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ABSTRACT

In visual performance experiments, accuracy is as much ‘a function
of the relative worth of speed and accuracy as it is of visibility. 1In
a task that consists of subtasks, such as comparing two lists, it may be
necessary to explicitly model the effect of each subtask™s visibility on
speed and accuracy. Finally, changes in print may be significant in
that they can lead to changes in visual performance without a
corresponding change in visibility.

The current Commission Internationale de L”Elairage (CIE) model for
visual performance, CIE 19/2, does not consider the above factors.
Although we believe that the CIE model is not useful as an application
model, we do feel that the general features of the visibility/visual
performance relationship are clear and are important to lighting design.
We close with a brief discussion of the failure of the RQQ #6 lighting
recommendations to explicitly consider cost-effectiveness.



INTRODUCTION

In the execution of most tasks, speed and accuracy are related to
each other.1 The level of performance for a task depends upon this rela-

tionship and the relative values of each factor.

Some tasks contain multiple subtasks. Before modeling the
performance/visibility relationship, it 1is necessary to specify the
visibility of each subtask and determine the manner in which the perfor-
mance (speed and accuracy) of each subtask affects overall performance.
The redundancy and ambiguity of the information in the tasks are addi-

tional factors which may significantly affect performance.

The 1981 Commission Internationale de L7Eclairage (CIE) report on
visual performance, CIE 19/2,2 either superficially treats or simply
ignores the above factors, and hence does not present a useful applica—
tion model. We attempt to show how this model must be reformulated
before it will give useful results. Finally, we examine the current IES
recommendations for light level, RQQ #6,3 in terms of visual performance

and cost-effectiveness.



Performance, Speed, and Accuracy

We begin by presenting a brief description of the visual perfor-

mance problem and the CIE visual performance model, CIE 19/2.2

Performance is a combination of speed and accuracy. Most office
tasks are self-paced; speed is fixed by the worker. Beside the speed
(exposure time of a task), the factors that affect accuracy are those
that directly affect the intensity (visibility) of the stimulus: con-
trast, size, luminance, luminance distribution, and age42’4’5’6; and
those that affect the ability to utilize the stimulus: information con-

tent, practice, motivation and physical well—being.2’6’7

By specifying or measuring the visibility at a fixed speed, a
"reference” visibility can be defined as a function of only the intrin-
sic properties of a task and its surroundings. In the CIE model a refer-
ence visibility is estimated by the "visibility level,” VL, which is

equal to the ratio of the task”s physical contrast, C to its threshold

p!
contrast C, (the contrast level at which accuracy is 50%), at a fixed

2,8 The threshold contrast can be measured

exposure time of 1/5 second.
directly or, given values of the visibility-related variables, can be
estimated to within a multiplicative constant from fits contained in the
CIE report. The fits assume that the subject is motivated and has had

practice at the task.

The CIE model appears to have grown out of studies of accuracy at a
fixed exposure time. Under the proper conditions the accuracy of detec-
tion can be fit to a lognormal distribution (the Gaussian distribution
of the logarithm of the independent variable)zx9 with VL as the indepen-
dent parameter. A single fitted parameter, the task demand level, D, is
used to fit both the mean difficulty and the standard deviation of the
lognormal distribution. The relative visual performance, RVP, of the
task is the accuracy (performance) divided by the maximum accuracy
(performance) Pmax’ attainable, for the task. For the more general
problem, where the subject has to search and scan and where neither
speed nor accuracy is fixed, performance is modeled as affected by three
critical wvisual subtasks (detection, mentioned above, control of sac-

cadic motion, and fixation), and two non-critical visual subtasks. Each
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of the visual subtasks is assumed to be fit by a lognormal distribution

of VL. The "Relative Task Performance,” RTP, is assumed to be the sum

of the RVP”“s of the individual subtasks:

3 5
RTP(v,X) = WlZSilei(D)RVPi(V’D) + (1—w123)124WiRVPi(V) (1)
3

!

