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Introduction®

The helicopter pilot is more directly de-
pendent upon his visual cues than the pilot
of ‘a fixed wing aircraft, and in some re-
spacis the operator of a land-based vehicle.
Helicopter flight has the following basic pe-
culiarities:

- flight often in the Jow altitude realm;-

- rapid excursions within three—dimen-
sional space;

- relatively higher angular velocities of .

the viewed scene;

- reduced frames of referéence under low
light levels; :

= frequent. non-correspondence between the
visual Tine of sight and "seat of the pants”
due to crabbed flighted conditions;

- surveillance of largé rather than narrow

Tields of view. :

The above, plus other considerations, lead to
pilot problems of visual perception, geo-
graphical orientation, and the avoidance of _
obstacles. The helicopter pilot for these
reasons can be considered as the busiest man
in the air. The effectiveness and safety of -
helicopter flight, as a result, directly de-
pend upon the adequacy with which.the pilot
perceives and responds to his visual cues,

both in the natural world and on his displays.

A visual fTight research laboratory is

needed where the visual capabilities and re- - -

quirements of the helicopter pilot in this. -
unique visual envirsonment can be determined,
and where visual aids and display concepts _
can be tested. An increase in the mission
capability and effectiveness of helicopter
operations will be cTosely dependent upon the
degree to which the pilot's visual capabili-
ties are aided or augmented in the cperating
environment. Visual aids (including fire-
control} may become the primary focal points
about which future cockpits will be developed.
Hap-of-the-Earth (NOE) flight under Tow i1-
lumination levels represents .the primary re-
search problem for such a facility.

chophysical and psychological.

For this purpose, a visual flight re-
search facility (VFRF} is proposed rather
than a conventional simulator for the conduct
of the experimental studies. The require-
ments for such a facility will differ from .
those of a simulator designed for training

or for specific equipment studies in the foi---

Towing basic ways:

- contral and repeatability of system
parameters (e.g., illumination levels, dis-
play gray scale control, etc.) to permit the
precise replication of desired pgrformance
Tevels for the comparability of data.

- multiple Tevels of parameter control to
permit a wide ranae of discrete and controlled
stimulus conditions to determine performance
thresholds. .

- comprehensive interrelationship of
parameters to enable the study of a wide
range of stimulus interactions as they affact
pilot performance. - )

.- scope and latitude of potential studies
to permit a wide range of planned studies,
including unanticipated requirements in the

- visual area.

- flexibility of utilization to permit

the rapid accomnodation of differernit resedrch

needs. .

- comprehensive performance measures and

data recording technolegy to assure the valid
and discriminative assessment of pilet per-
formance. ’ :

...As 2 visual research facility, the capability
. fo comprehensively simulate the primary visual

cues and stimuli will be of central impor-

- tance. Several levels of simulation fidelity

can be considered. These are physical,. psy-

Physical Simuiation. This level of simu- "
-lation aitempts To replicate all variables as
- precisely as possible. The aerodynamic simu-

lation of aircraft performance is a repre-

sentative example. One-hundred percent ac-
curacy is usually sought, including the simu-
lated effects and interactions of such factors
as 'wind, barometric pressure; rough air, and

*Special acknowledgment is made for the review and suggestions of Mr. J. Ohmart of the Martin

Marietta Corporation.
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icing. Similarly, the effects of fuel con-
sumption on the aircraft’s center of gravity
and other internal aircraft state variabies
are taken into accaount, This Tevel of simu-
lation often attempts to replicate the fidel-
ity of the internal system processas, in
addition to the fidelity of the input/cutput
processes. - s

Psychophysical Simulation, Early psycho-
logical experiments have shown that subjects
do not react in a one-tc-one fashion to the
physical environment. According to Fechner's
law, "The sensation is proportioned to the .
logarithm of the stimulus," (Woodworth 1950).
In addition, there are stimulus thresholds
for response and adaptation Tevels. For rea-
sons such as these, human response ranges
occur over relatively delimited physical
stimuiation ranges. For example, improvement
in visual acuity Tevels off rapidiy at about
100 fL, although in the real world we are
exposed to much higher light ranges. (See
Figure €.) As a resuit, high brightness re-
search can be conducted at the Tower Tight
levels, and this procedure can be expected to
produce results which will closely approximate
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the visual performance Tevels achieved in thef

real world.

