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PREFACE

The work described in this report was performed as a part
of the Visibility Measuring Techniques program sponsored by the
Federal Aviation Administration. The programs principal objective
is to provide a system which will supersede a Slant Visual
Range/Approach Light Contact Height Measuring System being deve-
loped under Interagency Agreement and utilizing presently avail-

able off-the-shelf equipment.
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INTRODUCTION

The Transportation Systems Center of the Department of
Transportation is presently engaged in a study program for the
Federal Aviation Agency titled "Visibility Measuring Techniques".¥*
This report summarizes the results of one of the tasks under the
program. The specific task reads as follows:

"Review ICAO requirements relating lights to be used as a
basis of runway visual range (RVR) reports, particularly as ap-
plied to runways having centerline lights and edge lights con-
forming to specifications for Precision Approach Runways. Dis-
cuss suitability of the statement that there is a defined re-
lationship between edge lights and centerline lights when the
centerline lights change from white to red. Does this modify
the pilot's interpretation of the reported RVR, and if so to
what extent?"

*PPA No. FA215. GWA No. 72-FA.



DISCUSSION

An illumination system for Precision Approach Runways using
red/white centerline lights is presently being installed at some
airports to aid the pilot in determining the runway remaining.
Two questions naturally arise: 1) how far away the pilot can
detect these lights and 2) is this distance compatible with the
present runway visual range (RVR) system?

Figure 1 shows a diagram of the red/white centerline run-
way lighting system.l A system of color coded lights is used to
alert the pilot to the runway remaining. Between the last 3000
foot to 1000 foot points on the runway the lights alternate red
and white, and for the last 1000 foot portion all the lights are
red, thus warning the pilot that he is approaching the end of
the runway.

We will calculate the distance that the pilot can just
distinguish the centerline runway lights using the same basic
laws that form the basis of the present RVR system. We will
then examine the spectral effect in the atmospheric extinction
coefficient on the visual range.

Figure 2 shows a schematic diagram of the elements relevant
to the photometric analysis to determine the relationship between
the RVR using runway edgelights and centerline lights (red/white).
On the left is a light characterized by a source spectral_radiant
intensity, i(k), in units of watt steradian~lmillimicron~
(w st~1 mu~1l). For the colored light a filter of spectral
transmittance G()\) is permanently attached over the lamp. The
atmosphere is characterized by an extinction coefficient, vy (}).
The pilot's visual system is characterized by the illuminance
threshold Et, and the eye's spectral luminous efficacy, K(A).

The problems to be solved are, for this given system, 1) to
define the relationship ‘between the RVR of the edgelights and
centerline lights when the centerline lights change from white
to red and 2) to determine whether this modifies the pilot's
interpretation of the reported RVR, and if so to what extent?
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Figure 2. Schematic Diagram Showing the Elements Relevant to
the Photometric Analysis to Determine the Relation-
ship Between the RVR Using High Intensity Runway
Lights and Centerline Runway Lights (White/Red)

At present in the United States RUR is defined as follows:
RVR is an instrumentally derived value, based on standard
calibrations, that represents the horizontal distance a pilot
will see down the runway from the approach end; it is based on
the sighting of either high intensity runway lights or on the
visual contrast of other targets, whichever yields greater
visual range.2,3

The theoretical basis for this definition is Allard's law
and the illuminance threshold obtained from measurements on
pilots. The general form of Allard's law,

=Y (A)R
E = Ie - (l)
R

describes the illuminance produced at a distance R from a point



source of luminous intensity I through an attenuating atmosphere
described by the extinction coefficient y(A). When E is set
equal to the illuminance threshold of the pilot's eye, Et, and

I specified, R will be the distance at which the pilot can just
distinguish the presence of the luminous source. For the RVR
system, E¢ is taken as 2 mile candles at night and 1000 mile
candles during the day. I corresponds to the high intensity
runway lights (HIRL), which at their maximum setting (Step 5)
produce a peak of 20,000 candelas. However, 10,000 candelas

is used in the RVR computation.

In the present RVR system, Equation (1) can be rewritten
in the form,

R/b
I tp
Etx =

(R/5280) 2 (2)

where R is the RVR in feet, tjp the average atmospheric transmit-
tance measured by a transmissometer over a baseline of b feet,
and Et is the pilot's illuminance threshold given in mile can-
dles. The relationship between extinction coefficient y(A) and
the transmittance ty is

) 1= sY(M) b (3)

The baseline distance b in present FAA transmissometers is 250
or 500 feet. To find the RVR, Egquation (2) must be "turned
inside out" and solved for R, once the values of E{, I, are
specified and tp measured. The RVR for the HIRL system has
been described previously.

