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Looking Beyond Photometry

L ooking Beyond Photometry: What can we predict about the effect of light on the
human eye?

Theodore E. Cohn, Ph.D., Professor of Vison Science, and
Danid Greenhouse, Assistant Research Scientist

Visud Detection Laboratory

School of Optometry and Ingtitute for Transportation Studies
Universty of Cdifornia, Berkdey, 94720-2020

Aerospace Lighting Institute Paper submitted for inclusion in the February, 1998
Advanced Seminar.

ABSTRACT
Desgners are often asked to gauge the influence of an illuminant or avisua sgnd on the
humean eye in a particular gpplication. It has long been known that physica measurement
isinaufficent for this purpose. Thisis, in part, because the human sense of vison is not
equipped with a competent radiation detector that is independent of wavelength

“The ability to seeis apartnership of light and sght...”*

Photometry, a specification computed from a radiometric measurement, was developed as
an atempt to capture what is human about human vision so that the sterile specifications
of radiometry might be thus rendered more useful asapredictivetool. Asit has
developed and matured, photometry has become an exacting tool reguiring sometimes
extraordinary atention to detail that lies beyond the experience of many of us. But even
with appropriate atention to detail, photometry takes account only of the spectra
distribution of radiation in comparison to the spectrd sengtivity (luminous efficiency) of
the observer, and the Sze of the pupil. These characterigtics of vison arise early in the
perceptua chain. Other features of human vison, which vision scienceis beginning to
systematicaly quantify, may be viewed as additiona signposts pointing to the need for a
more thorough humeanization of radiometry. Visud illusons provide an example asdo a
variety of visud effectsin which the percept is not veridica. This paper will review
selected characterigtics of human vison that point to the need for moving beyond
photometry. Two examples, one involving the use of LED illuminantsin traffic Sgnds,
and the other showing the theoretica advantages of amodified wing-tip strobe, will be
used to illudrate the problem area. It is possible to foresee afuture in which designers
could use a photometric correction incorporating these additiona factors.

! George Godfrey (1991), Fundamentals of Light, Color and Photometry for Aerospace Vehicles,
Aersopace Lighting Institute, Clearwater, FL
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INTRODUCTION

The effects of light upon the eye are
quantified by photometry. Thuswhen
one asks to what degree one light source
has avisud effect amilar to that of
another, oneisinvoking a photometric
gpecification. The problem isthat
photometry islimited, and its limits are
unfortunately implicit. In this paper we
describe an approach to arriving a a
reckoning of the equivalence of visud
effects of two dissmilar sources, and
show that to achieve this reckoning one
must first understand the implicit
grictures of photometry and then
develop a process to advance beyond
those strictures.

Consder this question: Under what
conditionsisan LED light source
visudly equivaent to an incandescent
source? The question has arisen in the
enterprise of evauating the suitability of
LED-based illuminants as replacements
for incandescent illuminantsin traffic
sgnas. The question as posed is neither
suitable to the real world application of
the answer, nor to the photometric
world. In the case of the former one
might ask if ared LED traffic Sgnd
would stop the same fraction of drivers
as the incandescent signd thet it
replaces. In the case of the latter, one
might ask whether the LED sgndl is
photometricaly equivaent to the
incandescent Sgnd.  These are different
questions, and examining the differences
will reved nat only which implicit
assumptionsin photometry limit the
inquiry, but aso how to circumvent
those limits.

The photometric answer: The
photometric analyss of this question

appears a first look to beftrivia. One
smply makes aluminance determination
and asksif the LED luminanceis at leest
as great asthat of the incandescent.
Photometrists are used to worrying over
questions of this sort and a predominant
barrier to asmple answer is that the two
sources are spectraly different.
However, spectrd difference does not
prevent adetermination of brightness
equivaence, and that determination,
undertaken by straightforward
procedures” (Walsh, 1953; Wyszecki
and Stiles, 1967) isreadily
accomplished. Inthiscase, brightnessis
taken asaproxy for visud effect of
luminance, luminance is accepted as
proxy for (suprathreshold) detection, and
detection istaken as a proxy for the task
of identification. And findly,
identification istaken asaproxy of
stopping a an intersection when
signaled to do so.

The pragmétic answver: One might, in
consdering the number of assumptions
involved choose instead to swap the
fixturesin the real world and count the
number of missed sgnas. Owing to the
cost of rea world mishaps, this approach
isn't (or usudly isn't) adopted.

