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Summary Visual performance is defined in terms of the speed and accuracy of processing
visual information. To evalvate illuminated tasks in terms of visual performance, it is necessary
1o have a valid computational mode] that relates measurable, salient aspects of the visual
environment (e.g. target contrast) to measurable human responses (e.g. visual response time). A
model of visual performance should be independent of the influence of non-visual factors as they
influence speed and accuracy. It is also important to have practical application tools that can
measure the safient aspects of the visual environment and compute predict) visual performance
for real tasks. This paper describes the basis for 2 visual performance model and how it can be

applied using a computer imaging device.
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1 Introduction

Visual performance has traditionally been defined in terms
of speed and accuracy of processing visual information. In
- fact, inferred changes in speed and accuracy for different
adaptation levels underlie the rationale for different illu-
minance levels recommended by national technical societies
such as the Illuminating Engineering Society of Narth Amer-
ica and the Chartered Institution of Building Services Engin-
eers. Consistent with this tradition, visual performance in
this report is defined in terms of how quickly and accurately
people can process visual stimuli that are defined in terms
of adaptation luminance, target contrast and target size. One
goal of lighting and vision research has been to develop a
general technique for assessing visual performance in actual
environments such as offices, schools and roadways. Such a
technique would permit the evaluation of real environments
by criteria relevant to the visual system, rather than by
intermediary criteria such as illumination levels.

To reach this goal, knowledge is required in two areas. First,
a psychophysical model must be established that relates the
salient physical fearures of the visual environment, such as
contrast or size, to measurable responses of human observers
such as time or errors. Second, a practical procedure must
be developed that can specify accurately the environmental
stimuli that are important to visual performance. In other
words, a measurement technigue must be developed to quantify
the salient physical features of the visual environment.

Considerable effort has been devoted to reaching this goal
over the past sixty years. Luckiesh and Moss'? and
Blackwell™® jn particular, have pursued both psycho-
physical research and measurement procedures. Extensive
psychophysical data have been obtained on threshold visi-
bility (the limits of visibility) for targets of different size and
shape, targets presented off the visual axis, and for observers
of different ages. Blackwell used these threshold data,
obtained from parametric manipulation along several stimu-
lus dimensions, to develop a computation model of visual
performance. This computational model was published by
the Commission Internationale de I'Eclairage” and a tech-
nical review of this model was published by Public Works
Canada®®,

Consistent with the psychophysical approach based upon

threshold, instruments were also developed by Luckiesh
and Moss, Blackwell and others for assessing the threshold
visibility of actual tasks. These instruments, known gen-
erally as visibility meters, require an observer to view an
actual task through an optical device that could gradually
make the task invisible, that is, reduce its visibility to
threshold. The Luckiesh and Moss™ visibility meter reduces
targets to threshold by reducing adaptation lum-
inance. Most other visibility meters, including those desig-
ned by Blackwell®™, attempt to reduce targets to threshold
by modulating their apparent contrast. It is also possible to
design a visibility meter that would modulate the spatial
frequencies of targets to reach threshold, but this approach
has not been pursued. Given an empirical measurement of
target threshold, 2 computational psychophysical model can
be used to predict the suprathreshold level of visual per-
formance for that target'”,

Difficulties with both the theoretical and practical aspects
of the threshold approach have been discussed by several
authors in a symposium on the subject®, Theoretically, it
is impossible to extrapolate suprathreshold visibility directly
from threshold visibility, primarily because different levels
of maximum visual performance are found at different adap-
tation luminances®!'?. To overcome this probilem a variety
of arbitrary, post hoc terms must be introduced to accurately
characterise suprathreshold visual performance from
threshold measurements™.

Practically, visibility meters have inherent limitations that
prevent adequate characterisation of the visual stimujus for
determination of visual performance’?, For example, all
visibility meters introduce optical infidelities. These include
instrument-specific changes in contrast {such as losses in
high spatial frequencies), size (such as optical magnification)
and adaptation luminance (such as transmission josses or
colour differences) that cannot be overcome without sup-
plemental measurements and computations. The number
of ‘correction factors’ that are needed to account for the
differences between free-viewing and viewing through a
visibility meter is large and task specific!?,