Psychological Realism. Psychologicatl
__realism refers to the fact that a person can
parceive events which cannot be readily sub-
stantiated by the physical eveni itself.
This occurs in such phenomenz as apparent
brightness, motion, size, shape and color
coristancy {Gibson 1966). Brighthess con-

when viewing a movie. The viewer has the
impression of watching a daylight or high
brightness scene when in fact the illumina-
tion of the screen is at twilight levels
(e.g., 1~5 fL). The distinguishing differ-
~ence, from a psychophysical relationship, is
the fact that a subject's visual acuity will
. be less than the level which would acour
under a higher or true brightness condition.

_ A research fagcility addressing problems in

-visual perception will need the latter two
tyges of simuTation fidelity, t.e., psycho-
physical and psychological.
ments have been established on this basis,

" with the psychophysical being the primary
consideration. ‘ '

— Night Vision Dusk —»te——- Daylight Vision —-
Comfortable
i > l-' Reading

Red Vision
Log Millilamherts (mL}

Transition Zone

Cone Vision
zZ 3

Thresholt is brightness level at which abjest can

just be seen {with rod or cone receptors)

Figure 1.

Luminance Under Varicons Natural Conditions of

Illumination (from Wulfeck 1958) - - -
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During the following discussion on visual
requirements, all luminance values are ex-

pressed as footlamberts (fL). When necessary

and for convenience, millilamberts (mL) are
considered as esquivalent to fL since one mL
equals 0.929 fL. Visual resolution will be
specitied as a subtended angle in terms of
minutes of arc., The following night visual
requirements_are compared against a dispiay
resolution value of 5 arc min., which approxi-
mates the current state-of-the-art for camera-
model systems with a monochromatic display.

Night Simulation Requirements . . _ _ . .

the foliowing considerations are important
for establishing the appropriate display param-
eters for night viewing:

- night luminance range

- visual resolution capabilities within
this ranga

- the variation of visual resolution with
scane contrast

- the effect of dynamic image scenes on
visual resolution

. Luminance.. Most visual data for daylight
viewing start at 1 fL. As shown in Figure 1,
this light level represents dusk, just before

sunset. However, the eye's ability to compen- .-
sate, or the phenomenon of apparent brightness

makes this level appear brighter than it fis.

In this respect, most simulated visual dis- ..~

plays or movie screens are close to this Tevel
(e.g., 1-5 fL). Thus, whiTle 1 fL would be a
desirabie starting point for a "night" system,
it would be too close perceptually to day-
light viewing conditions. : From the same fig-
ure, it can be seen that with sunset, and
fuTT-m?on conditions, the Tight level drops

to 107" fL. For night NOL flight, this Tevel
appears to be an appropriate starting point.
Both core and rod vision are still active at
this Tevel.. A consensus of the data appears
to place rod vision alone, as sgarting at
Tuminance levels of about 4x10~3 fL (see -
Figyre 2) with full night vision starting at
1072.fL {Figure 1).

Figure 1 shows 1078 fL as the Tower limit
for night vision, and as the rod threshold
for the dark adapted eye. Figure 2, however,
shows that the practical limits of visual
acuity are reached at 10°2 fL. This light
level represents a no moon, starlight condi-
tion with ground reflection of Show, on an’
overcast night. As a result of the above

considerations, it is reasonable to establish- .

the Tuminancg range for night NOE between -
10-1 and 107 fL. Unlike day viewing condi-
tions, where the phenomenon of ‘“apparent
brightness"” operates, the luminance values in
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fashion.

. this range_must be provided in a one-to-one _

Visual Resolution Capabilities.. The reso-
lution capability of the eye at 107! fL is .
1.2 arc min (Figure 2). "This value is based
on high contrast targeis. The numerical value

-would increase (i.e., the resplution capabil-

ity would decrease) if adjusfed for lower conZ’
traﬁt values as found in the real world. At
107 L, the resolution capability of the eye.
is reduced to 10 arc min. BDue to the rapid
change of visual capabilities with illumina-
tion in this Tower Tight region, a more reason-
able visual resolution refuirément would be

3 arc min. This would correspond to 1072 fL
at which time night conditions begin.

