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SUMMARY

This paper aims to fulfil two main functionas; firstly, it highlights
what is believed to0 be the main safety problem in current bad weather landing
and secondly, it presents results of initial flight trials with a head-up
display which show that this aid has great potential value for Category II
operationse

The safety moblem is shown to lie in the limitations of the pilot in
cantrolling the aircraft in pitch, using visual guidances. The head—-up display
is recommended as a solution to this problem as it can provide an efficient
means of conbining ingtrument and visual infarmation. In addition, further

improvements could be achieved by optimization of cockpit procedures, whether
or not a head-up display is adopted.

*Replaces R.A.E. Teclmical Report No. 66195 - AsR.C. 29660

This paper first appeared in the report of the IFPALPA Rotterdam Symposium
Vol.1, 13~16 October 1965.
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1 INTRODUCTION

The theme of the Symposium is All Weather Operation, with concentration
on what 13 considered to be the critacal area of Category II operations,
namely, the transition from insirument to visual flight. 1In this paper
therefore two aspccts are presented. First, attention is drawn to the short-
comings of the visual control an pitch during the visual phase which is
believed to be the main safety problem in bad weather landing using present-
day techniques. Second, resﬁlts from B.L.E.U. work with the head-up display
are given and in particular it 1s shown how the display can assast in over-

coming the safety problem.

Early experience, from 1956 onwards, with such devices as a simple aiming
bar mounted on the cockpit coaming, (suggested by Mr. Calvert), the progected
Zero Reader, and the P,V.D. led B.L.E.U. to fecel that a head-up display system
containing more comprehensive flight information could play an effective role

in all weather operation especially for landings in Category Il minima.

The work of Dr. Naish, R.A.E., produced an electronic head-up display
containing such information, and which we considered, therefore, should be
1nveétigated fully for bad weather apprcach and landing. This type was
installed in farst a Varsity and,th;n a Comet aircraft. Trials have been
centinuing since 1964 and results from the first phase in the Varsity

aircraft ere those discussed in thas paper.

2 VISUAL CONTROL IN PITCH IN TOW VISIBILITIES

The main safety problem in bad weather landing using present-day tech-
niques is considered to be the shortcomings of the visual control in patch
during the finsl phase of the approach and landing especially in low visibi-
lities. Mr. Calvert of the R,A.E has given this problem intensive study and
the argument can be summarised as follows, In making his decision whether to
continue with the landing or not after becoming vaisual the pilot must assess
not only his position relative to the adeal flight path, but also his veloci-

ties, both cross track and vertical, to determine where the aircraft is going.

Whilst it 23 reasonable to expect & proficient pilot to be able to assess
the aircraft's position and velocity in the horizontal plane by looking at a

segment of approach lighting which includes only one cross bar, it 18 more
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difficult, if not 2mposaible, to make a similar assessment in the pitch

plane from the same picture. Even gross errors may be difficult to detect in
the tinme availgble after visual contact in operataons to the lower decision
heights of Category II. It is believed that visual control of the aeroplane
in pitch beging to become reliable when the pilot can sec as faor as the point
on the ground to which his approach path is heading. For a glide slope angle
of 3° and & slant range of 400 metres this occurs when the pilot's oye height
is as low as 70 fi, and oven for a slant range of 800 metres the eye height
is 140 ft. This means, to achieve higﬁ standards of safety in these visual
conditions, ingtrument guidence in pitch is required to heights of around

50 to 100 ft. Figs.?1 and 2 demonstrate effectively the type of pitch perfor-
mance which takes place when the pilot is completing the approach and londing
using visual guidance. :

The results of Fig.1 were taken by J. Cook at London Airport when the
visibility was about 1,200 metres (Category I). The closurs with the runway
centreline as the approach proceeds and the deterioration in pitch performance
at about 3 to 6,000 f't range are quite apparent. The improvement in pitch
performence as the aircraft approaches the thrashold can also be seen and it
18 noted that this takes place at the poant where the pilot starts to see the
runway threshold and beyond at a range of about 3,000 ft.

B.L.E.U. have recontly completed a flight trial where different approach
lighting patterns wore investigated. A slant range of db?ut 400 metres was
simulated with fog screens. The pilots vho took part in this trial had made
many landings in low visibility both real and simulated and were also well
educated in the problems of this type of operation. The results given in
Fig.2 again show the deterioration in pitch performance when even these experi-
enced pilots assumed manual control using visual guidance, The pitch perfor-
mance on thas occasion does not improve until after threshold, i.e. when
at 400 metres slant range the pilot is sble to see the aiming point to which
he is going. This flight evidence confirms Mr. Calvert's studies and substan~
tiates the need for instrument guidance in pitch to very low heights even

although adequate visual guidance for correcting lateral errors may have been
evaeilable from higher heights.