Weston1219, Boyce™, Tinker'*™' and Rea and his
colleagues®1%:20-23) for example, have pursued a different
approach to psychophysical research. Rather than assess the
abselute limits of visibility and then extrapolate 1o supra-
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threshold visual performance, their studies were designed
to assess suprathreshold visual response directly in terms of
time and errors (alternatively, speed and accuracy). Until
recently, only a qualitative understanding of suprathreshold
visual performance was possible. As pointed out by Rea'®®,
there are many subtle yet important experimental controls
that must be considered when trying to extract visual per-
formance from task performance, which includes moter
skills, motivation and intelligence as well as visual per-
formance. However, by experimental control and simple
transformation of the data, the impact of target contrast,
target size, adaptation luminance and observer age on visual
response time and errors was obtained. From those data a
computational psychophysical model of suprathreshold vis-
ual response was developed(t%:24.27.28),

Rea and his colleagues have also developed a measurement
procedure that is consistent with their psychophysical
appreach that relates measurable, salient values of the visual
stimulus to measurable suprathreshold responses in terms
of time and errors®3»34.32 Two approaches were pursued.
One approach utilised physical measurements of size and
adaptation luminance as well as a ‘contrast matching’ tech-
nique, whereby the brightness of one of a large number of
achromatic reflectance cards was matched to the actual
target. Not only was this approach tedious 1o perform, but
the contrast matching technique produced systematic errors
when targets of different colour were compared with the
achromatic reflectance cards®’. A more sophisticated but
simpler approach employs modern computer image pro-
cessing techniques®., From a calibrated video image of
the task, the salient visual features- (such as adaptation
luminance, target contrast and target size) are measured
and then used as input parameters for the suprathreshold
psychophysical model of visual performance which, con-
veniently, resides in the computer.

The basics of both the psychophysical model and  the
computer imaging system (CapCalc, which stands for
capture and celculate) have been described in detail
elsewhere®2432 This report serves two purposes. Primar-
ily, links between two independent experiments are pre-
sented for the first titme and these links provide the basis
for a valid set of visual performance equations. Further,
equations are presented that document the presumed age-
dependent changes in visual performance from twenty to
sixty-five years. Secondarily, the report documents the visual
performance eguations resident in the current CapCalc soft-
ware. Thus, this paper describes the basis for relative visual
performance and how it can be applied using CapCalc.

2 The numerical verification task

The numerical verification task was developed by Smith and -

Rea?® to assess the impact of task luminance and target
contrast on the speed and accuracy of processing visual
information at a controlled, simulated realistic task. The
numerical verification task was used subsequently in a var-

1 It was argued that time and errors likely provided the same information
about visual performance, but that the time data were more complete and
thereby provided a more accurate representation of visual performance.

1 Contrast threshold values for the printed numerals used in this exper-
iment were based upon a subjective ctiterion of ‘readability.’ To reach this
criterion more target contrast is required than is required to reach a
‘detection’ criterion.

136

RELATWE VISUAL PERFORMANCE

Three-dimensional representation of relative visual per-
formance (RVP) as a function of target contrast and background luminance,
based upon the numerical verification task {from Rea“™)

Figure 1

iety of other experiments®3¥, including one reported by
Rea™®, which resulted in a computational model of supra-
threshold visual performance (Figure 1}, known as the rela-
tive visual performance (RVP) model.

The rRvP mode] presented in Res"'” was based upon the
visual timet for young adult subjects (mean age of twenty-
two years) to compare two lists of twenty pairs of five-
digit numerals, relative to the computed time to make a
comparison under arbitrary, highly visible reference con-
ditions. The time needed to perform nonvisual task-related
activities such as placing tick marks to discrepant digits was
excluded from the model. Adaptation luminance, from 12
to 169 cd m~Z, was changed by varying illumination level;
the contrast of the targets (numerals) was modulated, from
0.092 o 0.894, by parametric variations in ink pigment
density, ink gloss and lighting geometry. The viewing dis-
tance to the centre of the number lists was a constant 50 ¢cm
throughout the experiment.

3 Determination of relative visual performance

The rvP model is an attempt to represent the efficiency of
visual processing, and is, in principle, independent of the
nature of the visual task. RvP ranges from @ at ‘readability
threshold’f to 1; RvP = 1 corresponds to an arbitrary mini-
mum time computed from data obtained in the 1986 numeri-
ca verification task experiment!”, RVP can assume values
greater than 1 for better visual conditions than those associ-
ated with the arbitrary reference conditions such as large
targets seen at higher background luminances. As shown in
Figure 1, above contrast threshold, at a given background
luminance, RVP improves rapidly as target contrast increases,
until a point where RvP begins to saturate, that is, when
further increases in task contrast have little effect. As back-
ground luminance increases, contrast threshold is reduced

. and RVP saturates at a higher level.