W123izlwi(D)RVPi(v,D) + (l—w123)

Here v=VL, and X represents the fitted parameters P, .., wi23, and D. The
factor wjy93 is called the "critical component weight.” It is the frac-
tion of the task that is affected by changes in visibility at normal
visibility levels. The relative weights of subtasks, w;, and the means

and standard deviations of RVP; are all either constants or are func-—

tions of D, the task demand 1level. The two non—-critical subtasks
saturate at very low visibilities; hence for practical purposes RTP is

given by approximating the non-critical subtasks by a constant.

No formal definition of performance is given in the CIE report.
Instead, the analysis of visual performance data is based on the "meas-
ure of task performance selected by the investigator...."2 The type of
performance measure chosen by the investigator will affect Pp_.. If,
however, Pmax is the only fitted parameter affected, then RTP will not
depend on the performance measure chosen since P, . is divided out in

computing RTP.

We show that specifying the performance measure is part of analyz-
ing the task. It affects the functional form of the
visibility/performance relationship. If Eq. (1) is used as just a fit,
the performance measure affects the values of D and wyj3 so that fit is

not predictive. We clarify these points below.

Performance, P, is a function of speed (1/t) and accuracy, A:

P = P(t,A(v,t,x)) (2)
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We have replaced X in Eq. (1) with t, x to make the time dependence
explicit. We assume x is a constant (motivated, trained subjects). The
simplest performance functions are accuracy at a fixed speed, ty» and
speed at a fixed accuracy, Ao'

For accuracy at a fixed speed, P=A(v,to, x) and PmaX=A(a),to,x). Hence:

RTP(v,X) = A(v,t_,x)/A(o,t,,%)- (3

The parameters X are fixed by t, and x. Since the wi in Egq. (1) are
unitless, substition of Eq. (3) into Eq. (1) leads to the conclusion
that the RVPi are ratios of accuracies. Equation (1) implies that
overall accuracy is the weighted sum of the accuracies of the visual
processes. However, probabilities (accuracies) sum only when overall
success results from success on process 1, or process 2, or process 3.
This is inconsistent with the physical interpretation of these processes

as saccadic motion, fixation, and then detection.

To analyze performance as a function of speed at a fixed accuracy,

Ao’ we write time, t, as a function of accuracy: t = T(V,Ao,x). Then
-1 -1
P=(T(v,A,x)) ~,and P = (T(w,A,,x)) , and
) T(oo,Ao,x) v Ti(oo,Ao,x) A
RTP = —————— 3 RVP, = m———
V,X) T(VaAo,X) » 1(V,D) Ti(V,Ao,X) ( )

the expression for RVP; again being derived from the consideration that
the W; are unitless. The units in Eq. (1) are consistent with the defin-
itions in Eq. (4), but it is not a physically correct equation. It is

times, not speeds, that sum. The correct form is:

RTP(v,x) = (tnV +

-1
. Wi/RVPi) H WisTi(u),Ao,x)/T(a),Ao,x). (5)

1

MW

We have added the term t,, to represent the fractional time taken on

strictly non-visual components of the task. Equation (1) agrees with
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Eq. (5) for RTP — 1, but it is not correct.10,11

When neither speed nor accuracy are fixed, Eq. (2) is a function of
both speed and visibility. We therefore need another condition before
we can reduce performance to a function of visibility alone. We get a
second condition from our assumption that we have trained, motivated
subjects. This is equivalent to assuming that performance is maximized

with respect to speed at any given visibility; i.e.,

d/3t = 0 ;: ¥2P/dt? < 0. (6)

Equations (2) and (6) together are sufficient to give a l:1 relationship

between performance and visibility.

Equation (6) gives t as a functiom of v, =x, and the performance
measure. There 1is no counterpart to this expression in the CIE model.
This implies that the interpretation of fits of Eq.(l) to performance
data in terms of the physical processes of detection, fixation, etc., is
incorrect. In short, the manner in which the performance measure
accounts for the tradeoff between speed and accuracy is part of the
specification of the task and must be part of any model attempting to

relate visibility to performance.

We use Smith”s check-reading experiment12’13 as an example to

illustrate this point. 1In this experiment the subject”s score, or per-

formance, P, was related to the time taken on the task, t, and the

number of errors, E, by a relationship of the form

The subject”s pay was equal to P. The values of the constants chosen by

Smith were: C;=10¢, C,= 0.2¢/sec., Cq= 30 sec., and C,= 2¢.

