THE INFLUENCE OF DIFFERENT SPECTRAL WAVELENGTHS
ON ROD AND CONE SENSITIVITY UNDER CONDITIONS OF LOW
ILLUMINATION #
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Introduction

Inspite of wvast improvements in radar and instrument flying, aircrew are
dependent on some contact flving, even in the most advanced aircraft of today. For
instanoe, formation flying and final stage of interception in combat flying and avoidance
of collisions in commercial Mying especially with increasing airport density, entail
mAximum air-to-air vigibility at night, particularly under conditions of poor visibilily
(low illumination). In many missions, apart from the varied, requirements of visual
Lagks within the aircraft (generz| orientation, reading instruments, monitoring radar ¢tc.)
fine visnal acuity outside the aircraft (target detection and identification, details of
colour and terrain) may, indeed be critical. Proper choice of cockpit illumination
therefore, has to be based on such varying visnal requirements.

Before dealing with the essential eonsiderations for cockpit lighting, a discussion
on certain characteristics of visual fupetion in general will be relevant.

Dual Retinal Mechanism (Rod and Cone Vision)

Histologically and functionally the retina has two types of sensory end organs—
the rods and the concs. The cones operate at intensitics {.004 mL upto 10000 mL) and
are responsible for sensations of colour and fine detail (photopic vision). The rods
function differentially at low intensitics (004 mL to .000001 mL) and initiate achromatic
scnsations with little or only gross detzil (scotopic vision).

Spectral Sensitivity

_ The rods and cones differ in their sensitivity over the entire visible spectrum under
different levels of illumination {fig. 13. Rods are much more sensitive than cones to
radiation from the short wave end of the spectrum, and are about as sensitive as the
cones to radiation from the long wave end, 600—660 m o (red).

* Proje¢l completed at A. F. Scheool of Aviation Medicine in April, 1961,
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Spectral Sensitivity Curve 13 Relative amounts of radiant flux required
to stimulate rods and cones

Consideration for Cockpit THumination

The two primary considerations in cockpil illumination are the intansity and
colour of the light which should be sufficient for optimal cone vision within the aircraft,
with the least effect on rtod sensitivity for detection tasks outside. Also, the system
should be flexible so that the lighting can be easily adapted to the special needs of each

crew member.

‘Studies of Rock 7 showed that for maximum performance of visual tasks with
minimum brightness as in cockpit lighting, illumination should be adjusted to a value
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ol approximately 0.05 fl. L to 0.1 ft. L. This was based on the subjects, ability to
perceive motion, judge depth and perform an addition task. Even with these low levels
of illumination there is considerable loss of dark adaptation and of rod sensiti-

vity 19,

In the choice of colour, the results of several :xpcrima:nts on comparison hetween
red and white light of low and squal brightness for readability showed a faster rate of
dark adaptation with red. 3 4&3% Investigations 1 * on dark adaptation after. pre-
exposure to light of different colours indicated that as the wavelength of light is
inereased, the less the rod sensitivity was affected.  Seitz and Orlansky ? found that
instantancous threshold to red was lower than ithut for white, the intensity of the adapt-
ing field in both being 0.725 mL. On the basis of these data it has been generally
accepted that for optimal rod adaptation, the cockpit lighting should he of red colour
{cut off at 640 m ) of an intensity of approximately 0.1 ft. L.

Purpose of the Present Study

While generally red light appears to be better for maximum dark adaptation,
.nformation is relatively scanty us to how much and how significant is its superiority in
this respect, compared to lights of shorter “wave lengths, especially at low inlensities,
which may be sufficient for minimal acuity tasks such as general orientation within the
cockpit. In the present day aireraft, figures and indicators of instrument dials are
irradiated with ultra violet and the peneral red flood lighting serves in illuminating the
consoles and controls. As can be seen from the spectral sensitivity curve (fig. 1) the
intensity required to stimulate the rods is much lower (of the order of 1 in 200) at the
spcotral range of about 500 m w, than at the red end, in the region of 600—650 m u.
This indicates that a smaller intensily alone may suffice for cockpit orentation, if light
of wavelengths within this range (about 300 m ) is used. Whether such lower intensi-
ties of shorter wave-lengths will have the same or better effects on rod adaptation,
compared to red light, is the aim of the present study. Tt was felt that the instantaneous
threshold of the integral retina should be the criterion in the evaluation of the various
test colours, as this reflects the pilot's ability to spot an extraneous object, after being
adapted in the cockpit illuminated by a particular colour and intensity of light,

Method

The integral retina adaptation was recorded using a Goldman Weekers Adapto-
mefer, This supplies flashes at regular intervals into a uniformly diffusing sphere. The
intensity of the flashes is adjusted by means of a knob connected to a recording arm for
marking on a logarithmic graph paper, which is attached to a revolving drum. The
subject faces the sphere with his chin on a chin rest and for integral retinal dark adapta-
tion the intensity of the flashes is progressively increased till the subject perceives the
flashes &nd indicates by tapping the adaptometer desk.

