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1. Introduction

The introduction of electro-optical sensors as, for example,
a low light level television camera or a forward loocking infrared
camera as part of a helicopter avionics system may extend the flexi-
bility of helicopter operations at night and in bad weather. It has
been shown, however, that a mere addition of an image of the out-
side world presented on a monitor screen to the conventional instru-
ment panel does not satisfy the pilot's information requirements [1]
The objectives of a joint study between the GAF Helicopter Trans-—
port Wing 64 and the DFVLR, therefore, were to investigate in a
Bell UH-1D helicopter which instrument displays should be combined
with the outside world image and which display format should be
chosen to make most efficient use of a combined outside world and
instrument display.

2. State of technoclogy

Low light level television or infrared cameras and associated
monitors are readily available as well as electronic symbol genera-
tors to generate instrument displays on a TV-monitor. Means are
available to superimpose both pictures on a monitor screen. Further
technological advances as, for example, an augmentation'of the per-
ception angle of an infrared camera or an uniform raster format for
different electro-optical sensors and electronic symbol generators
are still desirable, of course. But it is felt that an appropriate
balance between technology and application oriented studies should
exist to support advances in both fields. Now that the basic techno-
logy of airborne electro-optical sensors exists, questions of the
attainable flight performance, of a human engineered display format,
of an efficient control of the sensor and the aspects of pileot trai-
ning and flight safety are of increasing interest.

3. Objectives of the study

The objectives of the study were:
i) to investigate a human engineered instrument display format

to be superimposed on the image of the outside world for
helicopter cperation at night and in bad weather,
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ii}

were:

to investigate a human engineered control of the electro-
optical sensor within given limits as far as the field of
view, factor of magnification and line of sight are con-

cerned.

Experiments were provided for various flight profiles and
for different control modes of the sensor as, for example, the
sensor being fixed to the axes of the helicopter, being pitch-
stabilised or loocking ahead including roll-stabilisation. For the
sake of simplicity, however, the results of the basic experiment
only will be presented here. The conditions of the basic experiment

Flight at a demanded height above ground of 150 ft
at 80 knots IAS under VMC using the conventional
instruments and under simulated IMC using a combined
outside world and instrument display only.

A more detailed description of this experiment may be found in [2]

4., Design of the experiment

form -

i)

ii)

iii)
iv}

v)

vi)

meters.

The independent variables of the experiment were - in short

VMC

iMC

level terrain:
hilly terrain:
known course :

unknown :
course

Flight under VMC using the conventional instru-
ments.

Flight under simulated IMC using the combined
outside world and instrument display only. The
top, bottom, side and front windows on the ex-
perimental pilot's {(left hand) seat were
completely obscured while the safety pilot

on the right hand seat had supervisory control.

Flight over level terrain.
Flight over hilly terrain.

ﬁepeated flights over a course well-
known to the pilots from training flights.

Single flight over an unknown course. Flight
preparation could be made in advance only by
means of a map with a scale of 1:50000. During
these flights the experimental pilot was
assisted by an observer. During flights under
simulated IMC identical information was
available to the pilot and to the observer,
i.e. the combined ocutside world and instru-
ment display, the clock and the map.

After an adequate period of training 2 pilots made 6 flights
per pilot over 2 different types of terrain (level/hilly) under VMC
and simulated IMC respectively giving a total amount of 48 flights.
The length of each course was approximately 25 kilometers represen-
ting approximately 10 minutes £flight time. In addition each pilot
made 2 flights over unknown courses of an average length of 40 kilo-
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Most of the dependent variables are self- explanatory exept
the three parameters following:

Av - relative measure representing the average
Zz,RMS . .
roughness of the terrain (see appendix)
ri " - the squared product-moment-coefficient of
ez correlation between bank angle ¢ and yaw rate
w representlng the proportion of "coordinated
ffylng i.e. the proportion of the wvariance
of w,, whlch is directly correlated with a wvariation
of ¢ .
wi RMS - relative measure representing pilot strain to
2' control the helicopter in its axes (see appendix)
“y,RMS
B, RMS