Steps 3(a) through 3(f) document Rea’s procedure for cal-
culating RvP'?. Strictly speaking, the model is applicable to
young adults reading negative contrast (dark ink on bright
background) letters or numbers, each character subtending
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an average solid visual angle of 4.8 x 107° steradians.
Character size is defined by the area of the ink, viewed at a
specified distance, that is, the solid visual angle of the
character. With the CapCalc system this value is obtained
casily by integrating the areas of the size-calibrated pixels
which define the character. The range of background lumi-
nances in the model is between 12 and 169 cdm™2. The
reciprocal of visual time necessary to read the aiphanumeric
stimuli ‘as quickly and accurately as possible’ is the measure
of visual performance.

3(a) Select task background luminance Ly with the range of
12=slp=<169cdm™2.

3(b) Caiculate readability contrast threshold C, , at the selec-
ted Ly, where
C. = 0.0418[(0.308/Lg)** + 1.01°.

3(c) Select task luminance contrast C,, where Ly is greater
than the target luminance L, and

LB =~ Ly
Ly
3(d) Calculate the parameters n, k and vP,,,,, where
n=0.882 + 4.386, - 6.056% and

6, = logyllogo(Lp)]
logigk = =2.25 + 1.778, — 0.2176% and

8 = logo(Lp);
VP = 0.0628 + 0.01200, — 00026863,
‘ 3(e) Calculate the predicted level of performance VP, where
VP = {ACT/[ACT + (R/Lp)"]} VP pus
where AC,=C,-C, ..
for values of AC, <0, vP =0,
3(fy Determine RVP, where
RVP = VP/f, and
f=0.0760 = VP, at Ly = 169 cd m™%.
For the numerical verification task experiment, RvP

ranges from 0 to 1.

Comparisons between the RvP model predictions and data
from other experiments were performed by Rea®® who
argued that, except for a single study by McNelis®?, the
studies reviewed had a variety of inherent experimental
difficulties that prevented a quantitative validation of the
RvP model, Although predictions from the RvP mode] agreed
remarkably well with the data from McNelis, it was deemed
prudent to perform another, independent experiment to
validate and extend the RVP model.

C,=

4 The reaction time experiment for psychophysical
model

Rea and QOuellette? completed a study of simple reaction
times. Square targets of different contrast, both positive and
negative, and size, from 2 X 107¢ to 2.8 X 1077 steradians,
were flashed on a video screen of variable luminance. Young
adults viewed the display through a circular 2 mm diameter
artificial pupil that controlled retinal illuminance, from 0.53
to 801 trolands (T). Detection threshold values and reaction
times were determined for the young adult subjects who had
a median age of twenty-one years.

Vol. 23 Ne. 3 (1991)

Application of relative visual performance

Data from the reaction time experiment were similar in form
to those from the numerical verification task. Equations
similar to those used in the rRVP formulation were used to
model the visual response times from detection threshold to
saturation for the conditions used in the experiment. The
parameter AT ; is the difference in visual response time for
a given set of stimulus conditions, relative to an arbitrary,
reference set of suprathreshold stimulus conditions. In keep-
ing with the philosophy expressed in developing the RvP
metric, the reference set of stimulus conditions was a target
of high conrrast and large size, which was presented on the
highest background luminance used in the experiment. It
was assumed that nonvisual processing time was constant
and independent of visual processing time for all conditions
in the simple reaction time experiment. Thus, the procedure
leading to AT,;; was designed to isolate the incremental,
visual processing time (Figure 2).

5 Determination of AT,

Steps 5(a) through 5(¢) detail the algorithm from Rea and
Ouellette® for calculating predicted performance R and
incremental visual performance time AT, from measure-
ments of retinal illuminance ({y in trolands from 0.53 to
801), target size (e in steradians from 2 x 107%102.8 X 107%)
and contrast (C,).

3(a) Calculate detection contrast threshold C, 4 where

A = logstanh {20000w)

L = logyqlog,, (10/5 /)

Ix = Retinal illuminance, from 0.53 to 801 T, = L nr?
r = Pupil radius (mm)

Ly = Photopic adaptation luminance (cd/m~2)

w = Area of target (steradians) from 2.0 x 107¢ to
2.8 x 103

log;oCa = —1.36 ~ 0.1794 — 0.813L + 0.2264% ~
0.0772L% + 0.169AL.