The requirement for instrument guidance may be implemented by various
methods., Immediate solutions applicable to current techniques are as follows.

If the spproach aid I prefer is being used i.s. automatic approach then this



should be retained to low heights and the visual guidance when aveilable used
to monitor the automatic performance, Similarly, 1f the approach is made
manually using the flight director, then ideally the aircraft should be
flown by the first officer with the captain monitoring the performance on
becoming visual. In both cases the captain should, if possible, refrain
from taking control to continue the landing visuelly until et least he ocan
see the threshold or preferably the aiming point. However if, with either of
these techniques, a correction of lateral error is required then ideally
divided control should be uszed., This is feasible with automatic approach,
but in the case of the flight director the captain will have to take full
controlywith the first officer monitoring his performance on instruments,
particularly in pitch,

In the future the head-up display, as described later, allows a pilot
to fly the arcraft using instrument guidance in pitch with visual guidance in
azimuth and is therefore en ideal solution to overcomo the safety problem of

the visual phase.
3 BRIEF DESCRIFTION OF THE HEAD-UP DISFLAY IN THE VARSITY

Before going on to present test results, the head-wp display in the
Varsity will be briefly described. The head-up display components in the
Varsity cockpit, i.e, the pilots display unit ard reflector, are shown in
Fig.3. Fig.4 shows the display as seen by the pilot. The symbols which

were used during the Varsity trials are shown in Fig.b end arc as follows:=-

(2) Horizon symbols

(v) Aireraft symbol

(e) Track lines director

(d) Cross pointer and director

(@) Bank soale

(£) 1I.L.S. glide slope scalc

(g) I.1.8.-localizer or leador cable scale

(h)  Radio height

(1) iiﬁsbééd 2rror scale

(3) "ThePhasé eircles = : :
In brief; ﬁhé?dihbld? wes- o form of director horizon with added information
on suxiliaty- Boales. - T .

Tha majority Ef,¥he‘scnsors or control laws which were used to produce
the above symbols were already in the aircraft as part of the automatic
landing and flight system. ’



4 FLIGHT TEST RESULTS

The results from the trials to date are briefly given in the following

. . b
sub-sections. These include:-

(a) the instrument approach performance schieved using the display;

(b) tho advantiges to be obtained from the display during the visuel
¢ transition;

(¢) the contribution to safety during the visual phase and

(d) 4mitial views on the use of the display to assist the pilot to

monitor the instrument aepproach.

4.4 Approach performance

The standard of instrument performance achicved during the trials using
the head-up display bcth for pitch and azimuth is shown in Figs.6 and 7
respectively. The variation with range of the standard deviations of
height and lateral errcor are shown plotted. For comperison auto-coupler
performance is also shown., The standard deviation of error is considered
to provide a good measure of the standard of performance achieved with

given approach and landing systom.

Flight director information was flown in both channels with the
additional information from I.L.5. locelizer and glide slope signal displayod
at heights above 400 ft while at heights below this the glide path signal
was replaced by radio altimeter indication. Airspeed error was not consid-
ered necessary becausc the automatic throttle-was in use,. Thesé‘results
pertain to the 1nstrument phase as theore was no contact at any time with

outside world clues.

-

Ground thecdolite records were token of 64 approachcs, 32 of which were
made using the cross wares dircetor and 32 using the irack lines director,
and down to heights of the order of 100 ft there was no significant differ-
ence in the performance betwecn the twe systems. Therefore the combined
results covering the 64 approaches arc shown, The aireraft was {flown in
conditions of up to 25 knots head wind, 22 knots cross wind and 15 knots
tail wind, the majority of the approaches being in winds greater than 10 knots.

The results given in Fig.® show that the pitch perfomance achieved by the
B.L.E,U, pilots is comparable to that achreved with the autopilot. Further,
for Category II operations with a decision height of 100 £t the United Kingdom
haes defined a pitch performance aim of a standard deviation of 10 £t in glide

slope displacement at 100 £t hoight. It can be seen that even allowing for



deterioration. due to-equipment-toleramces and in-service-operation, it
gshould be possible to mect a standard acceptable for Category II operations,

The control law used for the azimuth director was heading with "wash out".
This should provide a standard better than a heading stabilised and worse than
a rate stabilised system. Also the azimuth radio guidence used for these
trials was I.L.S. localizer for the initial approach followed by leader cable
for the final stage. The azimuth performance achieved with the head-up
display is shown, therefore, in Fig.,7 where it is compared to heading and
rate stabilised I,L.S. localizer and rate stabilised leader cabliiautomatic
approach performance, From this it can be seen that, as would be expected,
the head-up display performance lies between the two sets of I.L.S. results,
end is slightly worse than that with leader cable. The inference is, there-
fore, that if a rate stebilised or similar control were used then the
standard oé performance would be satisfactory for Category II operations,
i1.¢. o design aim of a stendard deviation of 18 £t in lateral displacement.
However it should be ncted that to achieve this standard of performancé in

pitch ard azimuth the pilot is fully employed in flying the gdirector.