The analysis of the data sometimes showed statistically
significant differences between the two pilots which, however,
were operationally insignificant. Therefore the data obtained for
each pilot were treated as being samples of a common population.
FPive data sets were formed characterized by the following variables:

. known course, level terrain, VMC
. known course, hilly terrain, VMC
. known course, level terrain, IMC
. known course, hilly terrain, IMC
. unknown course, IMC

b G DO -

and the following comparisons were made:
a) VMC/simulated IMC : Data sets 1+2/3+4
b) level/hilly terrain : Data sets 1+3/2+4
¢) known/unknown course: Data sets 3+4/5

The analysis of the difference of means was made on the basis
of the HO - hypothesis (two-tail test).

Subjective data was gathered by pilot interviews and by means
of guestionnaires to support the interpretation of the cbjective data.

5. Layout of the display

The layout of the display for the basic experiment, i.e.
low level cruise flight under simulated IMC, is shown in fig. 1.
The layout of the instrument display was not determined by any
limitation of the electronic symbol generator but was designed
only according to operational requirements and to human engineering
considerations. The outside world sensor was simulated by an ordi-
nary TV camera because the objective of the study was to investigate
the appropriate combination of the outside world and instrument
displays but not to concentrate on particular sensor characteristics.
The product of the field of view (in angular terms) and the factor
of magnification of the camera was 14 in azimuth and 11 in elevation
and the factor of magnification could be varied between 0.36 and 1.8.
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Within these- limits the pilots found an optimum condition with a
field of view of 28C in azimuth and 22° in elevation and a factor
of magnification of 0.5. A factor of 0.5 means that an outside
world object is seen by the pilots half as large (in angular terms)
on the display as the object being seen directly through the wind-
screen. The line of sight of the camera was aligned with the longi-
tudinal axis of the helicopter in azimuth but had a depression angle
of -6° against the cabin floor of the helicopter which was found to
be optimum for a flight condition characterized by v = 80 kn IAS,

¥ = ~-2° and h, = 200 ft. A TV-system with 625 lines was used and
the size of tﬁe monitor screen was 17 cm x 13 cm. The luminance

of the instrument displays was 800 cd/m2 at maximum but a value

of 600 cd/m2 was chosen by the pilots. 12 shades of gray were
discernible. The instrument displays were presented then with a
luminance of 600 cd/m? while the maximum luminance of the image of
the outside world was one shade of gray below this wvalue.

6. Test results

6.1 Comparison of flights under VMC and simulated IMC

Table 1 presents a comparison of parameters obtained from
flights under VMC and simulated IMC regardless cf the type of the
terrain (level or hilly).

Emphasizing the guidance of the helicopter it can be seen,
that under simulated IMC the pilots did not reduce average airspeed
compared to VMC flights as it is anticipated sometimes but increased
height above ground by 26 %. This may be due to safety regquirements
as well as to the fact that objects of the outside world are moving
more slowly on the screen and therefore for a longer period of time
are available for identification and orientation. The increased
safety reguirements of the pilots flying under simulated IMC may
be recognized also by an increase of the minimum height above ground
by 26 % and by a decrease of the minimum indicated airspeed by 11 %.

5 An increase of wi RM by a factor of 29 and an increase of

w g by 25 % indicate mucﬁ higher pilot strain when flying under
sxmg%ated IMC. This may be because a gualitative assessment of pitch
and roll and their wvariation is much easier for the pilots under VMC
than it is by means of the display. Increased pilot strain is also

indicated by the measure of "coordinated flying" r2 " which drops
from 52 % under VMC to 39 % under simulated IMC. A ' 2 major cause
may be the higher and more unsteady activity in roll (w2 } under

simulated IMC just mentioned. It is interesting to note thYE the
pilots also allowed an increase of the average bank angle ¢ by 80 %
when flying under simulated IMC. The later additicon of a slip indica-
tor to the display, however, gave some improvement in this respect.

