velochy Effect

Symbols having the angular displacement of objects in the external fleld will also move with their
angular veloclty, and they will cross a limited display fisld more rapidly than they cross the full
extent of the forward view. This should cause an Increase of apparent angular velocity, when
displacement is expressed as a fraction of the fleld, an effect similar to what is experienced when
the sea horizon is seen through a distant aperture in the side of a rolling ship. The symbols subject
to this effect, which may attract more attention than the user wishes to give, will clearly be the
symbols subject to displacement effect; conversely, those immune to displacement wiil also be
Immune to velocity effect. Symbols in the latter cluss include those which may be presented at a
reduced angular scale. and flight tests have shown a 2-to-l reduction to be suitable for flight
director commands, a device which is also useful in reducing the risk of picture break-up (due to
repetition rate). Velocity effect {s included in summarizing the influence of fleld limitation, Table
XIl, and serves to strengthen the case againat ground object und flight vector symbols.

Interference

When two symbols occupy the same position in a display they are generally more difficult to
distinguish than if they are separats, and this may hinder access to informatioh, When the
separation is small but symbols remain overlapping, there may still be an effect on the trunsfer of
information; e.g., the form of one symbol may conceal the position of the other, or both forms may
combine into a total form which 18 difficult to interpret. Interference of symbols is the
encroachment of one upon the space properly occupied by anothet, with consequent impairment of
the information process,

In a limited dispiay field, interference may arise either through fullure to restrict the size of symbols
or faflure to avoid crossover due to symbol movement. It is usually possible to find an equitable

a8

S e s e e T e N = e N A
e st g s tepinmepn gt a0 e P M ARCRS R WL M it T
R A e b



Men s e ks emes e S—— St e

basis for restricting symbol size; e.g., the length of line used to form a symbol may be made
proportional to its information content, to a scale sufficient to preserve the identity of the smallest
symbol, Table XIII shows how line lengths would be allocated on this basis to symbols used in
head-up presentation, but it is understood that the rule can be applied to a runway symbol
(assumed to be continuous) only at a particular height, since symbol size varies with height.

TABLE Xlil
LINE LENGTHS OF 8YMBOLS ACCORDING
TO INFORMATION GONTENY

ALLOWABLE
i INFORMATION LINE LENQTH
SYMBOL DIMENSIONS (ARBITRARY UNITS}
SPEED SPIED 1
HEBIGHT HRIGHT 1
ARTIBICIAL SANK AND BLEVATION 2
HORIZON ANGLES
RUNWAY* AND LATERAL AND VERTICAL 2
PLIGHT VECTOR ERRORS
PLIGHT LATERAL AND VERTICAL 2,4
DIRECTOR ERRONRS (AND AATES)

*SYMBOL SIZE VARIES WITH HRIGHT

It is more difficult to avoid crossover due to symbol movement, Symbols showing absolute
positions cannot be restricted in their movements without misrepresentation; e.g., 8 runway symbol
should be able to take any position in the display as attitude changes, and the flight vector symbol
to move appreciably with change of angle of attack, or wind shear. On the other hand, symbols
showing relative positions can be more easily handled, allowing other symbols, with fixed positions,
to be kept outside their range of normal movement, at distances increasing as symbol importance
diminishes (so0 that the more important information is more accessible). Interference thus depends
on whether or not symbols show absolute position and this result, which is included in Table XII,
shows a further disadvantage for flight vector and ground object symbols in head-up presentation.

SUMMARY: INFLUENCE OF ERRORS AND LIMITATIONS

It is shown, by considering how position is used to convey the ineaning of symbols, that the
influence of position error on flight vector and ground object symbols cannot be neglected, This
influence is, however, negligible for symbols that do not show absolute positions, such as the flight
director symbol, which can also be misaligned without causing delay in first sceing an emergent
runway, when the symbol is glven a distributed form, as in Experiment 7, The horlzon symbol shows
absolute position in bank and is subject to position error in this axis, but alphameric and reference
symbols have arbitrary positions and are immune,

By considering huw form, or pattern, is used to convey a symbol's meaning, it is shown that
symbols having a form used to encode information, as alphamerics, are not critically affected by
form error, Further, Experiment 8 allows the inference that symbols with a form used to identify
and show position, viz, reference, horizon, director, and flight vector symbols, are also not critically
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affected. The only symbol in which form error cannot be assumed negligible i the runway symbol,
(It is assumed that each symbol is used only once in the display.)