For light adaptation, twe additional sources of light of high intensity are provided
inside the sphere, two 40 watts bulbs, providing an overall intensity of 1400 Lux.
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The intensity of illumination of the exciting field (test f
of integral dark adaptation and that of the luminance of
light can be measured on & built-in lux
operating the photo cell,

ashes ) in the examination
the sphere in preaduptation to
meter, by suitable manipulation of & lever for

Light Sources

Hlumination of the test field was provided by two sources (housed in rectunpular
wooden boxes ) connected in parallel to 12 volts (stepped  down from the main A. C.
supply by a transformer with a rheostat within the circuit.) The sources were go placed

in front of a white screen that 2 uniformly illuminated area of Approximately 40 inches
in diameter was produced.

Experiment 1

The subjects comprised of nine airmen between the ages of 25

and 34 with narmal
visual acuity and colowr vision.

The test target consisted of a simulated air speed indicator with
on a black background, kept at the centre of the field. The
visual angle of 1.25%,

white markings
markings subtended a

The four colours chosen for study were blue, bluish green, preen and red obtained
by using filters in the speetral range 410490, 440 540, 500-570 and 610670 m w respec-
tively. The level of illumination was adjusted for each colour to minim
bare legibility of the dial markings at an cye distance of 12 inches, after dark adaptation
for 30 minutes. The intensity was reduced by interposing neutral filters with the
coloured filters and/or adjusting the rheostat.  The different level for cach colour was
standardised before the cxperimzut on the basjs of the menn of readings for four of the

subjects. The number of neutral filters and the rheostal position were noted for each
colour,

um intensity for

The values of illumination for the different colours were 1 —

Blue — 00867 fl. L
Bluish Green — 0.0018 fi. L
Green — 00032 ft.. L
Red — 00081 /L

Each subject was fully briecfed about the experiment and shown the tesi Mashes in
the adaptometer at relatively high intensitics in the dark, to give an idea of the
feeling. He was instructed to maintain a single criterion for denoting
by tapping the table. Each threshold was recorded using the
flashes used throughout were of white light.

One experimental session consisted of the following schedule —

sithjective
# " Yes' response
ascending series only. The

3 minutes — Room illumination
2 minutes — Complete darkness
5 minutes — Light adaptation to 1400 Lux.
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Switch off light adaptation, and mark the end of light adaptation, Immediate com-
mencement of threshold determination every 15 scconds for the first 8 — 10 minutes and
then, every minute, for a total of 30 — 35 minutes, After this, switch on coloured
illumination of predetermined intensity and the subject views the target and screen for
20 minutes. Switch off coloured light. Subject faces the sphere of the adaptometer
with chin on chin rest.

Determing instantaneous threshold.

Proceed the same way for the other colours,

T'o determine the effect of colour on the recovery of dark adaptation after an
intense prolonged flash, the subject was then put through the following schedule :
5 minutes — light adaptation to 1400 lux.
O adapiation light,
4 minuics—aon cofoursd light.
Oif coloured light.
Record instantancous threshold
Repenl procedure again for the same colours
Proceed the same way for other filters.
Thus two thresholds were recorded in cach case and the average was taken as the

threshold.
The colours were tésted on each subject in random series. At the cnd of the

experiment, the subject was asked to denole their order of preference of colours on the
basis of purely personal appeal regardless of any other considerations.

Experiment 11
The subjects comprised of five individuals with normal visual acuity and colour

ViSO,

The test target consisted of two groups of white figures on black backeround —
one small and the other big, subtending visual angles of 2.3 and 4 respectively — the
latter being considered as the minimum for purposes of orientation.

The level of illumination was adjusted for each colour so that the smaller figures
were barcly legible and the larger group ¢learly visible.