5(b) Calculate the half-saturation constant X, where
A* = logstanh(5,000)
L* = loggtanh(0.04]p /7)

logoK = —1.76 — 0.1754* — 0.0310L* + 0.1124*?
+ 0.171L*? + 0.0622A*L*

5(¢) Calculate maximum response R, where
Rpax = 0.000196 log, Ty + 0.00270

5(d) Calculate performance R and predicted reaction time

RT, where
ACy=C, ~C,g; ACy> 0
ACﬁ.D’T
= ACTT { 097 N max
RT = 1/R

5(e) Calculate the change in visual performance AT, relative
to a reference condition, where

AT = RT, — RT

RTg is the arbitrary response time associated with
the following stimulus conditions: @ > 13 X 1073 ster-
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adians, Iy = 801 T, and C— =, Then RT,; = 305 ms.
For the reaction time experiment, AT, ranges from
—oo to 0.

6 Relating rvp and AT,

The purpose of this section is to compare the visual per-
formance predictions from the RVP and AT, models devel-
oped, respectively, by Rea®’® for the numerical verification
task experiment and by Rea and Quellette®® for the reaction
time experiment. Subsection 6.1 defines a common set of
stimulus conditions for the two experiments. Subsection 6.2
presents a simple, linear transformation procedure relating
units of RVP to umnits of AT.;,. Finally, a graphic comparisen
of the two model predictions is offered for the range of
stimulus conditions common to both experiments.

6.1 Establishing a set of equal stimulus conditions
6.1{a) Subject age

In both experiments young adults of approximately the same
age were used as subjects. Age-dependent reductions in
retinal illuminance or retinal contrast shouid be equivalent
for the two subject populations. Therefore, direct com-
parisons between the performance levels of the two groups
should be feasible. Typically, it is only possible to compare
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Figure 2 Three-dimensicnal
views of relative visual perfor-
mance (RvPgr) plotted as a function
of retinal illuminance (trolands)
and contrast, based upon the reac-
tion time experiment by Rea and
Ouellette™, Each pane] represents
a different target size measured
microsteradians (solid angle, in
microsteradians). The second
panel, labeled 4.8 microsteradians,
represents the average target size
of the digits in the sumerical veri-
fication task by Rea™ gnd is com-
parable to Figure 1.

the relanve performance levels of the two subject
populations. As discussed by Rea®® absolute levels of per-
formance can depend upon a variety of non-visual factors.
Motivation, fatigue, motor skill and intelligence can all affect
task performance, but as long as these non-visual factors do
not vary systematically with the stimulus variables (or are
constant within subject groups), the relative performance of
the two groups can be compared.

6.1(b) Target contrast

Target contrast was controlled and measured in both experi-
ments. Thus, target contrasts in the two experiments can be
directly compared.

6.1{c) Target size

Target size was manipulated systematically in the reaction
time experiment, but not in the numerical verification task
experiment. To compare the results of the two experiments
an argument must be developed to relate the square targets
in the reaction time experiment to the printed numerals in
the numerical verification task experiment. Although not a
complete specification, research supports the hypothesis that
the visual area of a target is a very robust method of charac-
terising target size for both threshold and suprathreshold
performance. Kristofferson® showed that detection

Lighting Research and Technology




thresholds for targets of different shape (square, discs, tri-
angles, etc.), but of the same solid angle, were nearly ident-
fcal. Of the various shapes, discs had the lowest associated
detection threshold for a given solid angle, implying that
target ‘details’ (corners and lines) were relatively less effec-
tive at producing a visual response. {See Dember*3®, pp 117-
122, for a summary of this work). Consistent results were
obtained by Campbell and Robson®” using square and sine
wave gratings as targets for detection threshold, They found
that the contrast sensitivity functions for these gratings were
nearly identical, implying, again, that target ‘details’, or
high spatial frequencies were relatively unimportant for
detection. Legge er al.®® examined suprathreshold per-
formance at a reading task and found that high spatial
frequency information had little effect on reading. This
again demonstrates that spatial details are refatively unim-
portant for typical reading tasks involving speed and
accuracy. Rubin and Siegel showed very similar results for
letter recognition®. Finally, an unpublished study by Rea
and Kambich showed that reaction tirnes were effectively
the same to flashed rectangular targets of equal solid angle,
but of different aspect ratios, Thus, the visual area of a
target, measured in terms of steradians (solid angle), appears
to be a good first-order approximation of target size as it
affects visual performance. This is not 10 say that target
details, i.e. high spatial frequency information, are unim-
portant. Clearly, high spatial frequency information is
important to vision, otherwise it would be impossible to
discriminate between letters of different fonts but of equal
visual area. Remarkably, however, these higher spatial fre-
. quencies can be expected to play a relatively minor role in
- visual performance 2s measured in these two experiments.

Future work wiil develop a more detailed mode] of visual

performance using more complete spatial information (e.g..