As noted eariier, 5 arc min. represents
the current state-of-the-art for monochromatic
displays. This will mean that the display
will be eye Timited when the visual resolution
requirement is Targer than § arc min., and
will be display limited when the visual reso-
Tution reguirement is smaller than 5 arc min.
(e.g., 1.2 arc min at 1 fL). The crossover—
point in the iTlumination range between an
eye and display limited windscreen presenta-

- . tion relative, to a display resoTution of 5 arc

min. is 7x1077 fL (Figure 2).

In Figure 2, visual acuity is shown for
both the fovea {09 curve) and for off axis
angular distances from the fovea (e.g., 40

Cand 309). The takegver of rod vision can be

noted at about 4x107™ fL. Thus, rod and cone
vision are operating at the crossover point.

of 7x1073 fL.,  When the display is viewed 40

off axis. a visual capability of 5 arc min.

is achieved at approximately 4x10-2 fL.

- - With foveal viewing'a1one; the luminance
range aboeve 7x1072 fL represents approximately
32% of the total light range which is display
Himited. When viewing at 4° from the fovea,
ohly 14% of the tota] Tuminance range is dis- .
play Timited.. The true threshold may lie be-

- tween these two values, on the premise that

the line of regard should be shifting between
them due to the Tower light tevels and fewer

--cones involved. However, 7x10-3 fL will be _

used as the reference point at which the dis-
play becomes eye Timited with decreasing
luminance levels (i.e., 68% of the luminance
range}. From Figure 1, it can be seen that
this luminance region represents the major

. portion of night vision starting approximate-

1y below half-meon conditions.

P i éﬁou1d be noted that color vision_can
s€i1] theoretically operate down to 4x10~3 fL

levels of illuniination and is'ﬁead?Ty appars

ent in dusk conditions between 10! and 10-2
fL.. Pilots have also reported that color
vision is not entirely lost during night
flight, with greens and some browns being
vigibTe. As & resuit, the lack of color in



this region may detract from the realism of
the display as well as its apparent contrast.

Yisual Resolution Capabilities when
Adiusted for Contrast. The above resolution
vaiues were based on maximum contrast Tevels
{e.g., 90-100%). Contrast values on the
earth, however, vary from about .03 for damp
earth to .9 for fresh snow. Average ogverall
contrast is approximately .39 (Buddenhagen
1961). The contrast for NOE type terrain,
neavily treed_areas and open fields, should
average about 24%. The average contrast level
of the stimulus source can be established at
this Tevel with no loss in research validity.

The visual capability of the eye drops appre-
ciably with reduction in contrast Tevels as
well as illumination.values. Figure 3 shows
the variation in visual resclution as a func-
tion of contrast.

Resolution velues assocfated with varying
contrast values, as interpolated from Figure

.3, are shown in Table 1. The values are
- assumed to be for foveal vision, since Figure

3 does not make a distinction between foveal
and off axis viewing. - Fram Table 1, it can

‘be seen that the iliumination value associ-

ated with 5 arc min. starts at 107¢ fL for
39.4% contrast, and approximataly 5x107¢ fL
for 24% contrast. :
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Figure 2. Visual Angle of Smallest Discriminable Detail as a
Function of Background Luminance (from Wulfeck 1958)



Table T
VISUAL RESOLUTION (ARC MIN} RELATIVE TO
CONTRAST AND ILLUMINATION

) Contrast
IMumination (fL) ] 92.9% | 30.4% | 24.4%
1071 1.2 2.2 2.5
10-5 2.8 5 10
19° 6.6 16 33

The illumination crossover point relative
to a visual dispiay resolution of 5 arc min.
is summarized in Table 2 for the range of ’
contrast values discussed above.
ent that the luminance threshold values shift
to the right as contrast levels are reduced.’
It should be noted that the threshold for 24%
contrast s comparable to the threshold for-
high contrast targets when viewed 49 off axis.
In view of this comparability, 1t would appear
reasonable to Eet the Tuminance threshold
value at 4x107% fL as the approximate 1light
Tevel where 5 arc¢ min. resolution is achieved,
whether with rod vision {off axis v1ew1ng of
high contrast targets) or more direct viewing
of low contrast targets,
ue weuld account for 85% of the Tuminance
range where the display will be eye Timited.