The position error results are used to show that the influence of noise on alphamericy may be
neglected. Symbols with meanings dependent on relative position, such as horizon and director
symbols (used with the reference symbol), are only affected by partial-fieid noise, as Experiment 9
shows for command information, but this effect can be neglected in practice, The influence of noise
cannot be neglected in the case of flight vector and runway symbols, especially because of datu
source noise,

Consideration of the angular displacement :." symbols in a limited display field shows that serious
loss of {nformation can occur with symbols showing absclute position, viz, flight vector and ground
object symbols. The same symbols may ealso appear to move too rapidly across a limited field.
Interference, due to static overlap In a limited fleld, may be avoided by conventions for restricting
symbol size but dynamic overlap, due to symbol movement, cannot be avoided when symbols show
absolute position, Symbols of the relative position type have movements which can be controlled
and 80 need not cause interference or other fleld limitation effects, Thus, symbols with fixed
position can be placed outside the range of movement of director and horizon symbols under most
conditlons of use, and at distances corresponding to their significance. (Interference of horizon and
reference can be avolded by making a central gap in the horizon bar.)

These results are summarized in Table XIV, where it Is seen that the runway symbol is less
satisfactory than any other symbol, and the flight vector symbol almost squally unsatisfactory for
head-up presentation, It may be argued that wide-angle, head-up systems will one day guin
scceptance with the user, even at the risk of having optical equipment close to the face, and fleld
limitation effects would then be less important, Even so, the runway symbol would still be worse
than most others on at least three counts, and the flight vector symbol on two. (The runway symbol
may also need comparatively elaborute methods of generation.)

TABLE XIV
SUMMARY OF EFFECTS OF ERRORS
AND LIMITATIONS IN HEAD-UP PRESENTATION

sYMBOL "iRRoA | uRROR | Noisw nmucmu::w L:::f:;l?: T iRRRRE
ALPHAMERIC 0 0 0 0 0 0
REFERENCE 0 0 0 0 0 0
HORIZON X 0 0 0 0 0
(BANK|
DIRECTOR 0 0 0 0 0 0
VicTon X 0 X X X X
RUNWAY X X X X X X

0 SIGNIFIKS NEQLIGIDLE OR NOY CRITICAL {FORM ERROR)
X SIGNIFIES NOT NEQLIGIBLE, OR CRITICAL (FORM ERROR)
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It can also be argued, despite these defects, that ground object and flight vector symbols could be
included in a display based on the more satisfactory flight director symbol. This argument ignores at
least three sources of danger. First, the user would have more information presented in his line of
sight than has been shown to be safe in flight. Second, velocity effect would cause the less reliable
symbols to achieve greater visual prominence, Third, interference would reduce the usefulness of
the flight director and supporting symbols.

Runwuy and flight vector symbols are thus almost entirely unsatisfactory for head-up presentation,
and can only be justified on the rather inadequate grounds that the pilot is accustomed to seeing the
runway during the approach, On the other hand, Table XIV shows that a basic flight instrument
display can be presented in the head-up mode, without exceeding the constraints imposed by the
system. This could consist of a flight director of distributed form supported by a horizon (at
reduced elevation scale) with alphameric or nonpictorial speed and height symbols, these symbols
(assumed to be uniquely identifiable) being almoat entirely free of the sffects discussed.
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SUMMARY

The HUD is = particular kind of presentation designed to eliminate the physical acts necessary in
transferring attentlon between visual flelds in different positions, and to avoid the complexity of
interpretation arlsing when the flelds are understood by different rules, It is also intended to
withstand the influence of errors and limitations to which the system Is subject.