The problems with the photometric
approach: There are anumber of factors
present in the real world situation which
render photometry several steps removed
from supplying a complete answer.
Examining theseis useful before
disolaying aunified way to trest them

al. (Indl of the following we shdl
assume that the population of eyesis
homogeneous, an unj udtified assumption

2 3. W. T. Walsh, Photometry, Constable,
London, 1953; G. Wyszecki and W. S. Stiles,
Color Science, 1967
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which requires its own consideration and
which lies beyond the scope of this
paper.) Thefirs problemisthat
photometry depends upon the choice of
adaptation level. Photopic (light-
adapted) photometry differsfrom
scotopic (dark-adapted) photometry in
terms of the presumed spectra
sengtivity of the visud system. The
dependence iswell understood, but the
problem isthat the answer in one case
will not be the same as the answer in the
next. To circumvent this problem, one
might adopt the minimal error criterion
of accepting the measurement least
favorable to the new lamp.

The next problem isthat photometry
traditiondly dedls with spatialy
homogeneous, stdic targets. Redl world
targets often come close to thisided, but
when they don't, visud effectivity is
dtered. The spatid contrast sengtivity
function only beginsto capture the
richness of the relationship between
target spatid configuration and target
effect. Even spatidly homogeneous
targets are affected by sze (the reader
will recdl that much of the photometric
literature relates solely to one-degree
diameter visud targets), and this of
course matters for traffic agnds, thesize
(or visud angle) of which is dependent
on the digance & which it is viewed.
Size, however, isnot the only spatia
configuration issue. Certain zonesin a
target may contribute more to detection
than others. Hammond et a® showed
that in heterochromatic flicker
photometry, the edge of the target is
pivota in the determination.

% B.R. Hammond, B. R. Wooten, and D. M.
Snodderly (1997) “Individual variationsin the
spatia profile of human macular pigment”, J.
Opt. Soc. Am. Ser./ A 14, 1187-1196.

Target dynamics present another degree
of variability and the variance due to this
factor is correlated with that due to
target geometry. Incandescent lamps
turn on with anearly perceptible gradua
time course. LED’sturn on orders of
magnitude more suddenly, and thereis
evidence that this sudden onset confersa
detectability advantage which a
photometer cannot register.

Also, dynamics and spatia configuration
together can play aprofound role. It has
been demondtrated that the best seen
visud simulusis one thet ismoving.
Moreover, a static target, briefly
presented and then moved suddenly to a
new adjacent location, gives the
appearance of motion and exhibits
sgnificantly lower threshold and lower
reactiontime®. Thisthreshold difference
can be used to predict a usability factor
for the moving simulus of about 1.3.

For this reason, designers of wing-tip
strobes might choose adud source
geometry to optimize the vishility of the
target.

The last factor to be mentioned here
(there certainly may be others) is that of
the task. Photometry is based upon
detection of aknown target with known
parameters, but the rea-world task of
interest is often identification of atarget
with sometime unknown location and
unknown time of occurrence and

possibly superimpaosed upon afidd of

* A.B. Watson, J. G. Robson and H. B. Barlow

(1983) “What the eye sees best” Nature 302,

419-422.

> B Gros, D R Pope and T E Cohn "Relative
efficiency for the detection of apparent
motion", Vis Res. 36, 2297-2302, 1996

T. E. Cohn and E. P. Hornstein (1997) “Role of
noise in reaction time advantage for moving
stimuli,” Invest. Ophthamol. And Vis Sci.
38:4 Supp. P.376.
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distracter gimuli. Uncertainty is known
to markedly affect visud effectivity.®

The analys of thistype of Situation has
two choices. Thefirgt, which we have
rejected, isto rewrite the rules of
photometry to suit the Situation under
sudy. The second isto definea
gtuationdependent correction factor
that captures the variance inherent in the
range of factorsthat can bear on the
process. The advantage of the latter
choiceisto preserve photometry and
thus not create yet another new set of
definitions to encumber future users of
the photometric art. Thusin this
approach, we employ a practice thet is
relaively modern, that of letting the
correction factor bear the burden of the
gtuationd idiosyncrases. Such an
approach was advocated early in the
goplication of sgnd detection theory to
vison’ and more recently has been
embodied in the use of efficiency
measures to encompass departures from
optimality?. Itisnot, however, a
panacea, because the answer obtained
drictly pertains solely to the Stuation in
which the measurement is made, and the
measurement task itself. 1t merely takes
one step down aroad that would
eventudly lead to a sound answer to the

question posed.

In the experiments described below, we
describe this approach for measurements
we have performed on a12” red LED
traffic 9gnd. The correction factor,
which we term the usahility factor, is

T, E. Cohnand D. J. Lasley (1986)" Visua
Sensitivity,” Ann. Rev. Psychol.37: 495-521.
"W. P. Tanner, J. and J. A Swets (1954) “ A
decision-making theory of visual detection,”
Psychol. Rev. 61, 401-409.