A significant difference of means for mg g and sz BM
(roughness of the terrain) could not be expectedR%rom this éna%ysis

because the data sets for level and hilly terrain were combined.

6.2 Comparison of flights over level and hilly terrain

Table 2 presents a comparison of parameters obtained from
flights over level and hilly terrain regardless of the f£light con-
ditions, i.e. VMC or simulated IMC.
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From this table it can be seen that for the flights over
hilly terrain there is only a moderate increase of height above
ground by 14 % which may be caused by the greater difficulty of
the task and by increased safety demands as compared to_the flights
over level terrain. An increase of w? by 41 % and w by
13 % reflects higher pilot strain calised”by much more Y RMS
turns to be flown and by the varying slope of the terrain. The
different types of terrain are marked by a significant difference
‘of ﬂVZ’RMS obtained from flights over both courses.

6.3 Comparison of £lights over known and unknown courses

Table 3 presents a comparison of parameters obtained from
£lights under simulated IMC over well-known and unknown courses.

The pilots responded to the new task of flying over unknown
courses in comparison to flights over a well-known course by a re-
duction of indicated airspeed by 14 % and by a major increase of
height above ground which, however, was statistically not significant
because of the relatively large variability of height. Te a major
degree this variability is caused by the somewhat conflicting
demands to maintain a certain height:

i) Safety aspects {high altitude)

ii) The need to discern relatively small objects on the
ground for navigation (low altitude)

iii) The need for a general view and perspective in the
case 0of a loss of orientation (high altitude)

The greater safety requirements of the pilot are reflected
furthermore by an increase of minimum height above ground hR Min
by 56 % and by the reduction of minimum airspeed VMin by 337°%.

An increase of mi g by a factor of 2,6 marks higher pilot
strain because of the muéngore tBrns required on the unknown
courses. While the magnitude of Wy M dropped by a factor of 43
r2 reached a maximum of 0.54 compared to all other flights, i.e.
ag'mz increase of 38 % compared to flights under simulated IMC
over a well-known course. This demonstrates that the pilots flew
coordinated with respect to roll and yaw but in gentle turns only.
This may be due the fact that for a larger than the relatively low
indicated airspeed of 36 m/s (70 knots) compared to a demanded
airspeed of 80 knots and for rapid yaw movements the danger to lose
orientation is much greater than on a well-known course which in
each case would stop the experiment.

7. Pilot Training

A special training will be required for pilots cnce a
combined display will be introduced for helicopter operations
as discussed here. The following experiences may be of interest
in this respect: ‘
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In order to achieve safe and uniform flight manoevres
under simulated IMC which could be well reproduced approxi-
mately 5 hours of flight training were required for each of
the two pilots having helicopter flight experience of about
1500 and 3300 flying hours with 10 % of it under IFR. Later
in the course of the experiments each pilot flew approximately
30 hours under simulated IMC using the combined display only.
After a break of about 5 months 10 training flights with a total
flight time of 1.5 hours per pilot were required to re-establish
the state of training as it was before the break. Furthermore
experiences have shown that a major change of the experimental
conditions, i.e. a replacement of the fixed sensor by a steerable
sensor or a change from cruise flight to landing appreach, an
additional training in the order of the refresh training is
required.

8. Flight Safety

For some parameters table 4 presents the average limiting
values which are arithmetic means of the extreme values measured
for each flight. For the same parameters table 5 presents the ab-
solute extreme values.  Larger or smaller values than those shown
in table 5 did not occur in the course of the 48 flights of the
experiment reported here. The results show that all flights were
well within safety limits.