The display is presented at large or infinite distunce along the line of sight, allowing It to be seen as
part of the forward view without change of focus or line of regard. This arrangement permits an
information capacity sufficient for instrument flight, which can be performed efficiently while
observing critically the forward view, It virtually eliminates the transition and reduces risks arising
through inadequate external observation, including the risk of collision, These results may be
expected to have an effect on flying procedures based on a rigid distinction bstween visual and
instrument flight rules,

The visible form or pattern of the display is viewed under uniform, matched conditions of
brightness and of color, to eliminate possible sources of interference between fields, The pattern
represents information which can be shown continuously in a limited display fleld. It is understood
by rules similar to those applied in the forward view and has thua a self-evident quality which allows
a transfer of skill between flelds, reducing learning time and workloud. By applying a similar
conformity principle within the display field itself, a high leve! of tracking accuracy may be
achieved, sufficlent for the purpose of manual touchdown in all weather conditions,

The displuy is presented by means of a reflecting collimator, and the pattern is generuted on u
cathode ray tube for flexibility and freedom from inertial effects. Symbols may be subject to errors
of position and form; noise may be experienced; and fleld limitation may cause symbols to be lost
by displacement, to move too fast, and to Interfere with sach other. These effects vary conslderubly
among symbols: the runway symbol is subject to all of them and the flight vector symbol to ull but
one, on the other hand, alphameric, reference, horizon, and director symbols need only be
influenced to a negligible or non-criticul extent, except for the effect of position error, in bunk, on
the artificial horizon, Experimental results of particular importance include the non-critical effect
of misalignment of the director symbol; the influence of partial-field noise on the same symbol; and
its freedom from form error effects,

It is possible to provide sufficient information for instrument flight with symbols free of these
effects if care Is tuken to limit bank error and signal noise affecting the director, Runway and flight
vector symbols are ruled out, even us auxiliuries or us components of u wide-ungle display, Symbols
gre euch used only once; they ure restricted in line length uccording to information content and are
pluced ut radial distunces consonant with thelr importance. Interference is reduced by parking the
director symbol and scaling down horizon symbol movements in elevation,

In brief, HUD is a cathode ruy tube display presented by reflecting collimutor und comprising
sufficient information for all modes of instrument flight. 1t {s 4 fly-to, distributed director and
attitude displuy, shown in u single coordinate system conforming with the forwurd view, and
supported by alphameric or nonpictorial height and speed components, each being uniquely
identifluble, proportionately disposed, und spatiully isolated. In this form HUD s capuble of
Implementation In the present state of the art; it virtually eliminates the transition: is learned
rupidly und may be used without over-concentrution to fly a very accurate flight puth, These leading
particulurs ure summatlzed in Tuble XV,
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TABLE XV

HUD LEADING PARTICULARS

BRI e Ll Sl B R i e e

PICTURE GENERATION
OPTICAL PRESENTATION
INFORMATION CONTENT

Symsoua

SYMBOL DEBIGN FRATURES

PROPEATINS

CATHODE RAY TUBE
REFLECTING COLLIMATOR

SUBRICIENT POR ALL INSTRUMENT ELIGHT MODES

FIXED AIRCRAFT REFGRENCE
SCALED-DOWN HORIZON

DISTRIBUTED RLY:TO ELASTIC DIRECTOR
ALPHAMERRIC/NON-PICTORIAL HEIGHT AND SPRRD

COMMON FRAMEWORK FOR 8YMBOLS JUSTIEYING
CONFORMITY WITH FORWARD VIEW

UNIQUE IDENTIFICATION

LENGTH PROPORTIONAL TO CONTENT
LOCATION ACCORDING TO BIGNIFICANCE
MUTUAL IBOLATION

VELOCITY ACCORDING TO BIGNIFICANCE
SUBJECT TO OVERALL SARE LIMITING CONTENT

BLIMINATING TRANSITION
RAPID LEARNING, OR SELEEVIDENCE

ACCURATE FLIGHT WITHOUT OVEACONCENTNATION

44

T M et S R e R e T el e i a ot e - .

e,
£ -

Rt

L g

N

e

Tk Do_gty




T e

—

2

4,

5,

6.

8,

11,

l2|

REFERENCES

Anon, ALPA's All-Weather Committee Evaluates Douglas Aircraft All-Weather Program, Inf.
Bull., Vol. 18(21), A.L.P.A. Chicago (May 24, 1967), 4,
Anon, Head-Up Unit Trivd In Cat. 111 System, Aviation Week, Vol. 86(26), (June 26, 1967),

05-6.