ANALYSIS

In order to derive the RVR for a light consisting of a
white light source and a colored filter, we introduce the
spectral definition of the luminous intensity,

‘T'
©o

./~K(A) G(A) J(A) dAa (4)

H
Il



where J(A) is the spectral radiant intensity of the source and
K()) is the spectral luminous efficacy of the human eye given

in lumen watt-l. Our visual system defined by K(A) could be for
photopic or cone vision, or the scotopic or rod system. For
purposes of this analysis the scotopic response, applicable in
the dark adapted state, does not arise. The pilot is not dark
adapted because of his cockpit illumination5. Therefore, in all
that following K(A) is for the photopic visual response.

There are two sets of units in use: the photometric and
the radiometric ones. The radiometric units are purely physical
quantities and almost always contain watts in their units.

J(X) which is used above is a radiometric unit. The photo-
metric units automatically take into account the response of the
human eye, K(A), through a relationship such as Equation (4).
Any unit containing lumens is a photometric unit, such as
candelas (lumen steradian—l), and foot-candles (lumen foot—z).
To add to the confusion, sometimes the same symbol is used for
the analogous quantity in both systems, e.g., Q for radiant
energy (radiometric unit) and luminous energy (photometric
unit). Equation (4) can be regarded as a bridge between the
radiometric and photometric systems of units.

Let us combine Equations (1) and (4) to get a general form
of Allard's law, applicable to any illumination system;

Et = 5 f RYMR gy e g() ax (5)
R

(-]

The exponential factor must be included under the integral since
in the most general case Y is a function of A. G()A) is the
spectral transmittance of the colored filter placed over one
port of the bidirectional centerline runway light. When the
filter is not present, G(A) is simply unity for all wavelengths.
It will later be shown that the wavelength dependency of vy has

a small effect on the RVR. Therefore, let us simplify Equation
(5) by taking the exponential out from under the integral sign,

_YR B
= f K(A\) G()\) J(A) dx (6)

Er =
R2

and make the following observation. When two light sources have
the same luminous intensity, the RVR for both sources is the same,
regardless of the color of the light. This statement follows
directly from Equation (6). When two sources have the same
luminous intensity, it means that the integral has the same



numerical value for each source. This is just a number. There-
fore, the same value of R will balance Equation (6), and hence
the RVR is the same for both sources. In other words, to the
eye, the RVR of a red one candela light is the same as a green
(or white, or blue, etc.) one candela light.

Therefore, if we are given the problem of determining the
difference in the RVR between two different sources, and we also
know that the sources have the same luminous intensity (candelas) ,
and that the atmospheric extinction coefficient does not depend
on wavelength, the answer follows immediately; there is no
difference in RVR between the sources.

In the case of the bidirectional centerline runway light6
we can immediately say, by Equation (6) and the way the lamp is
constructed, that the RVR for the red port is less than the RVR
for the white port. This is because, as shown in Figure 3, a
single filament acts as the source for each output port. The
optics in each half are the same, except that the red port has
an intervening red filter.  Its transmittance, G(X), in
Equation (6) is numerically less than 1.0 at all wavelengths.
Therefore, a smaller value of R is required to balance the
equation when the filter is present.

DETERMINATION OF RVR FOR THE RED/WHITE CENTERLINE RUNWAY LIGHT

To calculate the RVR, one must solve Equation (6) for R,
after first substituting the appropriate quantities for K(X) ,
G(\)*, and J()), and doing the indicated integration. We are
still assuming that the atmospheric extinction coefficientY
is not a very strong function of A, and hence is outside the
integral in Equation (6). K(A) is known. We can determine
G(\) by measurements. For J()), we could assume black body
radiation if we knew the color temperature and the surface
area of the filament. The color temperature decreases for
each decrease in the setting of the lights. To approximate
the black body curve, using Wien's Law, would require a
fourth order polynomial in A. The integration then
becomes difficult. In addition, one would have to calculate
the collection properties of the lenses contained in the
lights. Because of all these difficulties, it was decided
to abandon the theoretical approach, obtain a #1,-850 Light,
and measure J(A) and J(A) * G(}A) directly with a

*The red used in this filter is the standard "Aviation Red",
whose characteristics are set by Military Specification
MIL-C-25050 (ASG). The standards are set up in terms of the
C.I.E. color coordinate system. Unfortunately, there is no
way to get from this C.I.E. description to the spectral plot
G()\).
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Figure 3. Type L-850 Bidirectional Centerline Runway Light,
Top View



spectroradiometer.