Table 2
ILLUMIMATION THRESHOLD VALUES (fL) RELATIVE TO
VISUAL ANGLE OF 5 ARC MIN. AND CONTRAST

.ing just after dark,

It 1s appar--

This threshotd val- -

If the 34.4% contrast value is used, the
1ight threshold falls to 107Z fL, which is the
beginning of full night vision (Figure 1}
although still above the rod-cone crossover
point of 4x107 At this value, 75% of the
Tuminance range wi?] provide an eye Timited
display. This latter vaius would represent
a more conservative reference point. Thus,
when resplution values are adjusted for con-
trast, the eye limited portion of the display
increages to 75% from 68% {i.e., from 7x10-3
to 107 fL). The area of night vision start-

conditions (i.e., ]0 “ to 10° T will rep-
resent the primary area of 1nterest for night
NOE studies and represents the critical area
where sensor aids may be used

The implications of contrast control dur-
ing simulation are also worth considering.
As implied by the above data, higher contrast
is needed to see the same visual angle as i1-
lumination decreases (or with decrease in il-
Tumination visual resolution degrades at the
same -contrast level)}. The interaction between
contrast, i1]umination_and visual angle is
illustrated Tn Figure 4. As can be seen, at

the lower illumination Tevels, contrast sensi-’
‘tivity drops with greater contrast steps be- -

tween each visual angle. This fact implies
that the control of cantrast levels can be
relaxed at the luminance Tevels proposed.

Cantrol: of contrast at higher luminance levels -

(e.g., above 10 fL) has always been a diffi-
cult and critical requirement. On the other
hand, the control of luminance values at low

Contrast 1ight levels becomes more critical since
visual angle is_much more dependent upon
Viewing angle 95% 34.4% 1 24.4% Tight levels. The reverse is true for the
5 5 STmuiat1on of day11ght scenes
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Figure 3.

Visual Acuity as a Function of Contrast (from Wulfeck 1958}
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The camera-TY display chain should, never-
theless, have a 10-step logarithmic gray scale
aver a brightness range of 5-50 fL {at the
windscreen). _The Tow windscreen brightness. ,
Tevels of 10-1 o 10-% fL can be achieved by
placing appropriate neutral density filters .
over the CRT display. By using this tech-
nique, no system degradation will take place
by forcing the TV system to operate at low
-?ignal to noise ratios due to Tow CRT current.
evels,

Impact of Anguiar Velocities on Resolution.
The impact of angular velocity on the resofu- .

tion capability of the human eye should also
-be taken into account. As can be seen from
Figure 5, appreciable degradation occurs at
angular velocities of 20 deg/sec. and particu-
larly at the Tower Tight levels such as 10
and T0-% TL.
capability of 1.2 arg¢ min. at high contrast
levels and under 107' fl of ilTumination
(Table 1) will degrade to 4 arc min. at 20
deg/sec. angular velocity and to approximately
5.2 arc min. at 50 deg/sec. angular velocity.
In this respect, the Toss of visual resolution
is proportionately greater relative to in-
-creased angular velocity than it is to Tower
contrast values (as shown in Table 1). Angu-
Tar velocity and lower contrast values may
also interact to produce even greater visual
degradation. Data, however, are not available
to show such interaction. '

The potential range of angular velocities
at aircraft velocities between 5 and 60 knots
are shown in Table 3. In reading this Table,
the pilot's line-of-sight is at 909 so that

B5C represents 59 from this axis. As can be
1000. T T T T
TEME= 0.1 SECOND
100 T
N SIZE
\ \(MIN”U‘I‘ES)
10 <]
NN
2 0 \\\ \\\\\g\h 2 e
Q.l ‘\\\§€£L\ -‘h_—h"““‘-—
0.01 E——— ]
0.001 -
0,001 0.01 0.1 1 10 100" 1000
BACKGROUND LUMINANCE IN FOOTLAMBERTS
Figure 4. Relationship between Threshold

Contrast and Background Luminance
for Various Cbhject Sizes
(from Kaufman 1968)

For example, a visual resolution
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- seen, angular velocity increases with speed,

angular deviation and with reduced viewing

range (decreasing "R" values). At night, NOE
velocities will be about 20 knots. The pilots
maximum viewing angle will be about 40°. For

an "R™ value of 200 and 400 (the normal distance
_~ between the target and flight path) the viewing
or §lant range will equate to approximately