The values of illumination for the different colours were :—

Blue poorz fr. L
Blue Green -— 0.00067 f. L
Cireedn — 0.00025 i 1.
Teed o034 It L

Each session consisted of :

— Dark adaptation for 15 minutes in moderately illuminated room with
red popgles and the next 15 minutes in completely dark room.

— Three successive records of threshold.
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— On coloured light for 10 minutes and subject views target.
— Off coloured light.
— Three sitceessive records of thresholeds.

Repeat for the other filters. The threshold arrived at was the average of the lower two
of three readings in each case,

The effect of colour on recovery from intense prolonged flash was studied by
light adapting the subject for § munutes and at the end ol it, the coloured light switched
on, and the times taken to read the larger groups and smaller groups on Lhe target wers
scparately noted.  This was done by pricking the graph paper at the end of light adap-
tation and when the subject indicated he could read any two of the three lines in each

group.

Results

The data of basic rod threshold (i. e. final rod threshold at the end of dark adap-
tation for 30 minutes ') and threshold above basic after preadaptation to various colours
for cight subjects in the first experiment are presented in Table I. From the mean
values,the threshold above basic is minimum in the case of redi(5:2 m & L) und maximum
with blue (8.2 m o L) Thus red seems to affect the rod sensitivity the least, nexl best
being bluish green with a mean value of 7.4 m o L. However, the cocficients of vari-
ations show that the readings are distributed more consistently around their mean in
the cases of blue and blue-green, and rather high variance with red, in our sample of

suhjects.
TAEBLE 1

Reod threshold above basic afler preadaptation te Colours

[
| | Rod threshold above basic afller

SL ) |  Basic Rod preadaptation to colour for
Mo. Subject threshold 20 mts. (inm u L}
in m [ L. }
{ | i Blue
! Blue | Green {Green | Red
. | . L .
. | BB 22.0 £.0 6.0 20 ¢ 3.0
2., M. 7, R. 11.0 10,0 3.0 a0 | 1.0
3 P 1, 16,0 8.8 8.0 80 | 40
4, n. H. 10.0 13.0 30 | 1300 | 100
5. | ©C-R-P 20.0 0 |50 | 40 32
6, T. K. A, 14.0 10.0 | 10.0 9.7 10.0
7 N.S. V. 22.0 | 30 | 50 10 | 50
8. K. D. | 9.0 | 142 14.0 14.0 | 11.4
| Mean 15.5 | 8¢ | 74 | 83 | 58
| 8D 5.3 | 30 | 35 | 43 | 39
| B, 34.0 430 47.0 520 66.0
|
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Table 1T gives the figures for visual thresholds after preadapting to the various
colours following exposure to intense brightness for the four colours. These vary very
little between themsclves, the minimum being in the case of red, with [.1 . L. Itcan also
be seen that coefficients of variation (C. V.) of readings around their respective means,

3 » - v
with each colour, vary to a large extent, being as high as 87 with bluc-green and only
29 with green.  No conclusion can thercfore be drawo, from this cxperiment, on the
i effect of different wavelengths on the rate of cone adaptation.

TABLE Il

Visual Threshold after Preadaptation to Colours
Follawing Exposure to Intense Brightness
(68 mL for 5 minutes)

Visual threshold after preadaptation to colours, following

sl exposure to intense brightness (figs. in « L)
Na. Subject i1 i Lo
Blue '
Blue i Green Creen Red
I P, C. B, 3.6 6.0 10| 0.6
2 M. J. R. 1.4 1.& 2.5 0.6
3 2 1.0 1.6 1.2 1.X
4, D. H. 1.2 0.5 | 1.4 0.8
3 CoRoR 1.1 1.3 1.3 =t
6 T. K. A, 0.4 1.9 1.4 1.4
7 N. 5V, 0.8 0.8 08 2.0
8 K D 1.6 i 1.7 1.3 1.0
| |
| Mean | 1.4 1.94 L.l ! 1.1
S.D | 0.956 1.7 0.32 0.47
29.0 \ 43.0
]

| C. V. 68.0 | 870

The values of basic rod thresholds, and rise in threshold above basic, aller pre-
adaplation to the different colours (intensity equated for gencral orientation) for five
subjects in the sccond experiment are given in Table I1I. The minimum rise in threshold
is with blue and green. being 2.6 m . L, and maximum in the case of red (4.2 m.L).
Compared to blue and green, blue-green shows a higher rise in threshold value of 3.9
maL: The C. V. for each of the four colours indicate that the distribution of the read-
ings iy almost uniform.
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TABLE III
Rod Threshold above basic after preadaptation to Colours,