A further Important point to note at this stage is that during these
Varsity trials approaches were made using the Smiths' Flaght System and the
Sperry Zero Reader head-down instruments and again the standard of performance
achieved down to heights of the order of 100 ft was similar to thet with the
head-up display. From this it can be concluded that during a task such as
the approach whero the pilot is able, ﬁue to the stability of the system, to
divide his time between pitch and azimuth then the form of director presenta-
tion is not too significant and the performance is almost entirely dependent
on the quality of the control laws. The same carmot be said for the landing
phase, including the flare, 'but this is outside the scope of this paper.

Le2 The use _of:head—up.d:}.splax during the transition

* T ERYY Y

The Jprimgfadvantage put forward for the head-up display is the ease with
which Itralidows the pilot fo-transfer from instrument to visual flight. As
a result of the B.L.E.U. traals the pilots conclusions confirm this view.
They cons1dered the transition from using the display to external information
was easy ané‘nafural. Contact with the external clues was made at the
earliestfpéséible time énﬁ’pilots were able to transfer without abandoning

instrument guidance,



The evidence tw date from the aprroaches in which the head~up display
was used with fog simulation confirm the ability of the pilot to combine
instrument information with external guidance. Although the pllots were not
briefed on the method of combining outside world clues with the head-up
display instrument information, the natural method of use was to continue to
use the display for pitch control until considerabdly later then they began
to use the external world for azimuth guidance. This confirmed the pilot's
own realisation that the outside world was deficient for pitch guidance
until the threshold or beyond was in use.

L. The safety problem

As mentioned previously 1t is considered that the main safety problem
of Category II operations is the poor pitch control by the pilet in low
visibilities when using visual guidance. However, when using this display
it has been shown that the pilot can confidently combine instrument guidance

for pitech control with externsl visual guidance for azimuth.

Since at the present time modern automatic flight control systems have
computed glide slope and glide slope extension information which can provide
the pilot with director irnformation in pitch to low heaghts, i.e. less than
100 £'t, this can be presented to the pilet on the head-up display and can be
used during the visual phase causing the glide slope errors to be markedly

decreased.

The glide slope extension performance obtained during the Varsity trials
is shown in Fig.6. This also shows a certein degree of deterioration in
performance during the open loop "constant attitude" type of glide slope
extension, HNevertheless, by comparing the performance with that from Fig.2,
which is done in Fig.8, it can be scan that the head-up displsy contributes
a marked improvement in pitch performance during the height range froﬁ
14,0 £t down to 50 ft, and should therefore contribute significantly to
improved saf'ety. Also shown in Fig.,8 is the type of result Which it is
believed should te achieved using more modern control laws than those
available in the Varsity. This shows an even more marked improvement over
that achieved with visual guidance,

4.4 Monitoring
The results which have already been briefly described were limited to

using the head-up displey for manual instrument approaches. We have only
Just started to investigate in detail the role of the head-up display as a



monitor for automatic epproach and al*hough it is too sarly to repert on this
work, it is already clear that the pilot likes to have instrument information
in this position, It allows them to monitor the approach performance with
such information as displacement from the glide path, airspeed or airspeed
error, radic height and aircraft attitude whilst being able to obtain the
earliest contact possible with the outside world.

5 DISCUSSION

In the type of civil transport aircraft which will be used for
Category II operations an autopilot is likely to be available and there is ne
doubt in my own mind that automatic approach should be the prime instrument
aid. This is for many reasons. Modern automatic flight control systems
with the latest control laws can provide accurate consistent approach perfor-
monce down to the lower heights needed for Category II. They can be designed
to have feil-soft characteristics and their reliebility and integrity can be
established. The use of automatics relieves the pilot cockpit work-load
considerably. It frees one pilot from being fully employed in flying the
aircraft and allows him to monitor the instrument approach and effect a
missed approach if required while the other pilot can concentrats on the
eriticel visual transition and landing. The availability of more monitoring

effort must contribute to safety.

Good as this cockpit procedure is it still has the drawback that the
instrumental and visual information are separated during the critical period
of the visual transition and final approach end landing., When the captain
starts to receive visual information he may be tempted to take over manuel
control too early, that is when he has adequate azimuth guidance but still
poor vertical guidance. Alternatively he may allow the instrument approach
to continue to a low hyight to obtain good veorticel guidance but accept an
azimuth error which he could reduce if he had manual control. The head-up
display, however, has the unique feature in the visual phase of allowing the
captain to combine the visual and instrument information and to make the

optimum use of both.