240 and 480 feet* respectively. These latter
values represent realistic viewing ranges under
no moon conditions. The associated anguiar
velocities with these conditions are 3.69 and
1.82 deg/sec., respectively. A 400 viewing

“angle represents a worst case condifion. As

angular deviation decreases from 40°, the
drop in angular velocity is rapid, with 3.69
deg/sec. representing the worst case at the
viewing ranges selected. At closer viewing
ranges, such as €0 to 120 feel,** and at the
same angular deviation and afrspeed, the angu-
Tar velocity increases to 14.6 and 7.3 deg/
sec., respectively. At these lesser-viewing
distances, however, the aircraft's velocity
would be slower.

An angular ve10§1ty of 3.69 dég/sec. at a
viewing range of 240 feet (the probable worse

‘case) will ofly lead to a degradation of

vis?a1 resolution of less than .5 arc min. at
1071 fL As a result, visual degradation due
to angular velocities should be minimal during
night MOE. Any degradation that may occur
will tend to shift the light threshold value
further to the right, making a still higher
percentage of the display eye Timited. As a

- minfmum, it increases the validity %f the

threshold value selected (i.e., 107% fL},
.04 FC
18[ .20 FC
16
g, 1} 1.0 FC
;*é'é 12} 50 FC
Ba o] 250 FC
810
A g 1200 FC
- 8k
a3
=2 g 6
u]
s'j = it
RU 2 i

T T i L] T T

0 20 40 60 80 100 12
-Angular Velocity in Degrees Per

Second

Figure 5. Acuilty as a Function of Angular
Velocity (from Miller 1958).

*When divided by the tangent of the viewing
angle, to solve for the hypotenuse of the
-triangle or viewing range.

**Calculated from "R" values of 50 and 100'.



Practical Implications of 5 Arc Min.
Visual Resolution. As noted above, a display
résofution vaiue of & arc min, Teav%s approxi-
mately 25% of the display above 10~
display Timited. The practical implications
of this Timitation at NOE altitudes may be
minimal due to the relatively short viewing -
ranges involved.
1y 500-1000 feet during daylight condifions

fL as. __

be seen up to 1000'. A tank would.be just
resalvable at approximately 10,000'. Thus,
in the region of dusk and full-moon condilions,

_at 250-500" viewing ranges, objects of 4.5

The pilot scans approx1mate;,,'

with an occasional scan to 1500 to 3000 feet - _
_ would be display limited in the upper Tight

at an average flight speed of 40 knots. At
night, the speed range drops to 10-20 knots
with a viewing range between 250-500 feet.
The impact of these closer viewing ranges,
relative to different object sizes and visual
Zesolution Timits, has been plotted in Table

It can be sean from this Table (which
assumes high contrast objects) that with 5
arc min.
tail can be resclved to 250°. A 9" wide ob-
ject can be seen up to 500'. and an 18" object,
which is about the width of a large man, can

resoTution, a 4.5" wide object de- .

to 9" in width would be d1scernab1e These
sizes can represent large leaves, limbs, tree
trunks. . Detajls of this size and larger tree
shapes and ground - ohJects would be discern-
-abTle (i.e., a whole image size comparable to
detection of an object)., - In effect, while we

region, the display would still have some
research value from a practical point of view.

" Brightness Adaptation. As noted earlier,
i1lumination control becomes a critical con-
'sideration during the simulation of night
scenes. Corresponding to this requirement
is the importance of a subject's dark adapta-
tion to assure his appropriate visual response
at the light Tevels simulated. As a result,
Tighting control in the cockpit becomes an
important consideration, as well as a poten-
tial experimental parameter

Table 3 .
ANGULAR VELOCITY (DEG/SEC) AS A FUNCTIQN OF DISTANCE "R FROM THE TARGET
NORMAL TO THE PROJECTED FLIGHT PATH, AND THE ANGLE