8 W. P. Tanner, Jr. (1961) “Physiological
implications of psychophysical data,” Ann. N.Y.
Acad Sci. 89: 752-765

defined (for lamps of equal area) asthe
ratio of the luminance of the reference
standard incandescent traffic sgnd to
the luminance of the LED traffic Sgnd
when both gppear equdly bright.
Conversdly, the usability factor
comparesthe vishility of the LED sgnd
to the standard incandescent Sgnad when
the two luminances are maiched. It will
be demonstrated how the usability
factor, in conjunction with intengty
measurements of the LED signad made
by prescribed means (ITE), can be used
to determine whether the LED signd
meets minimum standards for vighility.

METHODS

The method we employed to equate
brightness of the reference

(incandescent) and test (LED) lamps was
heterochromatic flicker photometry. In
this technique, two complete fixtures,
containing areference and atest lamp,
respectively, were opticaly
superimposed by use of a beam-Splitter,
mirrors, and sighting tubes, and then
presented to the subject observer in rapid
dternation (16 Hz) againgt a constant
surround that adapts the eye to smulated
daylight levels. The luminance of each
fixture was controlled with neutral

densty wedges. In dl tests the fixtures
were placed a aviewing distance of 270
feet, a which distance 12" devices
subtended avisua angle of 13 minutes

of arc. Lampswere mounted ina
standard fixture with backplate present.

L uminance measurements were made
with a Photo Research 1980A
photometer, employing an gperture that
covered gpproximately 90% of the
surface of the lamp, thus integrating over
magor spatid inhomogeneities such as
the incandescent “hot-spot” and the
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punctate nature of the matrix in the LED
lamp. Measurements were made
gpproximately on-axis in conformity
with the angle requirements of the 44-
point test. Luminousintengty
measurements were performed by
equipping the photometer with a cosine
receptor head.

In our experiments, the incandescent
standard source in the reference channel
was set at afixed luminance, while the
subject adjusted the luminance of the test
lamp until minimum subjective flicker
was perceived, at which point a“ setting”
was achieved. Six subjects were tested,
with each subject making seven settings.
The median stting for each subject was
recorded. The reference channel
luminance was then divided by the
average of the medians for the Six
observers to establish the usability factor
(UF) of thetest signdl. In our Satistica
anaysis, we cdculated the standard error
of the mean of median settings. The
interpretation of this number isas
follows: the reported mean plus or minus
twice the standard error specifiesan
interval which would be expected to
contain the actua mean 95% of thetime
that such a determination is made. We
then converted the two extreme values of
the 95% confidence intervd to
equivaent usability factorsto estimate a
UF 95% confidence interval.

RESULTS

The unattenuated luminance of our
sample of 12" red LED lamp was 6300
candedlas per square meter and of the
reference incandescent sgna was
approximately 8060 candelas per square
meter. The measured vadues of intengity
were 410 candelas (LED) and 528
candelas (incandescent)), corresponding
to 3% higher (in the case of the former),

and 32% higher (in the case of the latter)
than the minimum acceptable vaue
prescribed by the 44-point test. The
luminance of the incandescent reference
standard was set to 900 candel as per
quare meter in this experiment.

TEST LAMP
SUBJECT LUMINANCE
CENTRAL
VIEW
1 1032
2 940
3 863
4 843
S 926
6 861
mean 911
o o 29
the mean
Uractor? 0.99
conﬁ%ﬁme 0.93-1.06
range of
usability factor

Table 1. Hicker photometry results for
12’ red LED trafficdgnd. Median
settings for Sx observers are shown.

The usability factor for the 12" red LED
lamp is0.99. Because the measured
intengty is 3% higher than the minimum
acceptable for incandescent lamps, and
the usability factor is 0.99, we conclude
that the round LED signd exceeds the
acceptance criterion by about 2%.

DISCUSSION

We have described ameans of using a
perceptualy-based testing procedure, in
combination with standard photometric
measurement techniques, to establish a
qudity index cdled the usahility factor
that can be used to predict the visua
effectiveness of anew, dternative
technology, traffic sgna in comparison
with a sandard incandescent sgnd. We
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found that the photometric specification
aufficed to describe the brightness of the
fixture, asthe usability factor was so
closeto unity.

The results described above apply to the
gpecific samples of LED traffic sgnd
and incandescent reference lamp tested,
the specific conditions under which the
measurements were performed, and the
particular measurement techniques
employed. Thus one might obtain a
different usability factor for targets
viewed in the periphery of the visua
fied, a condition that one might argueis
more representative of red driving. The
usability factor may aso vary under
certain degrading conditions such as
glaeor fog. Theresults might differ if
subjects with color vision defects or
other vision anomdlies are employed.®
A different method for equating
brightness might produce a different
result. All these factors must be taken
into consideration. Nevertheless, we
believe that with careful interpretation,
the usability factor represents a useful
qudity index which can beused in
combination with the 44-point test or
other appropriate photometry based tests
for acceptance, to evduate the vighility
of an dterndive technology devicein
fidd ingdlations.
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