The measurements were made every 25 mu throughout the
visible spectrum (400 to 725 mu). Two measurements were made
for each data point, and the average used in the computations.
Once J()) was obtained, a computer program was written to
multiply it by K(A), the photopic eye luminous efficacy, at
each wavelength, and perform the indicated integration
numerically to obtain a value for I, the luminous intensity.
This entire procedure was done for centerline runway light
setting 5, 4, and 3, red and white output ports. Another com-
puter program was written to take this value of I, and the day
or night value of E,, and solve Equation (2) for the RVR.

The set up for measuring J(A) is shown in Figure 4. The
measurement is made using an EG&G model 585 spectroradiometer,
which was calibrated by the manufacturer against an NBS -
traceable standard. This instrumeEt measures the spectral
irradiance, H(}X), in watt cm™ 2 muy~~. To convert these readings
to J()\), we use the relationship from solid geometry

D2 (7)

where w is the solid angle, A the aperture or the spectro-
radiometer, and D the distance from the spectrometer to the
filament.

Therefore,

J(A) = H(A) D2 (8)

The computer program, which is shown as an appendix and is
written in FORTRAN IV for our IBM 7094, takes the output of
the spectradiometer, uses the spectral calibration array
XK(I) to compute W()), converts these numbers to J(A),
multiples by K(A), array XV(I), and numerically integrates
the resultant to give the luminous intensity I in candelas.
The absolute accuracy of this procedure is 10% due mainly
to the manufacturer's calibration of the spectroradiometer.

The luminous intensity from the white port of our particular
light was measured to be 7530 candelas at a setting of 6.6 amps
(Step 5). The advisory circular® calls for a minimum of 5000
candelas. In order to properly scale down our light, and in
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effect examine the "worst case" RVR, all measured values of
iuminous intensity were multiplied by 5000/7530 or 0.66401.
This has the same effect as placing a neutral density optical
filter whose transmittance is 66.4% over the output ports.
This procedure does not change the color temperature of the
light at the lower settings, and hence does not upset the
weighted average of J(}) (Equation 6).*

I was measured in this way for three different lamp current
settings; Step 5 (6.6 amps), Step 4 (5.2 amps), and Step 3
(4.1 amps). The results are shown in Table 1. Both the
absolute luminous intensity and the intensity normalized to
5000 candelas are shown.

TABLE 1. MEASURED LUMINOUS INTENSITY IN CANDELAS OF CENTERLINE
RUNWAY LIGHTS AT THREE CURRENT SETTINGS

Measured Normalized

Intensity Transmittance Intensity
White Red % White Red
Step 5 7530 993 13.2 5000 659
Step 4 1600 383 23.9 1062 254
Step 3 278 67 24.1 185 44

Another program was written for a desk top calculator (the
Hewlett-Packard 9100) to take these six normalized values of I,
the day or night threshold illuminance E{ and solve Equation (2)
for the RVR. An estimated value of RVR initiated the program,
and the calculator incremented this value by one foot incre-
ments until the correct value of Et was obtained. The results
are shown in Figures 5 and 6, and in Tables 2 through 4.

Figure 5 shows RVR plotted against tp, with Et and I as para-
meters. The transmissometer baseline distance was assumed to
be 250 feet. The CRL RVR is always less than the HIRL RVR, but
the percentage by which it is less is not constant. However,
Figure 6 does show that the change in RVR is a linear function
of reported RVR under all conditions. In Figure 6 the RVR for
the HIRL and the centerline runway lights (CRL), both at the
same setting, is plotted against the HIRL RVR.

*According to the manufacturer of the L-850, 7500 candelas is
representative of the luminous output of this light. One
could also scale down the output by correctly choosing a lower
color temperature, a much more difficult procedure. Since the
advisory circular® does not specify a color temperature, or
spectral radiant energy curve, we choose the simpler procedure.

11
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The 200 foot increment is shown by a dashed line. The tables
show the RVR numerically, as well as the difference in feet and
as a percentage change. From the tables, we see that there is
no simple relationship between the HIRL and CRL RVR. The CRL
RVR is always less than the HIRL RVR, but the percentage by
which it is less is not a constant. However, Figure 6 does show
that the change in RVR is, to a good approximation, a linear
function of reported RVR under all conditions.

