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2.1 SAE Publications

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-606-7323 (inside
USA and Canada) or 724-776-4970 (outside USA), www.Sae.org.

NOTE: The numbers associated with each reference document listed below are used for their identification in Section 3.
1. AS8037, Minimum Performance Standard for Aircraft Position Lights

2. AS8017, Minimum Performance Standard for Anticollision Light Systems

3. ARP991, Position and Anticollision Lights - Turbine Powered Fixed-Wing Aircraft

4. AIR1276, Aircraft Flashtube Anticollision Lighting Systems

2.2 FAA Publications

Available from Federal JAviation Administration, 800 Independence Avenue, SW, Washington, DIC 20591, Tel: 866-835-
5322, www.faa.gov.

TSO-C30c Technigal Standard Order, Aircraft Position Lights
TSO-C96 Technigal Standard Order, Anticollision Light Systems
AC20-74 Aircraft[Position Lights and Anticollision Light Measurements

Code of Federal Requlations Title 14, Parts 23, 25, 27, 29 and 12%. Some applicable sections may include, but are not
limited to the following:

§2-.1385 Positior light system installation

§2-.1387 Positior) light system dihedral angles

§2-.1389 Positior) light distribution and intensities

§2-.1391 Minimumm intensities in the horizontal plane of forward and rear position lights
§2-.1393 Minimufn intensitieg’inany vertical plane of forward and rear position lights
§2-.1395 Maximym intensities in overlapping beams of forward and rear position lights
§2-.1397 Color Spécifications

§2-.1401 Anticollision Light System

2.3 Other Publications
NOTE: The numbers associated with each reference document listed below are used for their identification in Section 3.

5. Reference Data for Radio Engineering, Sixth Edition, Second Printing, Howard W. Sams Co., Inc., ITT, Indianapolis,
1977.

6. Examination of Aircraft Interior Emergency Lighting in a Postcrash Fire Environment, James Demaree, DOT/FAA/CT-
82-55, Final Report, Atlantic City, June 1982.

7. Handbook of Optics, Walter G. Driscoll, Editor, William Vaughan, Associate Editor, Sponsored by Optical Society of
America, McGraw-Hill, p. 12-10, New York, NY, 1989.
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10.

11.

12.

13.

14.

15.

16

IES Lighting Handbook, Reference Volume, John E. Kaufman, Editor, Jack F. Christensen, Associate Editor,
llluminating Engineering Society of North America, p. 3-5, New York, 1984.

Handbook of Optics, p. 12-21.
IES Lighting Handbook, Reference Volume, p. 3-8.
Handbook of Optics, p. 12-32.
Handbook of Optics, p. 12-15.
Handbook of Optics, p. 12-10.

Handbook of Optics, p. 1-8.

IES Lighting Handbpok, Reference Volume, p. 1-6.

. Aids to Navigation Manual, CG222, U.S. Coast Guard.

NOTE: The numbers associated with each reference document listed below are uséd for their ideptification in Section 4.

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

Handbook of Optics, p. 12-26.

Handbook of Optics, p. 12-27.

Handbook of Optics, p. 12-22.

IES Lighting Handbpok, Reference Volume, p. 5-12, 5-13.
Visibility of Signal Lights, J. D. Lash and G. F. Prideau; llluminating Engineering, November, 1p43.

The Perception of |Lights of Short Duration at\Fheir Range Limits, A. Blondel and J. Rey, Transactions of the
llluminating Enginegring Society, VII, 625, November, 1912. This is an English translation of two articles in the J.de
Phy. et Radium, Vol. 1, Series 5, pp. 530, 643, 1911.

Effective Intensity of Flashing Lights, Theodore H. Projector, llluminating Engineering, LII, 12, B30, December, 1957.

Computation of the|Effective Intensity of Flashing Lights, Charles A. Douglas, llluminating Engineering, LII, 12, 641,
December, 1957.

IES Guide for Cal¢ulating”the Effective Intensity of Flashing Signal Lights, Task Group [of Aviation Committee,
llluminating Enginegring; 747, November, 1964.

IES Guide, p. 749.
Projector, p. 636.

IES Guide, p. 749.
Projector, p. 638.
Projector, pp. 638-639.

Need for a Low Cost Short-Range Collision Prevention Device, Ted Linnert, National Transportation Safety Board
Hearing into the Mid-Air Collision Problem, Airline Pilots Association, International, Washington, DC November 1969.

IES Lighting Handbook, Reference Volume, p. 3-23.
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17.
No. 4, July, 1962.

18.

5416, Contract No. as 59-6008.

19.
Observers," http://ci

20.
Ohno, Y.

21.

e.co.at/index.php?i_ca_id=483

The Role of Exterior Lights in Mid-Air Collision Prevention, T. H. Projector, Contract No. FAA/BRD-127, Final Report

Human Engineering Tests of Selected Aircraft Anticollision Light Systems, John E. Robinson, Contract ND as 57-

ISO 11664-1:2007(E)/CIE S 014-1/E:2007: Joint ISO/CIE Standard: Colorimetry - Part 1: CIE Standard Colorimetric

General Practice for the Measurement of Flashing Lights by Miller, C. C.; Davis, W. L.; Lee, S. E.; Gibbons, R. E;

Analysis on Effective Intensity of Flashing Lights and Modification of Allard Method by Y. Ohno, D. Couzin.