The number of errors, E, is related to accuracy by the relationship

E(v,t,x) = (N -g) (1= A(v,t,x)), (8)
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where N is the number of checks examined per run (10) and g is the pro-
bability of getting a correct answer by chance. For convenience we

assume g=0.

For convenience we also assume that we can treat P as a continuous
function although pay is a discrete function. 1In Smith”s experiment the
pay per run was small enough that pay sometimes did not reflect substan-—
tial changes in actual performance (e.g., a ~50% change in speed).
Nonetheless, pay is the measure of performance that was analyzed. From

Egs. (6), (7), and (8) we get

dP/dt = DA(v,t,x)/dt - Cy/c, = 0. (9
Let
t = T,(v,x,¢) 5 ¢ = Cy/C, (10)

be the solution to Eq. (9). Substitution of Eq. (10) into Eq. (7) leads
to the following formula for RTP(EP/PmaX):

RTP(v,X) = wlw A(V, T ,x) + wyT(v,x,¢)] + (1-w) (11)
where we use the following definitions for clarity:

max = K + C4N A(a),Tl,x) - CZTl(on,x,c) (12)

3]
1]

(P - K)/P

max W = C4N/WP

max’ max > W2=_C2/WPmax'

The constant w is the sum of the arbitrarily determined constants of the
score function and therefore may be negative or greater than one. Con—
versely, the constant Wy93 in Eq. (1) is the fraction of performance
affected by the critical visual subprocesses——detection, fixation, and
saccadic motion—-and is therefore bounded in the interval from 0 to 1.
Comparison of Eq. (11) with Eq. (1) shows that w must be fit by Wip3 in
direct contradiction to the proposed physical interpretation of Wig93. A

direct confirmation of this point is that one of Smith”s experiments was
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not analyzed in the CIE report because some of the scores were negative
(w > 1).14,15

Similar comments apply to the task demand constant, D. The func~-

tion T; in Eq. (11) has no counterpart in Eq. (1), but it still must be
fit by the sum of the RVP;“s in Eq. (l). This implies that D is in part
determined by the performance measure chosen, contrary to its proposed

meaning.

In the CIE report, Eq. (1) was used to fit the data from 20 visual
performance experiments. It is tempting to use the fits as a summary of
experimental results even though as we have shown there is no physical
basis for the form of Eq. (1). However, Eq. (1) is very complex. This
complexity makes the equation too sensitive to statistical noise to be a

good function for curve-fitting.

In fact, most of the fits in the CIE report are not statistically
significant. For example, in some of the fits the data has been aggre-
gated to the point where there is only one degree of freedom (4 data
points and 3 wunknowns). In other fits a separate maximum performance
parameter was used for each group of subjects or each condition, again
reducing the degrees of freedom. In one case it appears that the data
was used in fitting normally fixed parameters (the constants in w4RVP,
and W5RVP5),16 again reducing the degrees of freedom. The statistical
significance of the remaining fits is spoiled either because the error
bars include variance from aggragation of the data over subsets of the

independent parameters or because there are no error bars.

In fact a fundamental problem in evaluating the statistical signi-
ficance of fits to Eq. (1) is that it is not monotonic with respect to
the task demand parameter, D, at low visibilities (VL<4)17. The
existence of dual solutions for the least-squares fitting problem
invalidates the basic statistical tests used for “goodness" of fit.
This means that there is no way of telling, with Eq (1), whether it is
noise or signal that is being fit. We feel that the data should be fit

with a simpler function.
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Actually, it is not certain that fits of relative performance will
be very useful. The vision scientist needs to look at how accuracy is
affected by speed and information content. The user needs to be able to
calculate cost-effectiveness, which is based on absolute, not relative,
performance. Relative performance may not even make sense in some cases

since performance may be negative at low visibilities.

A further problem is that performance in laboratory experiments can
be based on any combination of speed and accuracy that the investigator
desires to use. In the workplace, performance 1is most 1likely to be
measured by the rate of correct completions of a task minus a penalty
for incorrect completions (at least where these concepts make sense).