9. Summary

The introduction of electro-optical sensors together with
a combination of an image of the outside world and the instrument
displays shows promise to assist helicopter operations at night and
in bad weather. For this purpose a human engineered layout of the
instrument displays and of some sensor parameters was investigated.
The results of the flight tests have demonstrated that on the whole
the pilots were able to fly the helicopter equally well under
simulated IMC using the combined display only as under VMC after
adequate but not excessive training. Problems of flight safety did
not arise. In detail, however, a variation of piloting technigue,
increased pilot strain and the influence of certain course charac-
teristics could be determined guantitatively by means of significant
variations of parameters measured during flights under simulated
IMC compared to flights under VMC.
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Figure 1: Instrument displays

Figure 2: Combined outside world/instrument displays
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known course
parameter dim. VMC Simulated IMC error probability
- (Tevel, hilly (Tevel, hilly
terrain) terrain)

v m/s 43.6  (2.6) 41.9  (1.8) <2 ofo
he m 53.8 (5.4) 67.9 (12.7) <1 ofoo
¢ deg - 1.5 (0.4) - 2.7 (0.5) < 1 o/oo .
minMS (deg/s)? 0.06 (0.02) .72 (1.7) < 1 0/00
ﬁi,Rms (deg/s)? 0.73  (0.2) 0.01  (0.1) <1 0/00
wg,ams (deg/s)® .02 (0.49) 1,17 (0.29)

Vi m/s 35.0  (2.9) 31.3 (3.8) < 1 0/00
hR,Min m 24.7 (5.0) 31.1 - (6.6) <1 0/00
ﬁi,wz - 0.52  (0.09) 0.39  (0.09) <1 0/00
BY, pits m/s 2.76  (0.71) 2.62  (1.22)

Table 1: Comparison of parameter means obtained from flights under VMC and simulated IMC on a known course
regardless of the type of the terrain. Number in parantheses: standard deviation



Li-62

known course
parameter dim. level terrain hilly terrain error probability
(VMC, sim. IMC) | (VMC, sim. IMC)

v m/s 43.0 (2.5) 42.5 (2.2)

hR- m 56.9 (11.2) 64.7 (11.8) < 5 ofo
0] deg - 2.2 (0.7) - 2.1 - (0.8)
“i,RMS (deg/s)? 0.76  (1.2) 1.02  (1.6)
m§ RMS (deg/s)? 0.76  (0.19) | 0.87  (0.16) < 5 0/0
WF s (deg/s)? 0.91  (0.3) 1.28  (0.41) < 2 0/00
Vigin m/s 33.8 (4.2) 32.5 (3.4)

he min m ' 28.6 (5.4) 27.2 (7.7)

2

"o, - 0.46  (0.12) 0.46 (o.;l)
AV, ours m/s 2.18  (0.74) 3.19  (0.96) <1 o/oo

Table 2: Comparison of parameter means obtained from flights over level and hilly terrain on a known course
regardless of the conditions of flight, i.e. VMC or simulated IMC. Number in parentheses: standard
deviation
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simuiated IMC

parameter dim, known course unknown course error probability
v s 41.9  (1.8) | 36.0 (1.4) <5 %
he m 67.9  (12.7) {103.5 (41.0)

9 deg - 2.7 (0.55) |- 3.4 ( 0.7)

”i,Rms (deg/s)? 1.2 (1.7) 0.04 (0.01) <29
wi,RMS (deg/s)? 0.91  (0.11) | 1.06 (0.2)

w5 s (deg/s)? 1.17  (0.29) | 3.10 (0.7) <2%
Vi n/s 3.3 (3.85) | 21.0 (3.8) <24
hp Min m 31.1 (6.6) 48.5 (15.6) <5 %
“i,wz - 0.39  (0.09) | 0.54 (0.08) <5 %
MY, s n/'s 2.62  (1.22) | 2.26 (1.5)