22. Modified Allard Met

23. Physical Measurem

2.4 Military Publicatio
Navy: MIL-L-006730 Lig
Air Force: MIL-L-6503H
3. DISCUSSION

Visibility of a light signa
given conditions. In ger|
brighter light is more vi
brightness levels may
contradiction will becon
better understanding of
regarding the selection

The factors of practical
(1) factors due to the li
observer and the lights.
a. Light Source Factor

(1) FAA and Custo

od-forEffective-intensity of Flashingtights by-Y—Shno, B—Couzim:
ent of Flashing Lights - Now and Then by Y. Ohno.

18

hting Equipment Exterior, Aircraft (General requirements for)

Lighting Equipment, Aircraft Specification for Installation of

is determined by the amount of light arriving at the observer's eye throug
eral, visibility will be greater when moresillumination arrives at the obser
Sible than a less bright light. However,-as will become evident in the follg
not be necessary or desirableCbecause of other factors affecting
e more clear after reading the following sections. It is also a goal of thig
what factors affect visibility and what judgments need to be considered be
bf a light source.

mportance to visibility;of aircraft navigation and anticollision lights fall intoj
Without regardyto;their order of importance, they can be listed as follows:
5!

mer Reguirements for navigation and anticollision lights

h a medium or media of
er's eye. This implies a
wing discussion, higher
visibility. This seeming
document to provide a
fore any action is taken

three major categories:

ghts; (2) factors due’to the observer; and (3) factors due to the medium or media between the
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(2) Intensity of the
(3) Size of the light
(4) Color of the ligh

b. Observer Factors:
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(1) Visual capabilities of the observer

(2) Visual thresholds of the observer

(3) Observer's state of visual adaptation

(4) Effect of retinal

location with regards to the impinging light image
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(5) Effect of empty field myopia
(6) Observer alertness and search habits
(7) Observer distraction and fatigue
c. Media Factors:
(1) Effect of distance between the observer and the light source
(2) Atmospheric conditions and transmissivity

(3) Estimating visibility threshold ranges as a function of atmospheric conditions

(4) Location, size, gndopticatquatity of cockpit windows
(5) Background Iur:[inance

(6) Other lights in the background

(7) Flashing versug steady-burning light sources for distance

3.1 Light Source Factors

Definition of which lights on an aircraft are "navigation lights" and which are "anticollision lights," and their required
characteristics, are summarized.

3.1.1 Aircraft Navigatfon Lights

Navigation lights are alfernatively designated as "position_lights." They consist of: red lights on| the left wing tip; green
lights on the right wing tip; and white lights on the tail ef the aircraft, or more recently on the trailing edge of each wing tip.
These constitute the basgic navigation lighting system,‘and are required for nighttime operations.*

The intensities of the red and green lights in the forward direction range from 40 cd as the minimyim CFR requirement, to
more than 300 cd in $some cases. It is therpractice to use dual light sources in position lights for redundancy on
commercial aircraft.

Placing the white taillight on the trailing edge of the wing tips, or on the outboard trailing edges of the horizontal stabilizer,
has two advantages: it nakes mainténance easier, and provides more attitude information when vjewed from the rear.

3.1.2  Anticollision Lights*2

Anticollision lights are flastingtightsgeneratty of muchhigher imtensity tharm mavigatiom tights—They may be located on the
top of the vertical fin, top and bottom of the fuselage or on the wing tips. Anticollision lights are generally either capacitor
discharge (strobe) lights, rotating beacons, or electrically flashed incandescent lamps or other light sources (such as
LEDs). Federal Aviation Regulations (FARS) require a minimum of 400 cd of "effective intensity" or 100 cd of either red or
white light in the horizontal plane. Vertical coverage is 30 degrees above and below the horizontal plane for rotary wing
aircraft, and 75 degrees above and below the horizontal plane for fixed wing aircraft. The intensity and configuration
required depends on the date of certification of the airplane. The frequency of flashing can range from 40 to 100 flashes
per minute (0.6 to 1.5 flashes per second). Strobe flashes typically have a flash duration of approximately 1 ms (or longer
if other light sources such as LEDs are used). Many aircraft have red flashing lights on the top and bottom of the fuselage,
with white flashing lights on the wingtips. Effective intensities can range from 100 to over 4000 cd.

Placing the white flashing lights on the wingtips may reduce problems resulting from reflections and/or backscatter that
can interfere with crew vision. However, care must be given when placing the ACLs under the same lens as the Position
Lights on the wingtips because these lenses are typically thin to match the wingtip profile. This in itself may produce
unwanted reflections and/or backscatter.
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3.1.3 Sources of Requirements

The sources of the minimum requirements for position and anticollision lighting for the three categories of aircraft are
summarized as follows:

a. General Aviation: Applicable CFRs (see 2.2)
(1) Fixed Wing: Part 23

(2) Helicopters: Anticollision lights for helicopters are red flashing lights with a minimum of 150 cd in the horizontal
plane, falling off to 15 cd at 30 degrees above and below the horizontal; Part 27

(3) Operating Requirements, Nighttime: Part 91

PPN

b. Commercial: Applicabte CFRs(see22)

(1) Fixed Wing: Pairt 25

(2) Transport Helicppters: Part 29

(3) Operating Reguirements, Nighttime: Part 121
c. Military:

(1) Navy: MIL-L-006730

(2) Air Force: MIL-L-6503H

(3) Army: MIL-L-65p3H

International standardization is attempted through documents published for civil aviatiopn by the ICAO, and for
military aviation|by NATO.