BETWEEN THE FLIGHT PATH AND THE=TARGET

AMGLE TO VELOCITY M.P.H. DISTANCE "R" IN FEET
TARGET
50 100 2007 440 800 1500
5 .73 .36 .18 .09 .04 .02
10 1.46 .73 .37 .18 .09 .05
850 20 2.92 1.46 .73 .36 .18 .09
49 5.84 2.92 1.46 .73 36 | .19
60 8.76 4.38 2.19 1.09 .55 .28
5 1.43 72 .36 . .18 .09 -05
10 2.87 1.44 | .72 .36 .18 .09
800 20 5.75 2.87 1.44 T .36 .18
40 11.50 5.70 .| 2.87 1.44 72 .36
€0 ~|17.40 8.70 4.35 7| 2.17 1.08 .57
5 2.70 1.35 .67 .33 .16 .09
10 5.40 | 2.70 1.35 .67 .33 .18
700 20 10.80 5.40 2.70 1.35 .67 .36
40 21.60 10.80 5.40 2.70 1.35 .72
60 32.41 |[15.20 8.10 4.05 2.03 1.08
5 3.64 .82 |- .90 .45 .22 .12
10 7.27 3.64 1.82 { .90 .45 .25
609 20 14.60 4§ 7.30 3.64 1.82 .90 .48
40 29.10 -[14.60 7.30 3.64 | 1.82 .97
60 - 143,70 |21.80 |10.90 .} 5.50 2.73 1.46
5 4.14 2,07 1.03 .51 .26 .14
10 8.27 4.14 2.07 |. 1.03 .61 .28
500 20 16.54 8.27 4.14 2.07 1.03 .55
40 33.710 | 16.54 8.27 4.14 2.07 1.03
&0 49.65 |24.80 |12.40 6.20 | 3.10 1.66
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F.0.¥. The visual field-of-view (F.0.V.)
is another important consideration. During -
high altitude flight, the pilot generally
scans a limited F.0.V. at a considérable slant
range from the aircraft (e.g., 10-40,000 .
feet). During NOE flight, the pilot’s maxi-
mun viewing range s roughly 3, 000 feet.

This fact, pTus the lower flwght ‘speeds, both
require and permit the NOE pilot to scan a
_larger F.0.V. A 720° F.0.Y. is almost the
minimum the pilot must scan to adequately
survey the scene in front of his windscreen.

A TZUO F.0.V. is also consistent with a per-
son's normal viewing area (Kaufman 1966).
There is some evidence that the Tack of
peripheral visian, in a normally wide F.O.V.
situation, could induce uneasiness due to_the
lack of general . attitudinal reference ac-
quired by peripheral-vision. The pilot has a
vertical F.0.V. of approximate]g 550 in the .
UH-TH. 0Of this, at least 30-40° represents
the primary viewing envelope.

Special Effects. MNight overcast_ condi-
tions must also be considered, which will
affect visibility in terms of both illumina- -
tion and cantrast.. Lunar glare also repre-
sents an important consideration, with pilots.
reporting adverse effects due to shadows and
night blindness, and the loss of dark adap-
tation when transitioning back to displays.

In sumrary, a luminance range of 10- 1 to
1072 fL is required as the representative and
useful range for simulated NOE flight at
night. This range will vary from dusk to
starTight conditions, A visual display with
a resolution of 5 arc min. will permit valid
visual ex?er%ments b tween the illumination
range of 10-2 to 10-2 flL, as the resolution .
capability of the eye i$ poorer than this
vatue at these Tight Tevels. This luminance

region represents the primary 1ight region
under. which night NOE will be conducted and
where special sensors and visual aids will

he emp]oyed In the remaining Tight range,
10-T to 10‘2 FL, human visual resolution
cdpabilities are better than 5 min. of arc. _
This represents the 1ight range associated
with dusk, just after sunset and during full
meon. The effect of this display limitation
is m1n1m1zed however, in view of the factors
mentioned above which reduce or negate high
resotution requirements. The lack of color _
in the Timited region of 10-1 to 10-2 fL rep-
resents a potential loss of realism.

DAY VISUAL REQUIREMENTS

The foTlowing primary variables must be

addressed to assure the simulation of a vis-

ual display that will permit valid day11ght )
psychophysical studies:

-~ maxtmum i11um1nation range for effec-..
tive visual acuity o

- display resolution comparable with reaT
wor1d {i.e., NOE) acuity requwrementq

- appropriate visual cues for depth per—r
ception and visual perspective .