Kambich™), Using visual area as a measure of target size
is also attractive because it is convenient to measure. The
CapCalc video photometer®, described briefly below, can
be used to measure the solid angle of a target. Essentially,
each pixel in the video image is calibrated in terms of its
visual area for any given distance. Thus, knowing the visual
area of every pixel representing a target in the video image,
it was possible to determine the solid angle subtended by
each digit in the numerical verification task. At the viewing
distance and angle used in the numerical verification task
experiment, the average solid angie for each of the 10 digits
(0 through 9) was 4.8 x 107° steradians at the centre of the
numerical verification task list.

6.1(d) Retinal illuminance

Although background luminance was controlled in both
experiments, pupil size was not controlled in the numerical
verification task experiment. As background luminance
increased in the numerical verification task experiment,
pupil size would be expected to systematically decrease, and
vice persa®, Several estimates of pupil size for different
adaptation luminance have been published. Wyszecki and
Stiles® use the equation published by De Groot and Geb-
hard®” as the best representation of published data on adult
sizes as a function of adaptation luminance (Figure 3). The
authors’ review shows, however, that at high adaprtation
luminances, computed pupil size goes to zero using the
De Groot and Gebhard equation; this is an impossibility.
Therefore the authors have modified the equation of
De Groot and Gebhard for high adaptation luminances,
Equation 1 accurately represents the De Groot—Gebhard
equation over the range of adaptation luminances for which

Vol. 23 No. 3 (1991)
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Figure 3  Predicted pupil dia-
meter as a function of photopic
adaptation luminance L,. The
dashed line represents De Groot
and Gebhard’s equation®? 4=
10128958 - 00008010 (B + E.u’); solid
LA line d=4.77~{2.44 tanh{0.3
[logo{L )]} conforms to the dashed
line over the range of luminance
values where published data were
available 1w DeGroot and .
, Gebhard, but does not allow the
pupil size estimate to become zero
at high adaptation juminances. B
is the adaptation luminance in mil-
lilamberts (B = 0.3142 L,).

PUPIL DIAMETER, mm

-8 -4 0 4 )
LOB, 4 (L + ed/m?)

there are published data, but does not aliow pupil area to go
0 Zero.

D =477 — [2.44 tanh(0.3 log,, L 5 )] (1)

where D = 2r is the pupil diameter (mm) and L, is the
photopic adaptation luminance (cd m ™). From equation 2,
retinal illuminances Iy (troland) were calculated for the
luminance values used in the numerical verification task
experiment:

In=Lymr* 2)

6.1(e) Contrast threshold

Threshold is a useful, but statistical, concept to describe
the breakpoint between seeing and not seeing a target. As
discussed in some detail by Rea®!®, different subjective
criteria can be adopied by observers when evaluating con-
trast threshold. For alphanumeric symbols both ‘readability’
and ‘detection’ are meaningful criteria to subjects; both
criteria can be used to evaluate threshold visibility™. Step
3(b) describes contrast threshold C, , for the RvP formulation
and is based upon subjective judgments of ‘readability’
threshotd. In other words, determinations were made of the
contrast vajues at which the numerical verification task digits
could ‘just be read.’ Detection contrast threshold C, 4 in the
AT, formulation from step 3(a), determined directly from
the reaction time data, was based upon the fifty percent
probability of detecting a square target of a given size for
each adaptation luminance. It is not possible to compare
directly the predictions of contrast thresheld in the two
experiments because each was obtained from subjects using
different threshold criteriz. Qualitatively, however, the
threshold data from these two experiments are consistent
with the discussion by Rea®™. The contrast values required
to reach detection threshold in the reaction time experiment
were always lower than those required 1o reach readability
threshold in the numerical verification task experiment for
targets of equal solid angle that were presented at the same
retinal illuminance.

6.1(f) The set of equal stimulus conditions

Based upon the rationale developed in sections 6.1{a)-{(e), it
is now possible to generate predictions of RvP and AT, for
a common set of stimulus conditions. The following set of
common stimulus conditions provides values of AT, and
RvP of —23 ms and 0.998, respectively. These two special
values are designated AT, and RvP' and are used, below,
in developing a linear transform between units of AT,;, and
units of Rve. Retinal illuminance I = 801 trolands. This is
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the highest value of retinal illuminance in the reaction time
experiment and therefore the highest common to both
experiments. Target size @ = 4.8 X 107 steradians. This is
the average apparent digit size in the numerical verification
task experiment and therefore the only one common to both
experiments. Contrast C, = 1.0. This is the highest possible
contrast for targets darker than their background. Although
not used in either experiment, this value is a convenient
high-contrast reference value.