Although military aircraft have many of.the same lighting requirements as general aviatiop or commercial aircraft,
there are additibnal special lights fex specific military requirements. There are differences$ in intensity distribution
requirements ag well for the position-and anticollision lights, which are given in the above gocuments.

Observations af a large airport-at nighttime show there is considerable variety in the mec’hl‘anization of the various
basic requiremants. From Small to large aircraft, and even within a fleet of the same airlipe, differences are seen
that relate to each madel-of aircraft. In all cases, however, at least the minimum requiremants are satisfied.

3.2 Observer Factors

Many important factors arise in this category and are discussed to the extent they are relevant.
3.2.1 The Human Eye and Visibility

Fundamental to a better understanding of observer visibility is a basic knowledge of the human eye. As the key sensor in
sending the information communicated by navigation and anticollision lights, the eye has certain special characteristics
that are important here. These are: the pupil aperture, lens, distribution of sensors in the retina, color vision, thresholds of
sensitivity, directional vision, residual effect of previous exposure to light or to the lack of it, the rate of recovery therefrom,
age effects, and associated personal mental factors such as attention, concentration, alertness, search habits,
distractions, and fatigue. It is to be assumed the observer here has normal healthy, properly qualified vision, or, if not,
would not have a pilot's license.
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3.2.1.1 The Pupil of the Eye

The pupil of the eye is the variable aperture, the visual field stop, which is under the involuntary control of the iris,
automatically adjusting to the flux of incoming light. The aperture diameter can range between about 2.5 mm and 8 mm,
normally being at about 4 mm.” For a very low light level it would tend to be about 8 mm, and conversely at a very high
light level to be at about 2.5 mm. The eyelid of course also assists in reducing excessive flux into the eye, but optically
functions as a voluntary "blind" rather than an involuntary field stop.

The pupil, therefore, is important in determining the amount of light entering the eye, particularly when the light source is
at a great distance. The threshold illuminance necessary to satisfy the threshold sensitivity of the eye is partly determined

by the pupil aperture, and in turn helps determine how far and how well the eye can see.

3.2.1.2

The Lens of the Eye and Accommaodation
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nged images.
the Eye
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nd their retinal distributions are the bases for:the unique light and o
and directional and field depth sensing capabilities of the human e
veen the outside world and the inside of the human observer and his men

and cones differs, the rods being the seurce of scotopic or achromatic (W
the source of photopic or color vision.“Discussion of this subject is conti
tion

daptation involves three major processes:8 (1) change in pupil size, (2
ation.

5 been previously-described. It is an involuntary mechanism, adjusting aut
very bright ineoming light.

process-whereby the sensitivity of the visual system changes due to ex
t 60_Ca/ft* (646 cd/m?). A 40 W frosted bulb has a luminance of about 58
b has hot caused the photopigments in the cones to undergo bleaching, re

ing the object of interest
ly. For distant and near
er aircraft at infinity to a
nal sensors to produce

different energies, their
olor vision capabilities,
ye. They are the key
al processes.

hite, gray, black) vision,
hued in greater detail in
neural adaptation, and
omatically under control

posure to light below a
bd/ft? (624 cd/m?). Since
covery is fast, less than

This constitutes normal

1 second, enabling the
vision.

neural processes of the cones to rocpnnrl immnr‘liafﬂl\][ to new stimuli

Photochemical adaptation, however, is the result of photopigments in the rods and cones having been bleached by
luminance light levels above 60 cd/ft? (646 cd/mz). In the dark, the pigments are regenerated, being ready again to
function as usual. The regeneration, however, takes some finite time, with the result that changes in sensitivity lag behind
stimulus changes. The cone system adapts much more rapidly than the rod system, as much as about 5 or 6 times faster.
Even after exposure to a high luminance, the cones can regain nearly complete sensitivity in 10 to 12 minutes in the dark,
whereas the rods will take 60 minutes or more to dark adapt.

The reduced visibility that everyone experiences after entering a dark movie theater from a sunlit outdoors is one example
of "transient adaptation.” If recovery is fast, namely less than 1 second, then neural processes only were involved in
preceding visual observations. If, however, recovery is slow, longer than 1 second, then changes occurred in the
photopigments during the preceding visual observations. Reduced visibility, moreover, can occur when a task to be
performed follows a sustained viewing of not only a higher, but also a lower luminance than that involved in the task. One
practical example is "empty field myopia."
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3.2.1.4.1 Empty Field Myopia

There are a number of conditions encountered when flying at night, as well as daytime, where there is no detail of any
kind to be seen outside the aircraft. Under these conditions, when the pilot looks outside the aircraft, his eyes will tend to
be focused for a distance very close to the aircraft, of the order of 20 feet (6.1 m). Under these conditions, a light must be
brighter or otherwise more distinctive to attract his attention. Transient adaptation hence is relevant as a factor involving
visibility of aircraft navigation and anticollision lights.