Rod threshold whove basic after

Sk | Basic Rod preadaptation to different
No, | Subject threshold | colours for 10 minutes (in m 4 L)
| {in m 5 L) =
| S B | BG_ !. G K
1. | P.M.S, 10.0 1.0 L | 1o | 50
2. P8, D, 9.0 1.0 2.0 20 3.0
3% C. 5. N. 10.0 4.0 50 20 [ 0
4. T. G. J. 12.0 3.0 40 | 20 4.0
58 | GCAv. 50 0 | 70 60 | 7.0
—_—— I it - —— — - _I . ————— — —_— I_
Mean 9.8 26 | 39 | 26 4.2
s D. 5 5% 22 1.9 | 2.6
C. V. 15.0 | s80 56 61.0

0 ‘ 73.0
|

Table IV shows the time taken after exposure 1o intense brightness (98 mL. for 5
mins) to read small and big figures, The time to read both  small and hig figures is
lowest with red, being 1.8 and 0.95 mins respectively, However, compared to the re-
maining colours, blue-green appears to be relatjvely hetter.

TABLE I¥
Time Taken to read Vigures Following Exposure
To Intense brightness (98 mL for 5 minutas)

Time taken toread figures following exposure to intense
brightness (figs. in minutes)

51| ) B A
No.| Subject | Large Figs. Small Figs,
[ Bl T T |
- EBlue | Gresn | Green Red Blue | Blye | Green  Red
| | - ______| | I SGreen |
1 VEEMUSE 5325 | 305 || oss 075 | FTE ] 4% 735 | I:
Al B T | 4.0 4.5 6.5 0.3 3.5 i LS B
3. '8 N, 5.0 4.0 G5 1.0 | 8.5 | 1] 9.0 2
& (163 | 45 6.0 4.5 1.5 7.5 g0 | 70 |2
5 AN 3.0 3.0 6.5 0.5 | 40 | 40 . 9.4 [
| ' =
e g R e el
| Mean 435 . 415 | 59 | 085 | 66 | 595 | 87 | 1s
5. D, 0.59 1.2 8.89 .42 1.5 3.5 1.7 { 057
| GV 20.0 29.0 17.0 49.0 27.0 8.0 | 190 | 320
\ 1 | 1}
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The results of the opinion survey regarding psychological preference to the four
test colours on 14 subjects are indicated in table V. While none gave red as his first
chaice, 11 Jisted it as their last choice. Comparatively blue-green appears to have
appealed 10 many, 5 indicating as their first choice, and & their sccond.

TABLE ¥

Order of Psychological Preference of Colours
Among 14 Subjects

!No. of subjects and order of preference,

Cielours [ ) -

| I5t choice 2nd _n:I;_u_icc ! 3rd choice ! 4th .“[19.1“.&, L
Blue 4 2 & Fl
Dlue preen 5 [ 8 — : |
Gireen § 3 f | ==
Red fHE; 1 2 11
Discussion

The main basis of most of the earlier studies was time taken to reach final rod
threshold of the subjects, after exposure to the test colours 4%, Hecht and Hsia in
one of their studics 4 had measured dark adsptation using a 39 circular blue fuid
placed 7% off centre, while Rowland and Sloan & used 1% white stimulus located in the
nazal field 15% from the fixation point. Thus these studics were testing the performance
of a particular portion of the retina eonly. Rod densities may differ in individuals,
and may be more elsewhere, than the arcas chosen in these studies. Also, the intensities
used were relatively high, the lowest ranging from 1.1 to 2.8 mL for white and 3 to 3.4
mL for Ted in the above experiments, and 0.1 to 0.3 £, ¢ in other studies ¥,

In the present series of experiments, insiantaneous threshold of the integral retina
has heen taken as the measure of dark adaptation. By adopting the integral refina
cxamination one can be certain of testing the response of the most sensitive paris of the
retina 23 a2 whale, In the case of a pilot trving to detect an extransous object, he has
to make use of his entire reting, finally bringing the object to the most sensitive part
for better perception. Integral retinal examination would therefore serve as a better
index of the individual's effective dark adaptation at a given moment. Also, in a
detectability task outside the aircraft, it is the instantaneous throshold which is of
sipnificance, more than the time taken for recovery to final rod threshold.