For example:
P = (NR—CE)/t = N((C + DA(v,t,x) - C)/t (13)

where C is a constant giving the cost of errors relative to the value of
correct completions, Np. The cost of errors could alternatively, or
also, be added in as a time penalty. In any event the optimum relation—
ship between time and visibility is found by simply setting dP/Bt=0.
Since the relative cost of errors will vary for different jobs, the user

too needs to know how accuracy depends upon speed.



Multiple Visual Tasks

Several serious complications are involved in the analysis of real-
istic tasks. In the next two sections we discuss some of the problems

that arise.

Smith ran several visual performance experiments that involved two
distinct subtasks. In the numerical verification experiments 15,18,19
subjects compared two lists for discrepancies. One list, the reference
list, used typed high—contrast print. Test lists were both high and low
contrast. Visibility (as measured by VL) of the reference list, v,, was
always greater than or equal to vy, the visibility of the test list.

Tests were run at several light levels (different v;).

There has been confusion about the proper method of analyzing the
data from these experiments. Ross plotted the scores as a function of
V1.15 At any given vy the subjects scored highest with the low-contrast

material. Ross claimed this showed that VL and visibility are not

equivalent.

In the CIE report the scores on each test list were normalized to
the estimated maximum score on that list before being fit to vl.2 This
eliminates the discrepancy in the visibility/score relationship. The
rationale presented for this procedure is that the subject”s motivation
increases when the task is more difficult.20 This rationale is not cred-
ible, as task difficulty should depend on vy and D, not contrast.
Furthermore, there are no obvious reasons performance should vary for

these experiments and not others.

In the Smith experiments there is no single fixed relationship

between vi and vy. Therefore, the analysis of performance in terms of
vy alone involves assuming that performance does not depend upon vy
This occurs when visibility is high enough for performance to saturate
(V>Vs) where vg is the saturation level of VL. The two analyses above

are based on the assumption that v2>vS for all Voo

Let P(Vli’VZi) represent the raw performance data as a function of

the wvisibilities on the test (Vli) and reference (VZi) lists. The
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subscript 1 is 1 or h for the low— and high-contrast test runs respec-

tively. The experiments were set up so that v21?vll and V2h"V1hEVg?

From v2>vS we get

P(V1h=vo>vs’v2h=vo>vs) = constant. (14)

Table 1 shows that in the Smith experiments performance with the high-
contrast test lists was not constant over the range of Vy. This shows
that one cannot simply ignore the easy tasks when analyzing performance

data.

Smith has suggested compensating for the effect of changes in Vo by
subtracting an estimate of the performance on the reference list from

the total performance:

P7(v135V91) = 2P(vy4,Vp4) = P(vp4,Vg;)- (15)

For the raw data, the difference in score, Ah between tests having low-

and high—-contrast lists when v,, = = e
g 11 Vih vo is:

A = P(v4,vp)) = B(v,,v,)- (16)

Since ®P/dv>0, and v21>vO we expect A >0 (see Figs. 1 and 2). For the

transformed scores, the difference A~ is:

A-

P’(vo,v21) - P’(vo,vo) (17)
= (P(VO,V21) - P(V21,V21)) + (P(VO’VZI) - P(vo’vo))

where P(v21,v21) is the performance on the high-contrast test 1list at
the same luminance, not visibility, as for the low-contrast test list.
The second term in the right-hand side of the equation is A To the
extent that OP/dv 1s constant, the first term will tend towards - A,
Since performance saturates at high visibilities (bzP/Bv2<O), the
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magnitude of the first term will generally be less than A, hence

Arer’ > 0. Figures 1 and 2 show that this analysis is consistent with
the data.

As shown in the previous section, the fundamental visibility rela-
tionships are to speed and accuracy, not performance per se. This does
not obviate the need, which Smith noted, to explicitly analyze both sub-

tasks.

Let t be the total time required to compare C items. Then, since

times add:
t = Ctt = C(t1 + t, + tnv)' (18)

Here t, is the time required to do a single comparison; tj; and tp are

the times required to read one number on the test and reference lists

respectively, and tnv is the time required to do everything else.

Unfortunately, the manner in which accuracies combine depends upon
how the tasks are related. The simplest case is when the accuracy on
one list is independent of that on the other list. Overall accuracy is

then:
A(Vl’tl’xl’VZ’tZ’Xz) = A(Vl’tl’xl)A(VZ’tZ’XZ)’ (19)

Let P be a performance measure defined in terms of A and t. Performance

follows from Eqs. (8) and (19) and the conditions for optimization:
bP/btl = P/Bt2 =0 ; o P/btl <0, d P/bt2 < 0. (20)

For simplicity we assume that tnv is a constant.