Ellis, W. H, B, and Allan, R. N,, Pllot’s Eye Movements During Visual Approaches and
Landings, Air Ministry F.P.R.C, Report 888 (1954),

Broudbent, D. E., Mechanical Mode! for Human Attention and Immediate Memory, Psychol.
Rev., Vol, 64 (1957), 208-2158,

Naish, J, M., Stmulation of Visual Flight with Particular Reference to Study of Flight
Instruments, Aero Res, Coun, C.P, 488 (21663), London, H. M, Stationery Office (1960)

Pretty, R, Foretaste of TSR2 Sortie, World Aviation Electronics, Vol. 4(11), November, 1964,
Martin, L. V., Technical Optics, Vol, 1, Pitman, London (1948), 175,
Weston, H. C,, Sight Light and Efflciency, Lewis, London (1949), 143,

Grether, W, F., Discussion of Pictoral Versus Symbolic Alrcraft Instrument Displays, USAF
Alr Mat, Cmd, W-P AFB, TSEAA-G94-8B, Memo 4 (1947),

Poulton, E. C., Perceptual Anticipation in Tracking with Two-Pointer and One-Pointer
Displays, Brit, J. Psychol, Vol, 43(3), (1952), 222.229.

Morrall, 1. C. Pllot's Safety Problem in Cat. 1l Operations and Potential Contribution of
Head-Up Display, Int. Fed, Air Line Pllots Assoc, Symp., Rotterdam (1965); Roy, Alrcraft
Estub, Tech. Rep. 66195 (1966).

Buxter, J. R, and Wotkman, J. D., Review of Projected Displays of Flight Information, Dep. of
Supply, Austral, Def, Sc, Ser.,, A.R.L. HE. Rep. 2 (1962).

Werner, H. und Wapner, 8., Experiments on Sensory-Tonic Field Theory of Perception. 1V, ),
Exp. Psychol., Vol. 43 (1952), 68-74,

in b ey X 25




BIBLIOGRAPHY
E. J. Freeman, Plans For Even Faster Planes, Birmingham Post, September 2, 1958,

D. C. Bowles and J. M. Naish, Apparatus For Generating a Simulated Flight Display, British Patent
Specification 873,321, Application Date December 5, 1958.

L. C. Bentley and J. M. Naish, Means for Displaying Navigational Information to Plot of an
Aircraft, British Putent Specification 891,255, Application Date July 17, 1959.

P. R. Ramage, Simplifying the Pilot's Task, Aeroplane & Astronautics, 416, October 30, 1959,

Asronautical Correspondent, Symbols at Eye Level Aid Air Pllots, The Times, London, December
1§, 1960,

G. Short, Navigation By Gunsight, B.B.C. European Productiuns, December 15, 1960.

Anon,, ‘Head-Up' Flight Information Display and Visual! Flight Simulator, Aircraft Engineering,
January, 1961,

J. M. Naish, System for Presenting Steering Information During Visual Flight (the Head-Up
Display), Part 1, The Position of Presented Information, Royal Alrcraft Establishment,
Farnborough, Technical Note LA.P. 1132, October 1961,

J. M. Naish, System for Presenting Steering Information During Visual Flight, Part 2, The Form of
Presented Information, Royal Aircraft Establishment, Technical Note 1LAP. 1138, February 1962,

J. R. Baxter and 1. D. Workman, Review of Projected Displays of Flight Information, Australian
Aeronautical Research Laboratories, Report HE 2, August 1962,

J. M. Nalsh, Cockpitt Displays and the Possible Applications of a Collimated Head-Up Display, Royul
Alrcraft Establishment, Symposium on Alrcraft Take-Off and Landing Probloms, December 1962,

J. R. Baxter, Projected Symbolic Displays for General Aircraft, Australian Aeronautical Research
Laboratories, Report HE 14, March 1963,

J. M. Naish, Combination of information in Superimpaosed Visual Fields, Doctoral Thesis, London
University, 1963.

J. R, Baxter, Projected Symbolic Display - It's Application to All-Weather Landing, Internationul
Alr Transport Assoclation, 15th Technical Conference, Lucerne, April 1963, working paper 18,

P. F. Mooney, Optically Projecied Cockpit Display for All-Weather Commercial Operations,
International Air Transport Association, 15th Technical Conference, Lucerne, April 1963, working
paper 88.