6.2 Relating umits of RVP to units of AT,

If, in fact, two independent metrics are scaling the same
physical attribute of an object {e.g. temperature}, then it
should be possible to linearly transform the units of one
metric into units of the other {e.g. the Fahrenheit scale to
the Celsius scale). Similarly, if the reaction time experiment
and the numerical verification task experiment are both
scaling visual performance, it should be possible {indeed,
required) that the two scales be related to one another by a
linear scale transformation.

Equation 3 can be used to linearly transform AT, into units
of RvP. AT, values transformed in this way are designated
RVPRT.

ATvis - ATVis,r) 3
AT:ris - ATViS,I‘ ( )

AT, is defined in steps 5(a){¢) above, and AT,  is the

_estimated value of AT, at readability contrast threshold.
Thus RvPgr = 0 when AT, = AT, and RvPgr = (1,998
when AT, = AT ;.

Since readability threshold was not a2 meaningful criterion
in the reaction time experiment, AT, . was treated as a
free parameter and estimated, by regression analysis, as
—800 + 29 ms in a manner that simultanecusly minimised
the sums of squared deviations from the three dashed lines
in Figure 4, chosen to represent retinal illuminances com-
mon to both experiments. This assumes that a value of AT
equal to —800 ms is comparable to a value of RVP equal to
zero, readability threshold.

RVPgy = RVP' (

6.3 Summary

The data from two experiments of visual performance, one
using reaction times and the other timed response in a
simulated realistic task, were independently modelled (Rea
and Ouellette®; Rea™™), A common set of stimulus con-
ditions was determined and a linear transformation method
was developed to relate the units of one experiment to the
other.

Considering (a) the two very different and independent
experiments, (b) the estimates leading to a common set of
stimulus conditions, and (¢) the single constant used to
relate one scale to the other, the predictions from the two
experiments are graphically very similar (Figure 4). It should
also be noted that McNelis’ visual performance data, based
on measured accuracy®, are also well described by these
two sets of functions®®, The agreement between these three
independent visual performance data sets validates, to a first
approximation at least, the RVPgy (or RVP) formulation of
visual performance for young adult subjects.

7 Age

To generalise the RVPgr predictions for older subjects it was
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Figure 4 Comparison of the predictions of visual performance as a
function of contrast tsing the RVP (numerical verification), dashed lines,
and RVPyy (reaction time), solid lines. RvP predictions are based upon the
numerical verification task experiment®?”; RvPy; predictions are based
upon the reaction time experiment?”. Three adaptation Juminances, rep-
tesenting the range of retinal illuminance values commeon to both experi-
ments, are presented in trolands. Zero on the RVP scale represents readability
threshold.

necessary to estimate the age-dependent reductions in retinal
illuminance and retinal contrast.

7.1 Retinal illuminance

Smith and Rea® used the numerical verification task with
two subject populations of different ages: twenty to twenty-
five and sixty to sixty-five years. Task performance for the
older subjects was lower than that for the younger subjects.
Wright and Rea® showed, however, that relative values of
task performance obtained from the older subjects in the
Smith and Rea study could be transformed to be very similar
or identical to those of the younger subjects simply by taking
into account published estimates of the losses in retinal
illuminance and, to a smaller extent, retinal contrast with
age.

Weale“* developed an estimate of age-dependent
reductions in retinal illuminance (Figure 5). This reduction
is based upon Weale’s estimates of the thickening of the
crystalline lens and reductions in pupil area with age. Com-
bined, these two effects produce retinal illuminance
reductions P due both to reduced rransmission and to
increased scatter, that can be approximated by the following
simple linear equation®®:

P=1-0.017(a — 20) (4)
where a is the age, in years, between twenty and sixty-five,
Equation 4 medifies the retinal illuminance values [y in
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Figure 5 Weale’s™ estimate of
the relative decline in retinal illu-
minance with age (from Wright
and Rea®"

L
H 0 [ 50 &0
AGE, yaary

equation 2 and in 5(a) above, thus:
Ig = PLyar. (5)

7.2 Retinal contrast

Equation 6 provides an estimate of the age-dependent losses
£ in retinal contrast between the ages of twenty and sixty-
five years:

e= 1+ [(0.113/45)(a — 20)] Q)]