3.2.1.5 Distribution of Rods and Cones in Retina

The rods and cones are not uniformly distributed in the retina.’ There are approximately 120 million rods, the maximum
concentration being in the peripheral region of the retina, falling off to none at the fovea centralis. The fovea is in a direct
line behind the lens, and constitutes the sensory center for photopic vision. There are around 6 million cones in the retina,
the greatest concentration being at the fovea, falling off outside this area to where the density of cones becomes relatively

af tha ot The-throa PT it it
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vision is determined pri
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tive) cones are sparse or nonexistent in the fovea. As stated, there are-no

the rods determine sensitivity; at bright levels the cone system dominate
the rods; the cones, being less sensitive, are below their threshold in r
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f View
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d the side. Upward it is to about 50 degrees.and downward to about 70 de
lap, both eyes sharing a central horizontal*field of view of about 120 degre
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of the field by a pilot during flight, therefore, the primary objective is to s
Haytime, or their navigation and anticollision lights at nighttime. The conce
contradistinction to the twg-dimensional alertness required for automobile
and Light Source Size

esolution, or the resolving power, of the human eye is about 1 minute of
bsolution is defined as "visual acuity." Normal visual acuity, therefore, is
ore objects,‘or their separation, subtends an arc smaller than 1 minute, t

N as separate objects.

ance’in viewing aircraft exterior lights. Their size, when seen from any gr

d, except that the short
rods in the fovea either.

5. Hence, night vision is
ighttime darkness. Day
optimum light definition
fration of rods.

onocular (one eye) and

;ibility.lo Typically, monocular vision sideways is to about 60 degrees foward the nose and to

grees. Binocular vision,
es. To direct this field of

ee any objects in flight,
ntration on such viewing
driving.

arc.'* The reciprocal of
1.0. This means that, if
hey will tend to be seen

bat distance, appears to

be that of a point sourd

e ~This arises from the fact that the size of the thit:\Pf' as a function of

distance relative to the

observer, visually becomes smaller with distance. The transition distance at which a light source changes from being
seen as an "areal source" to a "point source" is where conservatively its visual size subtends an arc of 2 minutes.
Assuming a circular shape of the light source, this approximate transition point can be defined as the point at which the
ratio of the radius of the light source to the distance of the observer from the center of the light source is equal to the
tangent of 1 minute of arc, which is 2.9089 x 10™,

As a practical example, if the diameter of the light source is 5 inches (12.7 cm), the radius, therefore, being 2.5 inches
(6.35 cm), the transition distance x at which the light source changes from being seen as an areal source to that of a point
source is approximately:

2.5

X= P ——
2.9089 x 10 (Eq. 1)
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Therefore: x = 8594 inches (21 829 cm), or 716 feet (218.3 m), or 0.14 miles (0.22 km).

As is evident, the transition can occur at relatively small distances. It also shows to what extent it is futile to increase the
transition distance considerably by increasing the size of the light sources.

The diameter of an object, if the transition distance is to be 1 mile (1.61 km), would be about 3 feet (0.91 m). This means
several objects clustered within a circle of 3 feet (0.91 m) would not be distinguished as separate at 1 mile (1.61 km)
distance. Moreover, two lights of small diameter, such as 5 inches (12.7 cm), would have to be about 3 feet (0.91 m) apart
to be seen as separate at a 1 mile (1.61 km) distance. There are, however, some aircraft exterior lighting applications
where light sources with apparent extent larger than a point source have been found to be of value. In formation flying, for
instance, lights of a larger size can provide better range information to the observer than small sources, being seen as

areal sources within the

3.2.1.8

relatively close spacings of formation flying.

Effects from Aging
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this that speed of perce

In young eyes, the reti
beyond 950 nm, with litt]

The optics of the eye trg
(blue end). In young eys
older, the transmittance
end, primarily because

, the eye gradually loses its flexibility and adaptability.12 The range pf(@
of light entering the eye due to pupil diameter reduction, are both teduc
btion decreases, time needed for dark adaptation increases, and luminous

ha receives radiation in the range between 380 to 950 nm with little a
e beyond 1400 nm. Hence, any source with high infrared radiance should

insmit more light at the long wavelengths (red end af)the spectrum) than &
s, on the average, around 70 to 85% of the visible.spectrum reaches the
becomes less at all wavelengths. This reductionis over four times greaten
bf the yellowing of the lens.