1. M. Naish, Properties of a Head-Up Display System Relevant to Approach and Landing,

International Aiv Transport Association, 15th Technical Conference, Lucerny, April 1963, working
paper 106,

a7

i . . L i ars b i AR A i Rl iy G Rt e ]
P Pk g S L Al i Rtk SR o ST S - A TR i T A e

i‘f
'y

s g

B S i R et e it SR i s 2 iR




{ V. E. Hamilton and J. A. Benson, Commentary on Problems of Optical Presentation in Alrcraft
\o- Cockpits, International Air Transport Association, 15th Technical Conference, Lucerne, April 1963,
working paper 108,

J. Long, E. Martino and C. Fragola, Sperry Windshield Display System, International Air Transport
Association, 15th T'schnical Conference, Lucerne, April 1963, working paper 134,

P A R T TR T SRR

P. A. Noxon, J. W Lauricella, Landing Display — Why Microvision?, International Air Transport
Associution, 15th Technical Conference, Lucerne, April 1963, working papers 69, 135,

_J. M. Naish, Benefits of Head-Up System, Eloctronics Weekly, May 15, 1963,

G. Lyall, Gunsight Aids Safer Landings, Sunday Times, London, October 6, 1963,

TR G 6 M g ¢

J. M. Nuish, Head-Up System, Shell Aviation News, Number 302, 8:10, 1963,

J. M. Naish, Combination of Information in Superimposed Visual Flelds, Nature, Vol. 202,
641-646, May 16, 1964,

Anon., Eves on a Blind Hortzun, Observer, London, Muy 17, 1964,

Anon,, Head-Up Display, Society of British Aircraft Constructors® Exhibition Leaflet, Ministry of
Avlation, Furnborough, 1964,

R. Turmnill, B,B.C, Radio Newsreel, September 3, 1964,

R. Pretty, Daverip in Hunter, Electronics Weekly, September 9, 1964,

J. M. Nuish, System for Presenting Steering Information During Visual Flight, Part 3, The Influenee \5
of Errors and Limttations. Royul Alrcraft Establishment, Technical Report 64026, October 1964,

M. Lambert, Heud-Up Over the Hills, Flight International, October 22, 1964,

4
g

J. M. Naish, Flight Simutator tn Disptay Research, Journal of Royal Aeronautical Soclety, Vol. 68,
653-660, October 1964,

P. Hurris, White-Dot Wonder, Dully Mitror, London, November 11, 1964, 21,
R, Pretty, Foretaste of TSR2 Sortie, World Aviation Electronics, Yol 4(11), November, 1904,
J. C. Morrall, Pilot's Safety Problem in Category 1l Operations and Potential Contribution of

Head-Up Display, Internutional Federation of Air Line Pilots’® Assoclutions Symposium, Rotterdam.
October 1965,

J. M. Naish, Display Rescarch and lts Applicatton to Civll Alrceaft, Journal of Royal Aeronuutival
Soclety, 69, 662-669, October 1968,




LR TRy Fe o

]
5

-
Pad™

J. M. Naish and R. Shiel, Flight Trials of Head-Up Display (HUD) in Meteor and Hunter Aircraft,
Royal Aircraft Establishment, Technical Report 65254, November 1965,

J. M, Naish, Factors Affecting Head-Up Display Design, Institute of Electrical and Electronic
Engineers, 8th Annual Symposium on Human Factors in Electronics, Pulo Alto, May §, 1967,

Anon,, ALPA's All-Weather Committee Evaluates Douglas Alrcraft All-Weather Program, Informa-
tion Bulletin, Air Line Pllots® Association, Chicago, Vol. 18(21), May 24, 1967, 4.

Anon,, Head-Up Unlt“Trled in Category 111 System, Aviation Week, June 26, 1967, 60-70.

C. L. Stout and J. M. Naish, Total System Concept for Category Ill Operations, Society of
Experimental Teat Pilots, Los Angeles, Suptember 28, 1967.

F. M. Wilson, Jet Transport Design Considerations for Category Il All-Weather Landing Systams,
Society of Automotive Engineers, Los Angeles, October 2-6, 1967,

Anon,, Automatic Flight: The Pilots’s Vital Role, World Aeroapace Systems, November, 1967, 4.

49

e i e

T T 2 S Y R