This equation is based upon the work of Wright and Rea®®
described above and in Rea®”, Explicit in the equation is the
largely unsubstantiated assumption that the age-dependent
losses in retinal contrast that arise from changes in the
crystalline lens can be described with a linear equation
similar to that which describes the age-dependent losses in
retinal illuminance. Consistent with the analysis by Wright
and Rea®, it has also been assumed that the nonlinear,

suprathreshold response produced by neural activity remains

the same up to age sixty-five years. Imperfections anterior
to the retina, mostly in the crystalline lens™*?, serve to scatter
light, and thus they reduce retinal contrast, effectively elev-
ating contrast threshold. Equation 6 modifies the detection
contrast threshold values in 5(¢) above, thus:

[rd = ] ({136 -0.1794-0.813L +0.2264 2 —0.0772L.2 +0.169AL)

@)

Equation 6, and therefore equation 7, should be considered

‘highly tentative. Not only are there few reliable estimates of
age-dependent light scatter in the crystalline lens, but also
the impact of that scatter on visual performance will be
highly dependent upon the spatial characteristics of the
target. The visibility of large targets will be less affected by
entopic scatter than it will for small targets“®,

8§ Measurement procedure

To utilise the visual performance model described above for
field applications it is necessary to measure the visual stimuki
to be used as input parameters in the RVPgy equations. Thus,
the salient features of the spatial luminance distribution in
a visual scene must be captured and quantified, ideally using
a practical method. The physical characteristics of the visual
environment that drive the RvPyy algorithm are target area
(steradians), target luminance (cd m~?%), and background
luminance {cd m™2). The latter two give target contrast and
adaptation luminance {cd m™%). Observer age in years is a
mediating variable that modifies the measured target contrast
and adaptation lJuminance values.

The CapCalc video photometric imaging system (Figure
6) is a recent innovation for obtaining the RVPpy input
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Figure 6 The CapCale photometric imaging system (from Rea and
Jeftrey®®)

parameters®*?, Basically, the CapCalc system is comprised
of a photoptic sensitive charge-coupled device (€cb) video
camera, imaging board and personal computer. It produces
2 512 by 480 array of picture elements { pixels) and has an
8-bit brightness resolution (256 levels of luminance). The
system is calibrated both in terms of photopic luminance
(cd m %) and solid visual angle {(steradians}. Images captured
with the CapCalc system are stored in terms of the luminance
and the subtended angle of every pixel in the captured
image.

Any portion of the 245 760 pixel array captured by the ¢Ch
video camera and imaging board can be isolated and then
manipulated by the user to identify the input parameters for
the RvPg calculation. The software permits the user to place
a rectangle around the image of the target to be evaluated
{Figure 7). A target could be, for example, a letter on a
page, a muffler lying in a roadway or, in the case of Figure
7, the directional arrow on an exit sign. Often the target is
comprised of several luminance values, The user can ‘aver-
age’ these luminance values using one of the software options
and store this value in the computer. The background lumi-
nance is similarly obtained and stored.

Adaptation luminance is defined and stored in CapCalc as
the unweighted, average luminance of the entire captured
image. Based upon the user-defined observer age, adaptation
luminance is modified according to equation 5. Since the
target luminance averaging procedure defines those pixels
that the user has called ‘target’ and since every pixel has a
known solid angle, the areas of the target pixels are summed
and then the total visual area of the target is automatically
stored in the computer.

Different values for the input parameters (target contrast,
target area, and adaptation luminance) can be substituted
by the user into the system’s memory, RvPgr can then be
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Video image of an exit sign produced by the CapCalc photo-
metric imaging system. The direction arrow has been isolated and enlarged
for better analysis of its spatial-luminance characteristics.

Figure 7

recomputed using the new values. For example, the user
may want to know what the effects would be on Rvpy if the
adaptation luminance {illumination level) were reduced by
fifty percent. By substituting the new value into the system
memory the consequences of reduced illumination levels on
-RVPgr can be determined. Thus, a variety of ‘what if” ques-
tions about RVPer can be answered.

Like all optical systems, the present CapCalc system does
not have unlimited spatial resolution. Using calibrated close-
up lenses, however, targets as small as 0.16 by 0.22 mm can
be measured without losses in image contrast,

The sensitivity limit of the present CapCalc system is
approximately 0.4 cdm™. This is not a severe limitation
for working in the phototopic range, approximately above
3.0cd m~2“®, Naturally, as with all photometric instru-
ments having a photopic spectral response, it cannot be used
correctly at mesopic or scotopic levels.

9 Discussion

Recommended levels of illumination published by the Char-
tered Institution of Building Services Engineers (CIBSE}
or the Illuminating Engineering Society of North America
(IES), for example for offices, schools, and hospitals®*”, are
predicated on the notion that speed and accuracy of pro-
cessing visual information can be improved by increasing
the level of visual adaptation, that is, by more illumination
on a task. It is also formally recognised that tasks having
visual targets of Jower contrast or smaller size demand higher
levels of illumination to maintain the same level of visual
performance. It is further acknowledged by the IES that
older people need more light than younger people to sce
equally well.