- simulation of a reasonable spectrum of
chromatic cues. -

ITlumination. 1In most visual display
systems, “apparent” br1ghtness is generaliy _
sufficient for the intended objectives (e.qg.,
training). A luminance of 1-5 footlamberts,
for examp]e is adequate to providé an “appar

ent" daylight scene. At this Tight level,

however, a subject's visual acuity is reduced.

Figure 6 shows the relationship between visua

B
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PPN et allieiliiellondl s eleistiietile sl $ s £ g Vo =z
& T 90%-95% . =
2 2.0 va of Maximum & a
b / Acuity do.5 g 2
1.6 @ g
g , e -10.6 = B
B o1.2 Z 50.7 £
Vd 0.8
0.8 P 412 2
—41.5 &
2.0 &
0.4 &
o001 C.1 1 10 100 1000 10,000 100,000 . -
LUMINANCE OF BACKGROUND - Footlamberts
Figure 6. Variation in Visual Acuity and Visual Size with

Background Luminance for a Black Object on a White
Background (Kaufman 1966)
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acuity and Tight levels. Near maximum visual
“acuity occurs at about 100 FL where the slape
of the subsequent improvement beqins to Tevel
off. "Even though we must grant that visual
acuity continues to increase beyond this
Tuminance Tevel, it is apparent that the sen-
sory response of the human eye and the re-

lated perceptual response of the human abserv- -

er changes very 1ittle. In terms of percep-

tual fidelity, it may be concluded that visual

fields with more than 100 mitlilamberts Tumi-
nance are approximately perceptually equiva-

~lent, and that relative to visual acuity, a
simulation display technique that is capable
of generating 100 millilamberts, possesses
almost 100 percent percepiual f1de11ty "
(Buddenhagen 1961.)

The practical impiication of higher Tumi-
nance levels for simuiation was evaluated by
Harris (1974} relativé to the influence of
ilTumination on probability of detection at
varying viewing ranges. Figure 7 shows the
probability of detection when ilTumination
and viewing range are taken into account. It
shows performance to be comparable or identi-
cal at 100 and 50 fL, due primarily to the
fact that with reduced illumination, perfor-
mance is Tost primarily at the more distant
ranges and less at the more close-in ranges.
The author states that "the acceptable toler-
ance in scene luminance depends upen the spe-

" human eye is as follows:

min.

“distance from the fovea.

. fled is apprec1ab?y Iess.

cific experiments to be performed and the
precision desired in the experimental results.
It would be expected, ‘however, that differ- -

ences in performance between 50 L and 100 fL. .

_ scene_Tuminance will be lost in the noise of

individual differences and other experimental
Tfactors." -Thus, it would appear that maximum
luninance levels can be less than the desir-

. able 100 fL relative to specific experimental

conditions. One-hundred fL, however, repre-

. sents the ideal requirement.

Visual Resolution. Basic human visual
resolution is generally accepted to be 1 arc
In this respect, the visual resolution-
chart is referenced to a 1.min. of arc visual
capabiTity (i.e., 20/20 vision). Visual }
resnlution, howsver, varies cnnstderably with
contrast and luminance-as shown in Figure 8,
and with position aon the retina, in terms of
(Reference Smith

1966.)

Under dynamic viewing conditions, visual
resaiution or the visual angle at which tar-
gets can _be detacted, recognized and identi-
"A rough guideline
for target acquisition capabilities of the
target-detection--
when target subtends an angle of 2 to 5 arc
minutes; target recognition--at an angle sub-
tended of 4 to T0 arc minutes, and. target
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Figure 7. Probability of Detection Relative to Range and Illumination

(from Harris 1974)
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identification--at an angle subtended of 8 to
16 arc minutes." (Bailey 1674.). These val-
ues are influenced by many varjablesg, in
addition to visual capabilities.