VALIDITY OF LUMINOUS INTENSITY INTEGRAL

The standard and universally used method of computing
luminous intensity of a light source, and the method used in
this report, is Equation (4).

[+ ]

I = fK‘“ G(A) J(A)dA (9)

-]

The function K()\) was established in 1931 by an international
committee of the C.I.E. Several researchers have conducted
experiments, using human subjects, to test the validity of this
approach.7‘i One of the mgst thorough investigation was that
of Middleton and Gottfried. Their results show that for
colored sources blue through orange, Equation (4) is reasonably
accurate. However, in the red end of the spectrum significant
departures were observed. For a red filter, Corning Glass
#2421, the luminous intensity observed by 80 subjects was 2.04
times that predicted by Equation (4), and for a red Wratten #30
filter, 37 subjects observed an apparent intensity of 1.44 times
that predicted by Equation (4). This discrepancy is related,
among other things, to the angular extent of the light source.
The C.I.E. curve is based on sources 2° or larger, whereas
Middleton's measurements were on point sources 0.5 minutes of
arc. Certainly for runway and taxiway lights, the point source
description is the more realistic one.

Wwhat effect does this consideration have on RVR? G. T.
Schappert's report has a graph which answers this question.
His Figure 4 shows RVR plotted against luminous intensity. For
convenience it is reproduced here and shown as Figure 7. It
shows that the RVR is not a strong function of the luminous
intensity. If we use Middleton's results, the red output port
of the L-850 light at step 5 produces an effective intensity,
not of 993 candelas as shown in Table I, but 993 x(2.04 + 1.44)/2
or 1728 candelas. We have used the average of the two values
Middleton shows, since it is not known exactly what the proper
value is for Aviation Red. The two different intensities, 993
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1728 candelas are shown as vertical dashed lines in Figure 7.
Over this spread of intensities the curves are practically
flat - especially for RVRs below 2400 feet (Categories II and
III). In addition, the Middleton corrections are fail-safe;
ignoring them results in a slightly lower reported RVR.

RVR WHEN EXTINCTION IS A FUNCTION OF WAVELENGTH

All the results to this point have been derived
assuming a "colorless" atmosphere, i.e., one which attenuates
light of all wavelengths equally. We will now consider what
happens to the RVR when the atmospheric extinction coefficient,
y, depends on A. To do this we must go back to the spectral form
of Allard's Law, Equation (5), keeping the attenuation factor
e=Y (1) under the integral sign;

[e o]

Et = f YR k) s T @ (10)

el

As before, the values of E¢, K(}A), H()X), and J(A) are known,
and the equation must be solved for the transcendental variable
R. The function y(A) will be determined from experimental
data.ll1-13

We begin by making a series expansion for Yy(X), retain-
ing only the linear terms.

y(A) =y + kA (11)

Putting (11) into (10) gives

o]

Ey = — _/e "E B e @ (12)
2 (o]
R
A value of k Selected from experimental datall is
- B - - -1
k =-0.45 km Lyl = 1.37 x 1077 ££71 mu (13)

This value cannot be considered exact, but only representative,
since k depends on the size and distribution of the scattering
particles. In the study quoted above, k was determined at an
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average Yy corresponding to a t,, of 0.9. Under very foggy
conditions the value of k can Be as much as four times the
value reported by Knestrick.l2 It will be shown the correction
depends linearally on the value of k.

The product of kA is 0.25 at midband (.55u). Therefore,
if R is less than 4 km. (13,120 ft.), the exponent is less
than 1, and we can expand

e KAR _ 1 _ kAR (14)

Putting this back into (12)

~YR
By = S [I - AI] (15)

where
(o]

AT = kR fk K(A) G(A) J(A) dA (16)

o

I corresponds to the luminous intensity (normalized) previously
calculated and shown in Table 1. To find the RVR for spectral
atmospheric extinction, it remains to compute AI, put this back
into Equation (15) and solve for a new value of RVR. This
process can be iterated to converge on the correct value of
RVR. However, as the change is small, a reasonably accurate
answer can be obtained without iteration. The integral of AI
was computed using basically the same program as for I, shown
in the appendix. The results of these calculations are shown
in Table 5. The calculations have been carried out for re-
presentative values of RVR, corresponding approximately to

250, 500, 1000, 2000, and 3000 feet. The results are grouped
according to the Category I, II, and III (A,B,C) definitions of

the visibility limits. t250 is the average transmittance cor-
responding to y in Iquation (11). The HIRL RVR, taken from
Tables II, III, and IV and computed for a uniform spectral
extinction coefficient, is shown for comparison in column 5.