The eye also has interpal scattering, due primarily to large pagdicle scattering. Therefore, the a

within the eye decreasq
due almost entirely to cf
3.3 Media Factors

These include all factd
distance, atmospheric c
3.3.1 Attenuation Dus

In the absence of atmo

s slightly with wavelength. However, the amount of light scattered in the
anges in the lens.

ccommodation for close
bd considerably. Add to
thresholds are higher.

tenuation. It is variable
not be viewed directly.

it the short wavelengths
retina. But, as one gets
at the short wavelength

mount of scattered light
eye increases with age,

rs between and around .the light source and the observer that can affect visibility, including

pnditions, windows, other lights, background, etc.
to Distance Alone

Spheric or-any other attenuation, the illuminance of an observer's eye E,

from a light source of in{ensity k-isgiven by the basic inverse square law of optics:

E=L

located at a distance x

(Eq. 2)

X

As is seen from the equation, the illuminance at the eye is inversely proportional to the square of the distance. Therefore,
disregarding all other parameters, the illuminance at the eye is reduced by a factor of —-, compared to the intensity at
X

the light source.

For example, an aircraft navigation light intensity (I) of 40 cd, at a distance of 1 foot (0.305 m) (x), would have an
illuminance at the eye (E) of 40 Im/ft> (430 Im/m?). However, at a distance of 1000 feet (305 m), the illuminance would be
4.00 x 10”° Im/ft? (4.3 x 10 Im/m?), having attenuated the illuminance to 1 millionth of its original value. Distance alone,
therefore, can be a major factor in reducing the visible brightness of any light source.
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3.3.2 Attenuation Due to Atmospheric Transmissivity

Besides attenuation due to distance as discussed in 3.3.1, the media through which the light travels can additionally
attenuate the brightness. The atmosphere, with its wide variety of possible conditions, can have a wide variety of
transmissivities. Transmissivity T, is defined as the amount of radiant power transmitted per unit distance.

Transmittance T is the ratio of the amount of radiant power transmitted over the total pathlength, in other words to the end

of the pathlength, relative to the amount of radiant power incident at the beginning of the pathlength. It can be stated as:

Hence the intensity at tllue end of the distance x is the result of the initial intensity |, being modifie

of the atmosphere. The
conditions is always les

Since transmissivity T,

successive unit distancy
for the whole pathlength

Therefore:

The exponential for trgnsmittance can be stated in another useful way as follows (based on

Absorption Law):

where 3§ is the specific

then:

(Eq. 3)

(Eq. 4)

value of T for a perfectly clear atmosphere is approximately 1.0, butfer g
5 than 1.0.

can be defined as the transmittance T per unit distance; the attenua
b on the summation of the effects of the previous unit distances can be s
as follows:

T=T

o}

X
|>< :To Io

l by the transmittance T
Il the other atmospheric

lion effect due to each
tated as an exponential

(Eq. 5)

(Eq. 6)

Lambert-Beer-Bouguer

T= Ii — lof6x (Eq 7)
ptical density per unit distance. If the log of the inverse of T is taken as:
Iog1 = 6X (Eq. 8)
T
1
Iog;
o= (Eq.9)

For an example, see Figure 1. Consider an aircraft navigation light intensity of 40 cd, but as seen through a light fog. Let 6
= 1.0 x 10%/feet (3.28 x 10'3/m), and x is selected distances. The transmittance T and path end intensity I, due to
atmospheric attenuation alone would be as follows:

8 X T I,
) ft (m) N cd
1x10°(3.28 x 10°) 1 (0.305) 0.99 39.60
1x10°(3.28x10%) 1000 (305) 0.10 4.00
1x10°(3.28x10%) 5280 (1610) 5.25x10° 2.10x10*

These values do not include the inverse square attenuation due to distance, whereas Figure 1 does, as is discussed next.
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3.3.3 Combined Distance-Media Attenuation

For the distance-attenuating equation of 3.3.1 to be valid, the transmittance must be 100% in all cases. For the media-
attenuating equations of 3.3.2 to be valid, the light rays would have to remain parallel and not spread with distance. In real
life, however, these are ideal special cases of the general case that light rays: (1) spread however minutely, and (2) are
modified in intensity by media conditions. Hence, both effects are combined into the one general equation as follows

(designated by some as

or

Applying the general eq
what value is to be use
(1) to what distance the
intensity of these light
conditions.

3.3.3.1 Some Values

The eye threshold illuminance E, has been extensively investigated;with varying methods and

illuminance from a point
fairly favorable, is of the

This unique way of exp|

defined as: 1 Im of light flux falling on a unlt area of I~square foot. Hence, "0.01 mile candle

(0.0039) Im falling on 1
This in turn is equivaler]
be about 4 mm,** this W
candles (0.0039 km can

Further, since the color
problem in estimating h
Moreover, being a very

provide a relative feel for how low-this flux can be, if hypothetically it is assumed that the flux is

wavelengths of the scot|
for the scotopic peak a

Allard's Law):
E=llo (Eq. 10)
X
= ';; (Eq. 11)

uation to the visibility of the navigation and anticollision lights of other aircr
| for the threshold illuminance E, at the observer's eye? This value is ne
5e lights can be seen under clear or variously adverse optical ‘conditions;
sources is required to be visible for a chosen set of distances and

of Eye Visibility Threshold llluminance

source emitting white light, observed against a dark background, and with
order of "0.01 mile candles (0.0039 km candles)."