In the first experiment, the intensity chosen for cach colour was for bare legibi-
lity of figures (instead of maximum legibility ') of a simulated instrument panel. This
was done with a view to discover changes, il any, in the relative merits of red over the
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other colours, for such inteosities. The results indicite that even under these conditions
red remained better than other wavelengths. The rise in rod threshold was lowest with
red, being 1.5 muL below that of blue-green, which was the next best. The speed of
recovery of retinal adaptation after exposure to high brightness level was also  faster
with red than with other colours,

In the light of the above, it was decided to comduct a4 gecond experinent to study
the effects of still lower intensities which would be sufficicnt for tasks involving generul
orientation inside the cockpit. It was considered that such criterion would be more
relevant, as the reading of instrument panels in the present duy aireraft is  penerally
independent of cockpit flood lighting, being facilitated by ultra violet illumination.

The results of the second experiment indicate that at the lower intensities
required for orientation, blue and green effected lesser rise of threshold of 2.6 my L euch,
than red (4.2 mul). However, blue-green produced a higher rise (3.9 m L) than with
either blue or preen.  For this experiment, green and hlye required only very low
intensitics (0.00025 L. L and 0.0012 fi. L respectively) compared to red (0.0034 fr. L)
for the criterion employed in the experiment.  Blue-green required an intensity of
0.00067 ft. L and the higher rise in threshold it effected compared to green is dilficult
to explain.

In the study of the effects of these colours gn the rate of adaptation following
exposure to intense brightness, red was found to be most favourable, producing nearly
five times faster recovery than other colours, to read big figures. In this and in the
first experiment, exposure to such prolenged and high brightness (98 mL for 5 ming}
was employed to magnify the effects of shor: term fashes which may oceur during
night flying, such as lightning, aircraft on blaze, nuclear explosion etc.

Bul the pattern of recovery with each colour may vary depending upon the
duration of exposurs to high brightness. Further work therefore necds to be done in
this regard, before establishing the superiority of red {u:the rate of adaptation of the
cores following intense fAash of shors durations.

Red illumination is already known to have certain disadvantages in map readin B
reading of instrument panel etc. [In red light, contours of objects get distorted, red
markings disappear, orange and hrown markings become very diffioult to see and green
markings become grey  The eye is more hypermetropic to red and reading in red light
may cause cye strain and headaches. #8810 - One of the advantages of red is its
lesser visibility to distant observers (the cinemy) compared to other colours 286,
This, however, is of littie consequence in the context of madern high speed aircraft,
Further, if shorter wave-lengths were used for cockpit flood lighting, ‘much lower
intensities would only be required, and cha nees of enemy detection would  then he
considerably less.
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The pilot opinion survey on the psychological preference to  the various colours
tested revealed a general aversion to red.  This finding, though based purely on per-
sonal appeal, is interesting and needs to be further investigated. Whether red colour
by itself, has any ill effects on psychomotor performance, under prolonged  illumi-

nation, will be an interesting venue of study.

Tn the light of the above, aceeptance of red colour for cockpit flvod lighting,
needs Lo be made with certain reservations. The present series of cxperiments, though
at best, can be termed only as a pilot project, suggest that colours of shorter wave-
lengths may prove to be better, on the basis of further research,

Conclusions
The results of the present study tend to indicate that if legibility of instrument
panel be the criterion in cockpit lighting, red colour appears to be the best, with least

effect on dark adaptation.

However, the superiority of red over other colours seems lo be questionable,
when the criterion used is for purposes of orientation within the cockpit, requiring
lower intensitics. In the present series, under such conditions, blue and
green  dppear Lo possess significant advantage over red, with lesser elfects
on rod semsitivity. The level of intemsity in  this casc based on  the level
required for maximum clarity of a group of figures, each sublending a visual angle afl
4%, which, it was thought would cater for worst conditions. Further wortk is  needed,
using simulated cockpit controls, consoles stc,, for standardising the level of intengities
for purposes of orientution. The experiment may then be repeated for a better avalu-
ation of the different colours in cockpit flood lighting.

On the basis of experience gathered during the present serics of experiments, the
following general recommendations are made:

(a) In experiments on visual function in which the criterion mostly depends on
the subjective sensations of the individuals tested, eareful selection and
continuous training of the subjects before the conduct of the experiment are
of utmost importance.

{b) Instruments for accurate measurement of low levels of illumination (Mae-
beth's Illuminometer) is indispensable if errors are to be kepl to the
minimum,

(¢) Standard filters with suitable sources such s mercury, sodium etc., are neces-
sary o0 experiments on wavelengths.
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