The RVR for the L-850 light is shown in columns 7 and 8 for
white and red output ports and includes the effect of a spectral
atmospheric transmittance. These RVRs are slightly larger than
the corresponding values in Tables 2-4, This is expected since,
k being a negative number, means that red light propagates
better than blue light. No entries are shown for Category IIIC.
This is because the value of t350 required to produce a visi-
bility of less than 150 feet, in a transmissometer whose baseline
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is 250 feet, is less than 10~8, which is certainly beyond the
capability of the instrument, for this baseline.

The average change in CRL RVR, for eighteen combinations
of ty5¢ and day-night illuminance threshold, with and without
the uniform y assumption in 56 feet for the white port and 38
feet for the red one. Hence, we conclude that ignoring the
spectral dependency of y in calculating the RVR is not a serious
source of error. It should further be noted that ignoring the
spectral dependency of y errs on the safe side: the actual CRL
RVR for both red and white output ports is slightly larger than
the same RVR's when the spectral dependency of y is not taken
into account.
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CONCLUSIONS

The spectral radiant intensity of the red/white type L-850
bidirectional centerline runway light was measured. From these
measurements the luminous intensity and the RVR were calculated.
The red port was found to have an output of 13.2% of the white
port at current step five, 23.9% at step four, and 24.1% at step
three. When the RVR for this light was compared to that of the
standard HIRL RVR, it was found that there is no simple relation-
ship between the two quantities. However, the difference in RVR
is approximately a linear function of the HIRL RVR under all
conditions. The above conclusions were based on the assumption
that the atmosphere attenuates light of all visible wavelengths
equally.

Experimental data, published elsewhere, indicate that to
some extent red light propagated better than blue light. The
RVR for the L-850 light was analyzed under this assumption. The
RVR was found to increase by 56 feet for the white output port,
and 38 feet for the red output port in a sample of 18 cases.
Hence, it can be concluded that ignoring the spectral properties
of the atmosphere does not introduce a significant error in the
RVR computation. Furthermore, the error is on the safe side;
the RVR for the spectral atmosphere is slightly larger than the
RVR for the spectrally neutral atmosphere.
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APPENDIX

FAA 215 VISIBILITY MFACIRIMG TFCHNTOIFS
DRy Jeo Lo HOPNFR

'nrﬂr\m

ﬁﬁlf‘\ﬂ

COMPUTATION NF LUMINALIC [NTFNQITY TN FANDEL AT

THIS PROGRAM TS WRITTEN TN FOARTRAN Ty

LIGHT SOURCF L-p5" RINIPFCTIONAL CFNTFRLINF RINWAY [ IGHT “HITF /RFD

XV(I) Is PHOTOPTIC FYF LUMINONIG FFFICTIFNCY

XK{I) IS FGG SPFCTPORADINMFTFR CALTRPATION
XDATA(T) IS SPFCTRORADIOMETER OUTPUT CURRENT

DIMENSTON XV(14), XK(14)s XDATA(14)
READ (5530N) (XV(T), T=1414)

READ (5430N0) (XK(T), T=1,14)
READ (54300) (XDATA(I)s T=1,14)

151y
151

FORMAT (31HILUMINOUS TINTFNSITY IN CANDPELAS)
FORMAT (F2N,13)

ann

FORMAT (RF1Nn,3)

H IS WAVFLFNGTH INCRFMENT TN MILLIMICPONS .

H = 28,n

D IS DISTANCF FROM SOURCFE TO SPECTRORADIOMFTER IN (M,

D=396+3
D2 = D*D

1n

DO 10 I=1,14
XDATA(T)=XDATA(T)*XV(I)*#N2/(XK(I))

SUM = NN
INTFGRATION SUBROUT INE

DO 2N I=1,17
S = XDATA(]) + ¥YDATA(TI+1)

2n

SUM = CiM + ¢
XSUM= SUMEH/ 2,4 N

30 WRITF (A4151) XSUM

WRITF (6,15n)

STOP
END

Computer Program for Calculating Luminous Source Intensity in

Candelas from Spectroradiometric Data.

FORTRAN IV.
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Program is Written in