If there is a probability, u, that an error on one list cancels the
same error on the second list (a comparison task), then Eq. (19) can be
simply amended by the addition of the term u(l - A(vl,tl,xl))
(1—A(v2,t2,xz)). However, when the accuracy on one list is not indepen-
dent of the accuracy on the other list, there is no simple fix to Eq.

(19), and the model could become excessively complicated. Redundancy of
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information between lists, or re—examination of the discrepancies in a

comparsion task, are examples of factors that could cause this problem.

The multiple-task experiments are close to real tasks and may pro-
vide insight into how people process information. However, at present
even single—-task experiments have not been properly analyzed, and the
function A(v,t,x) is not known. Until more work has been done it would
be best to be very cautious about drawing conclusions from the results

of multiple—task experiments.
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TABLE 1

PERFORMANCE CHANGES WITH THE HIGH-CONTRAST
TYPED LIST COMPARED TO TOTAL PERFORMANCE CHANGES

CHANGE 1IN EXPERIMENT EXPERIMENT
PERFORMANCE NVT - 1976 NVT- 1977
YOUNGER OLDER ALL SUBJECTS
SUBJECTS SUBJECTS
Total range 3.3 14.6 22.3

Range over
high-contrast
lists only -9 3.7 8.2

% change in the

high-contrast

list to total ~25% 257 36%
change
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Pattern Recognition and Performance

Smith”s 1976 numerical verification experiment used both printed
and handwritten test lists.lz’15 Scores for the handwritten lists were
lower than scores at the same VL for the printed lists. Ross felt that

this was another failure of the VL/performance relationship.15

We believe that it may be a pattern-recognition problem, not a
visibility problem, which is responsible for the differences in scores.
There is also a minor problem in the specification of VL which may con-

tribute to the observed discrepancies.

The VL values used in the analyses are actually the averages over a
sample of the numbers on the lists. This creates a minor technical
problem in that the average performance level P(v) is less than or equal
to the performance calculated at the average visibility, P(?f')-lo’11 The
more variable v is, the bigger the difference between 5?;3 and P(v). The
visibility of handwritting is more variable than that of print; hence,
at a given value of Vv performance will be better with print. This prob-
lem can be partly alleviated by using the geometric, rather than the

arithmetic, mean for v1.10,11

The factors affecting pattern recognition are the redundancy of

information and the variability and ambiguity of visual cues.

There is usually more than one shape cue that distinguishes one
character from another. Let a be the accuracy of discrimination given
one cue. If the subject needs to recognize only one out of n cues to
make a discrimination, then overall accuracy is A=(1 - (l~a)n). Since
BA/3n#0, a difference in the level of redundancy, n, between print and

handwriting should make the threshold contrast levels, C different.

t,
No major differences were noted in the Smith experiments;21 hence redun-
dancy was probably not a major factor in the performance differences
between print and handwriting. Redundancy will probably be important

when analyzing performance with reading text.

Variability in shape increases both the number of patterns that a

subject must recognize, and the difficulty in discriminating among them.
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This may noticeably increase cognition time, thus reducing performance.
In a VL measurement the target is visible for only 1/5 second, but cog-
nition time is unlimited. Since handwriting wvaries greatly, subjects
should score 1less well with it than with printed lists having the same

visibility.

An example of an ambiguous cue is a badly shaped 9 that looks 1like
a 4 or a7. Ambiguities add to the difficulty and time required to make
a correct decision. Again, since cognition time is not part of the VL
measurement, performance with bad handwritting should drop, even though

the VL level remains high.

As experiments become more complex, more factors may be found to
affect performance. In the present case, it is not reasonable to draw
conclusions about the VL/visibility relationship without being able to
estimate the dimportance of the pattern-recognition factors discussed

above.
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Conclusion: Performance and Lighting Recommendations

The present IES illumination recommendations, RQQ #6, are based on
considerations of visual performance.?”z2 They differ from the previous
recommendations23 in that they include correction factors for age,
reflectivity, and the importance of speed and accuracy. Light levels in
the new recommendations were established by consensus, instead of being

calculated from a specific model.