Table 3: Comparison of parameter means obtained from flights under simulated IMC over known and unknown courses.
Number in parentheses: standard deviation
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average 1imiting values

level terrain

hilly terrain

parameter dim. limit VMC sim. IMC - YMC sim. IMC
v m/s lower 35.7 32.0 34.3 30.6
v m/s upper 47.0 48.0 49.7 47.3
hp m lower 26.8 30.4 22.6 31.7
hR ] upper 88.1 107.0 119.1 143.4
v deg lower - 3.3 - 3.8 - 3.4 - 4.3
9 deg upper 5.9 5.3 5.3 5.8
P deg lower -17 - 16 - 24 - 21

P deg uppér 17 13 18 13
W, deg/s lower - 3.2 - 3.8 - 5.6 - 4.7
w,, deg/s upper 4.7 4.0 4.5 4.2

Table 4: Average limiting values of parameters
simulated IMC

obtained from

flights on known courses under VMC and
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extreme values

parameter dim. extreme magnitude
v m/s minimum 24,0
v m/s | maximum 52.0
hR m minimum 15.8
hR m maximum 275.1
v deg ' minimum - 7.9
2 deg maximum - 18.2
P deg minimum - 45
0] deg max imum 42
w, deg/s minimum - 10.4
W, ‘ deg/s maximum 9.4

Table 5: Extreme values of flight parameters obtained from 48 flights under VMC
and simulated IMC over level and hilly terrain on a known course
(2 pilots) :



Notation

mechanical work

barometric altitude

height of rising grounds with reference to

the initial point of a course

radio altitude

indicated airspeed

instrument metecrological conditions

mass

Torgue

product~moment-coefficient of correlation, distance
time

duration of test

velocity

minimum indicated airspeed

ground speed

vertical velocity derived from barometric altitude
vertical velocity derived from radio altitude

visual meteorological conditions
angle of rotation :
slope of terrain

pitch angle

roll angle

moment of inertia

angular velocity

roll rate

pitch rate

yvaw rate
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Aegendix

. 1. Average roughness of the terrain

The average roughness of the terrain may be determined by
{sco Fiq._g)

Vop ~ vertical velocity derived from radio altitude
Vo T vertical velocity derived from barometric altitude
hB - barometric altitude
hG - he@ght of rising grounds with reference to the initial
point of a course
Furthermore
- g%ﬁ = Vo - tan Yo
Vo T ground speed
Yo ~ slope of the terrain with reference to the

horizontal plane

An effective slope of the terrain may be defined as

T ; T
—dh_./dt 2
/L [ a2 /1 [ ean?
(tan YG)eff = T f.[ o ] dt = T tan Ya dt
o © 0
or
T
= arc tan 1 f. tan2 dt
YG,eff T ife

0
As it was not possible to determine v

T ¢ T
dh,, 12
-1/ 1 - 2 = 1 - G
v s =Y 7 [ [VZR VZB] dt = /7 f[ at ] e
o 0

was calculated which represents the effective rate of descent of

the terrain. If v,. is maintained almost constant sz RMg TaY serve
as a measure for ghe average roughness of the terral#f.

2. Control of the helicopter in its axes

In an unstabilised helicopter pilot strain may be regarded as
directly related to the (mechanical) work A required for a
rotation of the wvehicle in its axes:
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A = Mo
M -~ torque
o - angle of rotation
The total amount of work may be calculated as the sum of units
of work da:
dA=Mda =m dv r da
dt
m - mass
v = tangential velocity at distance r
from the center of rotation
do _ _ —
g - w dv = r . dw 0@ = mr
w = angular velocity
® - moment of inertia
S 2
dA = mdvriw = mrzwdw = d (mr2 %—) =d (% mz)
For 0 = const. the average value of A may be calculated:

|

T
=%[% fmz dt]

T - duratiog of test

T

And for
2 _1 f' 2
Wpms™ T w- dt

0

it is 5 - 0 mz
2 TRMS

For © = const. and for nearly constant friction loads (to be assumed
for a nearly uniform progress of flights which can be examined by

means

may be taken as a relative measure for pilot strain caused by

of the flight parameters) and for w = O the value of w%MS

the contrel of the work A required to control the helicopter in
its axes.
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