One way to establish a visual resolution
requirement is to determine the minimum dis-
criminable feature that one would like to see.
For day NOE. flight, objects as small as B“
in diameter at a 500' viewing range would
appear.to be an acceptable criterion, with a
12" diameter at 1000* {i.e., tree Timbs and
branches). Am analysis has indicated that
NOE pilols genarally view objects between
500 and 1000'. By means of Table 5, it can
be seen that a 3.arc min. display would ba
necessary” to view a 6" and 12" diameter ob-

- Ject at 500:and 1000', respectively. Three

arc min. is also compatible with target de-
tection data. For example, 3 arc min. is
needed to detect a target with 20% contrast
{Fowler 1972). Three arc min., as a result;
can ke established as a reasonable resolution
requirement for day NOE visual *studies. The
impact of angular velocities on this value is
negligible. As shown in Table 3, the highest
angular rate is 2.07 deg/sec. at 45° from
center, at an 800-foot viewing range and 40k
airspeed. The impact of higher speed is off-

set by the longer viewing ranges. . In addi-

tion, the eye minimizes blur by tracking the
target. A wide angle F.0.V., high brightness

~ display, however, with a 3 arc min. resolu-

tion is difficult to achieve -at the present
time. ’ . o

. Depth and Visual Perspective. The i1Tu- .

sion of depth will be important to assure
scene perspective and visual orientation dur-
ing MOE flight. The pilot reltes on depth
perception to assess his altitude above the
ground and treetops. Some visual theorists

. {e.g., Gibson 1950} argue that the predomi-
nant factor in depth perception is the reced-
ing textural gradient of the viewed scene.
This is seen as the explanatory basis for
visual phenomena such as size constancy due
to the fixed ratio of magnitudes of the stim-
ulus gradients. According to Gibson, the

- important visual determinants of depth per-
ception are: :

¢

receding textural gradient

Tinear perspeciive

aerial perspective {haze)

motion parallax )

rea]istic horizon or vanishing point

The impTication of these considerations is
that, to the extent feasibie, a true analog
and distortionless representation of the real
world is needed in both the stimulus source
{e.g., terrain model) and visual display
{e.q., virtual image). Another associated
consideration will be the mainterance of
scene perspective during pilot head movements.
Arn important feature of a virtual image dis-

- piay, in this respect, is that it permits the.

impresston of motion parallax (i.e., the ap---
parent motion of aobjects relative to each
‘other as the observer moves his head).
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Contrast. At the higher illumination
ranges, contrast sensitivity increases with
visual angle. As can be seen in Figure 8, a
5 arc min. object can be seen at 2% contrast,
a 3 arc min. object at 3.5% contrast and a
2 arc min. object at 5% contrast. This will
have implications for NOE flight. Since
viewed objects will generally be larger, they
will need Tess contrast to be seen. This,
in turn, will place a greater demand on Tow
contrast sensitivity or rendition in the dis-
play. Some studies.have reported contrast
control .to be Timited to approximately 2%
utilizing a terrain table and a TV presenta-
tion (Ozkaptan 1968). At a very minimum,
this demands that the camera TV display chain
have a logarithmic 10 step gray scale over &
brightness range of 10-100 fL.

Color. The use of color will add to the
analog realism of the display. Unlike high
altitude flight, it may.have an.important
rale in perception at lower altitudes, due to
the nearness and preminence of the viewed .
scene, and the reduced attenuation of color
by atmospheric haze, In addition, there is
avidence that color adds to apparent contrast
even at reduced illumination levels. Color
will also aid the perception of depth at lower
altitudes, and wiil tend to aid display reso-
lution for recognition purposes. Color on a
terrain table wiTl also help produce the cor-
rect shades of gray for night moncchromatic
display, which otherwise would have to be de-
termined by photometered values. :

~ Haze and Sunlight. Both atmospheric haze
and sun angle will represent important re- -
quirements to assure a realistic NOE environ-
ment. Atmospheric attenuation or haze plays

an appreciable role in Timiting visibiTity

at long slant'rargés. The simulation-of sun
angle is also an important variable, particu-
larly in view of the effects of sun glare and
shadow.

Table 5 summarizes the basic functional
requirements of a visual display for day and

night research studies at NOE flight altitudes.

Table 5 B}
SUMMARY OF VISUAL REQUIREMENTS FOR
NOE Research .

Day Night

F.0.V. Horizontal 1200

Vertical 30-400 same
ResoTution 3 arc min. same
Contrast min. 10 shades of same

gray, legarithmic o
Luminance 50-100 fL 10-1 to 10-3fL
Chrominance { Full color manochrome
Haze 0 to 20 miles | 0 to 1 mile
Glare Sun glare lunar glare
Simulation
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