Visual performance is important because it is related to overall
performance. A lighting recommendation should provide sufficient visi-
bility (visual performance) so that overall performance does not suffer.
Unfortunately, this still leads to a somewhat arbitrary choice of a

satisfactory level of visual performance.23’24

In commercial and industrial applications, performance 1is related
to productivity. In this case one could potentially calculate the
cost-effectiveness, or net benefit (productivity versus lighting cost)
of a given 1light level. A decision about light levels can then be

thought of as an investment decision, with the optimal light level being

that which gives the best return on investment.

The previous sections of this paper should have made it clear that
much is still unknown about visual performance, let alone about the
relationship between visibility and productivity. An accurate calcula-
tion of cost-effectiveness cannot be made. However, it is fairly clear
what factors affect cost-effectiveness.l10,11 Furthermore, one can often
determine the magnitude, and almost always the sign, of the effects of
different factors. We feel that this is sufficient knowledge to make it

useful to analyze the cost—effectiveness of lighting recommendations.

For example, relative values of VL (visibility) can be calculated
for each of the illuminance categories in RQQ #6 under the assumptions
of fixed age, reflectivity, glare, and CRF (the ratio of the contrast of
the task wunder the actual lighting to its contrast under hemispherical
(reference) lighting). Values of Ceq {(the contrast of a reference task
of equal visibility as the real task) for each category were taken from

Table 3 of the RQQ #6 report.3 VL is more sensitive to Ceq than to
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illuminance. Thus, the target VL values are lower for the more diffi-
cult task categories, even though target illuminances increased. This
trend appears consistent with considerations of cost-effectiveness.
Higher light levels cost more; thus it is more expensive to maintain a
given level of performance for more difficult tasks. Therefore, the
optimum trade—off between cost and performance will be at a lower level

of performance (and VL) than for easier tasks.

However, if the cost of lighting is responsible for the VL trend,
we would expect correction terms for other factors that affect costs.
For example, the cost of electricity and fixtures, considerations of
"sunk" costs during remodeling, the cost of money, the discount rate,
and finally the size of the task area, are all costs where the potential
variations are of comparable size to the variations in cost from dif-
ferent illuminance levels. None of these other factors are explicitly
considered in the RQQ #6 recommendations. Since the differences in VL
among the different lighting categories are significant, we feel that
the committee should be more explicit about why some lighting costs are

not considered, or should provide correction factors for these costs.

As another example of this type of analysis, consider the recom-
mended 5:1 1limit on the ratios of illuminances in adjacent areas.3 This
recommendation can easily lead to an area being lit from 5 to 10 times
more brightly than it normally would be. Two possible reasons for this
type of uniformity constraint are glare and transient adaptation.
Again, we feel that the reasons should be made explicit. For instance,
if the concern is glare it may be worthwhile for the designer to con~
sider some type of glare control in place of uniformity. Options might
include baffles on the lighting fixtures, privacy panels, or some other
methods of restricting or directing the worker”s field of view to con-—
trol glare. Similar methods might help control transient adaptation
problems. These 1latter problems may in many cases be less significant

anyway because of their transitory nature.

Analysis of other facets of the RQQ #6 recommendations 1lead to

similar concerns. Either specific recommendations are mnot cost-

effective, or there are important factors that are not mentioned
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explicitly. It appears to us that the importance of speed and accuracy
is being grossly underestimated, that the correction factors for age and
reflectance are low, that the overall levels are high, and that there
should be correction factors for CRF and task difficulty.z’lo’ll

Undoubtedly one can design a lighting system that meets the RQQ #6
guidelines and satisfies the user. We assume that users were also satis-
fied with the IES recommended light levels of 30 years ago, which were
as much as five times lower than present levels. The problem is not
user satisfaction, but the usefulness of the guidelines. We feel that
cost-effectiveness 1is a reasonable criterion for lighting recommenda—
tions. Furthermore, we feel that the tabulation of 1light levels,
whether arrived at by model calculation or by consensus, is less than
half the job. The more important half is to provide details about how

particular levels were chosen.
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