ressing illuminance relates to the fundamental English illuminance unit o

square mile (1 km? ) of area, |mpI|C|tIy at a distance of 1 mile (1 km) as
t to 3.59 x 107 Im/ft? (3.86 x 10 Im/m? ). Considering the normal eye py
ould correspond to an eye pupil aperture area of 1.35 x 10 ft* (1.255 x 109®
dles) would correspond'to 4.85 x 10™* Im per normal eye pupil aperture ar|

of the light is described as "white," which photopically is a mixture of al
ow many phgtens per second are falling on the pupil to stimulate a thres
low flux, jt-IS, probable it is a scotopic sensation, further complicating the

ppic arphotopic eye sensitivities, the number of photons per second fallin
510’'nm would be about 72 photons per second, but for the photopic pq

aft, one key question is:
cessary for determining:
br alternatively, (2) what
various adverse optical

results. The threshold
media conditions being

f "foot candle,"” which is
s" corresponds to 0.01
vill be discussed below.
p|| azperture diameter to

. Hence, 0.01 mile
pa.

colors, this presents a
hold sensation of white.
estimation. However, to
all at the most sensitive
) on the pupil of the eye
ak at 555 nm would be

about 198 photons per

becond. Since the sensitivities at other than these two wavelengths are les

s, it implies a larger flux

of photons per second would be necessary for a "white" light to be "just visible."

Another factor to consider is the light unit of "candle.” As one expert puts it, "Although the basic concepts of radiometry
and photometry constitute an elegant system, the conglomerate of terms, symbols and units that have been applied to
these concepts is inelegant.”™ These require thorough study for their proper understanding.

Hence, without getting into the morass of light units other than necessary, suffice it to say the term "candle" is to be
considered obsolete. In its place the term "candela” is to be used.” In concept and definition, "candle” is practically the
same as "candela (cd);" only the name of the unit is changed. However, it must be noted candela is the basic unit of
intensity, and is defined as "1 Im per steradian."
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Therefore, in the context of the terminology "mile candle (kilometer candle),” primary interest is on the amount of lumens
falling on a unit area as an illuminance, a unit cone angle of the point source being implied. Users of this terminology
understand "0.01 mile candles (0.0039 km candles)" to mean: "The illuminance due to a light source of 0.01 cd (0.01 Im
per steradian) on a surface area 1 mile (1 km) away." However, a cone angle of 1 steradian at a distance of 1 mile (1 km)
defines an area of 1 mile* (1 km?. Hence, 0.01 Im/mile? (0.0039 Im/km?) is the illuminance of such a light source at a
distance of 1 mile (1 km).

Other visibility thresholds are used for other fields. Experts concerned with marine navigation, for example, consider a
visibility threshold of "0.5 mile candles (0.19 km candles)" as an acceptable practical value. The U.S. Coast Guard
accepts this value.™

In the field of aviation, however, it is the consensus that a higher visibility threshold value should be used. Such factors as
the higher speeds, the variety and multiplicity of other brightnesses in the background, the different levels of flight, etc.,

dictate a higher threshold. Since the visual range of runway lighting is computed on the basis of a visibility threshold of
"2 m||e Candles (077 k N candlac) " thic 1o tend hara far araraft flialht annlicaatian

CTOroiC oo o oSTC U e TC o T S gt o P picotroTT

This is equivalent to a jsource intensity of 2 cd (0.77 cd) emitting its light toward an observer 1 mile (1 km) away, the
transmittance being 10p%. As for the case for 0.01 mile candles (0.0039 km candles), the 2| mile candles (0.77 km
candles) case translatgs into an illuminance of 2 Im/mile® (0.77 Im/kmz) at the observer. In tyrn, this corresponds to
illuminances of 7.17 x 108 Im/ft? (7.7 x 107 Im/m?) or 9.68 x 102 Im per normal eye.pupil apertur¢ area. Considered from
the standpoint of green| red and white lights, this can correspond approximately to the following| rates of photon flux for
the respective colors:

Color 2.0 Mile Candles (0.77 km Candles)

Visibility Thresheld Flux Rate
photons/second

Photopic Scotopic
Green 39.597 14 407
Red 7714934 59 584 879
White* 552 137 19 875 741
Blue (1/3) 281 627 9313
Green (1/3) 13199 4802
Red (1/3) 257 311 19 861 626
552 137 19 875 741

*White: A representatiye approximiation is made here dividing the total energy for white into thre¢ equal energy portions,
and estimating| the number of photons/second flux of three primary colors that could in equal energy proportions
produce the sgnsation of "white.” Hence, 3.23 x 10" Im per eye pupil aperture area arg assigned to each color
for estimating Thoton flux of blue (450 nm), green (555 nm) and red (660 nm).

As can be concluded from the above table, both photopically and scotopically, the ranking of visibility thresholds can be
stated as follows:

lowest photon flux: green
intermediate photon flux: white
highest photon flux: red

As also illustrated in 4.2, the threshold red photon flux photopically is 771 934 photons per second, compared to that
scotopically as 59 584 879 photons per second. This shows that red photons will be sensed photopically as "red," to the
exclusion of seeing them scotopically as "white" or "gray."