I believe, therefore, that the head-up display can contribute to safety
in Category II operations. System designers should be studying how it can
best be integrated into an automatic flight control system or used just as
an instrument flight control syst¢em while ensuring thet the necessary system
safety requirements both performance and reliability are met. Certainly for
any application the head-up disﬁiay itself must be designed to be fail obviocus,
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In designing a system, the flexibility of the head-up display, whereby
different displays can readily be generated for different flight modes must
not be overlooked., It might turn out to be advantageous, for example, to
present the pilot with different displays for monitoring an automatic

approach and for performing a manual instrument approach.

Personally I can already see two possible uses for the dasplay: {irst,
because of the super-position of information it can be used to present
monitoring information to the pilot during sutomatic approach. Our pilots
already feel happier sbout conducting low vaisibility approaches with this
facility., Further if the autopilot fails, flight director information can
be immediately presented and the display used as a standby channel, Second,
in aircraft where a Category II cepability is not already avallable 1t
might be possible economicelly to retrofit the head-up display together
with a computer of the standard needed whereas it might be too expensive to
install an autopilot of satisfactory gquality especially from the point of view
of runaways. This 1s an engineering problem which would have to be ilnvesti-
gated in individual cases.

As stated in the title, this paper reports only initial work at B.L.E.U.
Work is continuing to investigate the optimum information needed for the
different modes of operation and how it should be displayed., Some flight
work has already started in our Varsity, but plans are in hand to extend 1t
to Comet and augment it with simulator programmes, which it 1s hoped will
commenoce in under six months' time. This combination of simulator and
flight trials is expected to provide a powerful and comprehensive method of
investigation. The future vrogramme will not only extend the work on
approach for Category IT described in this paper, but will investigate also
the use, in low visibility, of displays to touchdown, for roll-cut and for

taxying.
6 CONCLUSIONS

This paper has, it is hoped, fulfilled two main functions; first, it
has highlighted what is I believe fo be the main safety problem in current
methods of bad weather landing and, second, presented results from initial
flight trials with the head-up display which I believe show that this aid
has a great potential value for Category II operations,

The safety problem is shown to lie in the limitation of the palot to

control the aircraft adequately in pitch using visual guidance unless he



i

can see the threshold or beyond. It is proposed that this can be 3svercome
by cockpit procedures which use the most efficient combination of the
instrument and visuel information in the height band where the pilot is
getting adequate visuel information for azimuth control but inadequate

visual information for pitch control. The head~-up display is en ideal intru-

ment for providing this required blend of information.

The conclusions from the aircraft trials made in the Versity aircraft
with an electronic head-up display 2nstalled in conjunction with an auto-
matic flight control system are:-

(1) pilots using the head-up displey which presents director together

with other information necessary for instrument approachss could
well achieve the standard of performance necessary for Category II

provided good control laws are used.

(2) The head-up display allows easy transfer from instrument to visual
flight, It allows the pilot to contact the ground clues at the
earliest possible time and to transfer without abandoning the

instrument guidance which had been used for monitoring or control.

(3) Pilots are able to fly part display information and part outside
world information with emse. This cnables the pilot to use the
display to overcome the shortcoming of his ability to control
accurately in pitch in low visibilities., An immediate solution to
this problem is to present the pilot with director information from
the flight control system using glide slope and extended glide slope
information, This allows the pilot to use the pitch axis of the
display to low heights and thus decrease the probability of under-
shooting the runwsy., Azimuth control is obtained from the external
information,

(4) Information which enables the pilot to monitor the instrument
approach can be presented on the display. This allows the plot,
whose prime responsiblility is to look for the visual ¢lues and
complete the landing manually, to retain knowledge of the instru-
ment situation.

The Varsity trials reported in thas paper are only the start of the
investigations into the role of the head-up display for all weather operation.
Further studies, both simulator ard flight, are planned to decide the
optimum form and use of the display for Category II operation and to explore
its use in very low visibility to touchdown, for roll-out and for taxying.
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Finally, I strongly consider that the evidence to date indicates that
a head-up display could make a major contribution to all weather operation.
Therefore methods of integrating it with automatic flight control systems
to use its advantages and provide the optimum overall system should be
investigated. As part of these studies the integrity and reliability of
the display equipment must be established and due allowance mede for it in
the total system design.
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Fig.3. Instaliation of head - up display in Varsity aircraft



Fig.4. installation of head - up display in Varsity

gircraft showing pilot presentation
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efrislent means of combinimg instrument and visual iaformation. In
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efficient means of conbiming instrumeat and visuasl information, 1In efficient means of combining {nstrument and visusl imformatiom. Im
addition, further improvements sould be achleved by ‘optimlzation of sock- addition, further improvements could be achleved by optimizatlior of coak-
pit procedures, whether or not a headeup display 1s adopted, pit proesdures, whether @& not a head-up dlsplay 13 adopted,
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