It has been assumed for some time that if a valid psy-.

chophysical model were used in conjunction with a practical
field instrument for measuring the visual stimulus, rec-
ommended illumination levels could be replaced by more

precise recommended levels of visual performance. Certainly

this was the belief behind the Commission Internationale de
I'Eclairage (CIE) system™ developed by Blackwell.
Although there is considerable research to support the quali-
tative application of these ideas, it has proven difficult to
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provide quantitative assessments of realistic targets in terms
of visual performance, even using the CIE system. There-
fore, despite a long history of research into visual per-
formance and its measurement, recommended illumination
levels remain a central part of lighting design and appli-
cation.

A preliminary model of suprathreshold visual performance,
known as relative visual performance, was published by
Rea"'?, Consistent with earlier studies performed by a num-
ber of researchers, Rvp was found to vary systematically with
background luminance and target contrast. As discussed
in the present report, earlier research by McNelis®® and
subsequent research by Rea and Quellerte® corroborated
and expanded the scope of the preliminary RvP model. This
validation provides support for using the rRvPg formulation,
developed in this report, to assess visual performance. Tech-
nological advances in CCD cameras and image processing
make it possible to apply RVPgy in the field. Together then,
these developments have led to a new, practical method for
determining visual performance from spatial luminance data
obtained from a calibrated video image. For example, the
RvPyr model and the CapCale videe photometric imaging
system can be used to answer a wide range of practical
questions“® such as the following:

* How quickly and accurately can postal workers process
‘mail under a particular lighting system?

*  Will a sixty-five-year-old driver travelling at 100 km h™!
have time to avoid an obstacle in the roadway?

* What would be the impact on the visual performance of
school children if the illumination levels in classrooms
were reduced by fifty percent or increased by thirty
percent?

These and other practical questions can be answered with a
quantitative model of visual performance and a measurement
system that can capture and analyse that information in the
field. They cannot be adequately resolved by referring to a
table of recommended levels of illumination. It is perhaps
premature to expect sanctioning bodies such as the Illumi-
nating Engineering Society of North America or the Char-
tered Institution of Building Services Engineers to abandon
recommended levels of illumination for recommended levels
of visual performance, but the developments discussed in
this report provide another step in that direction.
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Appendix

To calculate RvPgy follow steps Al through A7 below. Note
that steps 3 and 5 in Appendix C of Rea and Quellette®®
had typographical errors that have been corrected here. This
formulation is exactly that which is presently used in the
CapCalc imaging photometric system.

(A1) Calculate the retinal illuminance f5(T). In the range
0.5-801°T:

IR' = PLAJTTZ
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where L, is the phototopic adaptation luminance
(ed m™3),
Pupil radivs 'mm) is given by

r = 2.3859 — [1.2204 tanh(0.3 log,, L )]
P=1-0.017a - 20)

where a is the age of observer from twenty to sixty-
five, in years,

(A2) Calculate detection threshold contrast C 4.

L4 = E10(- 1364130785494 ~0£12650L
+0.225998A2-0.077169L 3+ 0.169252AL)
A = log,, tanh(20 000w)

L = logyylog {10/ /o)

w is the area of the target in steradians from
1.8 x 10710 2.8 x 1073

e= 1+ [{0.113/45)(a — 20)].

(A3) Calculate the half-saturation constant X,
K = 10(~ 1763006~ 0.175369A* ~0.030967L*

+0,1120274%2 4 0. 170563272 +0,0621944*L.*)
A* = Jog,,tanh(5000w)
L* = logotanh(0.04 Iy./m).
(A4) Calculate maximum response R__,.
R, = 0.000196 log,, Iy + 0.00270,

(A5) Calculate performance R and predicted reaction time
RT.

ACY" R g

ACSS? -+ K0.97

AGy=C, = Cly;ACe>0

ILg — Lt
Ly

R=

C,= , where

Ly is the juminance of background (cd m™?)
Ly is the luminance of target (cd m™2)

RT = 1/R.

(A6) Calculate the change in visual performance AT, rela-
tive to the reference condition.

AT, = RT,¢ — RT
RT, = 305.38324 ms.

{A7) Caiculate relative visual performance based upon the
reaction time experiment RVPg7.

AT — AT“S,,)
AT~ ATy
ATy = =~22,992718 ms

RVP' = (.998

ATy = —800 ms.

RVPgpT = RVP' (
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