The highest flux levels are necessary to sense the photons of lowest visible photon energy, namely red. Therefore, from a
visibility threshold flux standpoint, provided equal energy is emitted for each color, the navigation lights would be ranked:
(1) green as most effective, (2) white as second most effective, and (3) red as third most effective.
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3.3.4 Aircraft Window

Transmittance

It is possible for aircraft windows to be additional sources of attenuation of navigation and anticollision lights of other
aircraft. Such factors can be:

Poor optical condition of the window

a. Dirty windows

b. Poor optical quality of the window
c.

d. Sun blinds and visors

The typical transmittance through windows soiled by exposure to various environmental conditions can be summarized

broadly as follows:

It is obvious that aircraft

Poor optical quality is n
However, depending o
transmittance through s

In a multilayered windoy
lower index of refractio
This effectively can reng
the same source to be

Poor optical condition ¢
involved. For instance, i
the observer is surprise
Shatterproof glass, witl
deformities serving to cq

Sun blinds and visors,
However, since the obg
judgment whether thesg

Cleanliness Vertical Sloped  Horizontal
Condition Window  Window Window
Clean 0.9 0.8 0.7
Moderately Dirty 0.8 0.7 0.6
Very Dirty 0.7 0.6 0.5

windows should be kept clean for all flights.

ore likely to be found in the formed plastic windows of small aircraft than
the number of panes and layers of materials<0f differing indices of refi
Lich a window is partially reduced due to multiple reflectances at every inte

v, whenever the impinging light passes from a material of higher index of r
N, total reflection can occur at any angle of incidence equal to or greate
er the source of light either invisibte, or, as is commonly experienced, bed

f a window can result from such factors as scratches, cracks, pits, or g
n an automobile used:over several years, when the windshield is replacec
d to find his view-through the new window is excellent; it is as if there wg

its intervening_pfastic layer, can become crazed over a period of tim
mpromise thestransmittance of the window.

whether-ofan opaque or partially transmissive type, obviously curtail viey

in windows of airliners.
action in a window, the
rface.

bfraction to a material of
than the critical angle.
ause multiple images of

seen. In any case, the baseline*transmittance is that available for a particular kind of window
chosen by the manufacfurer for production of an aircraft design.

razing of any materials
| with a new windshield,
bre no windshield there.
b, microcracks or other

vability by the observer.

ervefican optionally choose to use, adjust, or not use these, it becomes

the three-dimensional surreundings-duringflight. The nes
comparable to that necessary for crowded freeway driving.

3.3.5 Background Lig

ht From Aircraft Exterior Lights

a question of observer
Il a view as possible to

also dictate an alertness

Direct light from the aircraft's own exterior lights is avoided by design. However, such light can be backscattered into the
cockpit. Backscatter generally is the light reflected or refracted into the cockpit from the aircraft's own exterior lights by the

variety of atmospheric ¢

onditions.

Due to the wide variety of sizes of particles and/or aerosols, and their number density in the atmosphere for the different
atmospheric conditions, as the transmittance lessens, the scattering due to reflectance and refraction increases.
Backscattered light typically is the second-most quantitative portion of the scattered light, the first-most quantitative
portion being forward scattered light.
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The effect resulting from steady-burning compared to flashing lights can be different. The effect of backscatter on a pilot
from steady-burning lights may be to: (1) create a veiling foreground luminance, or (2) provide sufficient luminance to
affect the pilot's level of dark adaptation.

When lights are flashed, the backscatter may be much more serious. For the first anticollision lights, the flashing effect
was obtained by rotating a high intensity beam of light. Early flight evaluation of white lights showed that the moving beam
viewed through any kind of visible moisture was rather disorienting to the pilots. This condition was remedied by the use
of red color filters and locating the light on the top of the vertical fin to get it as far from the cockpit as possible.

The use of white electrically flashed lights such as strobes produces less problems but can still cause objectionable
backscatter.

Location of these lights on the wingtips laterally separated from the pilot as far as possible provides the best solution to

the backscatter problem

. When flying through clouds at night, flashing lights should be turned off.

3.3.6  Other Backgrou
The exterior lights of ot
black sky at night, an o
such background lights
colors can range throug
cycles to be used with
encountered in the back
3.3.6.1 Background L
A light source is seen b
viewed. A light of relat
completely black sky |
conditions can vary on {

The background luming
See 3.2.2.1.4.

It is possible, as mentid
haze or fog, increase tk

scatter. Also, the sky bfightness in the,vieinity of a city or town, even though small, can be cons

natural background brig
Note to the Reader:

At this point it is recom

nd Lights

ner aircraft need to be viewed against a wide variety of backgrounds. Th
vercast sky, scattered lights on the countryside, or closely clustered city
can vary from faint stars to floodlights on the ground pradueing thous
h the complete spectrum. Therefore, it becomes importantithat the colo
aircraft lights be made to differ as much as possible from the variot
ground under the different conditions.

uminance

y virtue of its contrast in brightness and/or ¢olor with regards to the backg
vely low intensity may be seen in clear*weather or considerable dista
pbackground. The background brightnéss from typical dark night condi
he order of one billion to one.

nce (brightness) can also have'a considerable effect on the level of adg
ned above, that backscatter from lights close to the observer can, as the

e foreground luminance. Under these conditions, forward scatter can bg

htness elsewhere under the same meteorological conditions.

mended to aircraft pilots and crews that the following portions of Section

b background may be a
ights. The intensities of
hnds of candelas. Also,
, intensity, and flashing
s lights which may be

ound against which it is
hces against an almost
tions to bright daylight

ptation of the observer.

e result of shining into a
greater than backward
derably higher than the

4 be read carefully and

applied to their own fligh

tsas annronriate:
i i 4 g

a. 4.4.3 Threshold Visibility Ranges of Navigation and Anticollision Lights

b. 4.4.4

C.

Estimation of Closure Times to Collision

4.5.1.3 Practical Application of the D or A Rating

d. Tables2,3,4,and5

Section 4 covers the more technical aspects of threshold vision regarding: (1) the colors used for navigation and
anticollision lights; (2) their visibility ranges when produced as flashes or as steady burning in all atmospheric conditions;
and (3) a recommended method of rating different lights and lighting systems for these purposes, and how the ratings can
be helpful in flight.
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4. ADVANCED TECHNICAL DISCUSSION

4.1  Scotopic and Photopic Vision and Color

Scotopic vision is "achromatic” by definition; the rods sense all visible radiation, or lack of it, as white, gray, black.
Photopic vision, however, is "chromatic;" the cones function as photon energy discriminators and sense incoming photons
as the colors excited by and corresponding to their different energies. The energy of each photon is inversely proportional
to its wavelength. It is more common practice to describe the relationship of photons to color by their wavelength rather
than by their energy.

Scotopic and photopic vision differ in their sensitivities to the energy spectrum, hence wavelength spectrum, of visible
photons. In general, rods have a sensitivity about 1000 times greater than that of the cones.' It takes a lower flux of
photons to excite rods into sensations of white or gray, as compared to exciting the cones into color sensations. Research

indicates that as few as about 54 to 148 photons at 510 nm (green) entering thrgugh the pupil of a dark adapted eye, as a

flash of 1 ms flash width—ean

baold cancation

LLHY hla" o o

at 555 nm (green) of ar
for color vision.

Cones, moreover, differ,
energies corresponding

o a P MWt o th e oo Thic 1 Hivn toann
7 caAT DT JUSTVISTOIC— aS Ao SCUTOUPTIC T T SHOTO- STTTSatoTTT ST O o

bund 54 000 to 148 000 visible photons per flash of 1 ms flash width thro

in their capability to sense color. Three basic kinds of cones exist, each b
to red, green or violet colors. This gives rise to the concept of "prin

"secondary color" sensations of yellow, blue and purple can be produced as the fesult of simult

pair of "primary cones"
higher range of photon

esponsible for the secondary color. This indicates that-each kind of prima
energy to which it is sensitive, and which overlaps)with that of each o

primary cones, enablin

simultaneous excitation of them as a pair. Hence, the visible spectrun

photons ranging from hjghest to lowest energy in succession as follows:violet, blue, green, yellg

not being a spectral ¢
primary cones, which ¢
rainbow.

Both the rods and cone
by the rods as white, th
by the appropriate exc
secondary. Hence, whit
all three kinds of primar

Spectrally, gray is the s
with descending intens
designation "achromatid
they are definable withi
as such.

4.2 The Standard Ob

I

lor, is the exception, and results from the Simultaneous excitation of
rimary colors are at opposite ends of the<spectrum. That is why there

5 differ in their sensitivity to the different photon energies or colors. All vis
ough grays, or black. In turn, it is\also possible for the cones to produce

tation of all three primaries,Cor all three secondaries, or one primary

b as a color sensation can be'the result of a sufficiently intense excitation
cones, or the combination of both.

ame as white, except that the intensity of excitation is less, shades of gra
ty of excitation. 'Some experts disagree whether white, gray, and black
" However,.8ince the cones, the "color receptors," sense these the same
n a chromaticCity diagram, technically they are colors. Moreover, common

berver

ies a photopic threshold
ugh the pupil of the eye

eing sensitive to photon
ary colors." However,
hneous excitation of the
ry cone has a lower and
the other two kinds of
of colors is excited by
w, orange, red. Purple,
iolet and red sensitive
s no purple in a single

ble photons are sensed
vhite or gray sensations
with its complementary
of the rods alone, or of

y descending into black
are colors; hence the
as all other colors, and

usage designates them

Visibility factors should be based on the CIE 1931 Standard Colorimetric Observer using the photopic response and 2°
field-of-view (Reference 19). The CIE 1976 CIELUV uniform color space should be used for color, intensity, luminance,
and illuminance analyses and more recent CIE color spaces (like CIE 1994) should be considered. It is recommended
that the CIE 1976 2 degree standard observer be used, "ISO 11664-1:2007(E)/CIE S 014-1/E:2007: Joint ISO/CIE
Standard: Colorimetry - Part 1: CIE Standard Colorimetric Observers," http://cie.co.at/index.php?i_ca_id=483.

Individual observers can differ in their thresholds of sensitivity f