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SOMMAIRE 

On a enregistrt la performance de jeunes 
adultes lorsq'on variait le contraste photomCtrique 
d'une thche selon des "mCthodes rtalistes': Une 
fonction de transfert qui lie le contraste de la tiche 
et la performance a CtC obtenue. A partir de cette 
fonction de transfert et de mesures photomCtriques 
supplCmentaires, on prCsente des suggestions pour 
des projets d'kclairage pratiques. 



Visual performance with realistic 
met hods of changing contrast 

Mark S. Rea 

The performance of young adult subjects was recorded when the 

photometric contrast of a task was altered using "realistic" methods. A 

general transfer function was obtained relating task contrast to 

performance. Based upon the transfer function and additional photometric 

measurements, suggestions for practical lighting design were presented. 
A N A ~ Y  ZED 

Introduction 

The performance of human observers a t  a task is 
determined by a wide variety of factors. These factors 
have varying degrees of influence; some are negligible 
in the outcome of an experiment while others are 
quite important. The light reflecting difference be- 
tween the target and the background, i.e., contrast, 
is an important factor in determining performance 
a t  a visual task.l Very small changes in contrast can 
make the difference between seeing and not seeing. 
Contrast then, becomes one of the most important 
factors to be specified when studying visual perfor- 
mance. 

In basic psychophysical experiments designed to 
measure human sensitivity to changes in c ~ n t r a s t ~ s ~ , ~  
target and background luminances can be varied 
systematically without regard for methods of 
changing contrast in the real world. At realistic tasks, 
contrast can be altered by many methods5~6~7~8~9J0 
including (a) position of the luminaire with respect 
to the task, (b) polarization of the light, (c) reflecting 
characteristics of the stimuli, and (d) viewing angle. 
Hopefully, photometric contrast data recorded in the 
field may be related to the basic psychophysical data. 
In this way evaluations of the effectiveness of realistic 
methods of changing contrast can be made using a 
human performance criterion. 

This interfacing of contrast changes a t  realistic 
visual tasks with basic psychophysical data, however, 
tacitly assumes that performance a t  a job is like 
performance a t  a basic psychophysical task. If the 
laboratory experiments have included or excluded 
influential factors not found in realistic settings then 
the basic psychophysical functions will not accurately 
scale the effectiveness of the realistic methods for 
changing contrast. Because contrast is such a strong 
factor in determining performance, however, this 
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assumption may be appropriate. Nevertheless, a 
great deal of face validity would be gained if realistic 
methods of changing contrast were parametrically 
employed in an experiment where human subjects 
were engaged in a realistic task. In this way direct 
estimates of the im~ortance of the various methods 
of changing contrast could be made. 

This paper is about human performance a t  a re- 
alistic task, comparing two number lists for dis- 
crepancies, when the contrast of the task materials 
is changed. Four realistic methods were employed in 
this experiment to change task contrast; lighting 
geometry, ink pigment density, ink specularity, and 
polarization of illumination. The experiment was 
designed to measure directly the effectiveness of and 
the interactions among these methods in changing 
photometric contrast and in changing visual per- 
formance. Because contrast is such an important 
factor in determining subjects' behavior a t  a task, it  
should be possible to obtain a general transfer func- 
tion relating photometric contrast to the perfor- 
mance measurement. This transfer function should 
provide an estimate of the expected changes in per- 
formance a t  the task when contrast is altered by any 
method(s). Performance a t  other or with 
other methods of reducing visibility14 may not be 
accurately predicted by this transfer function. 

Methods and procedures 

Experimental room-Figures l a  and l b  are 
schematics of the experimental "black" room. Black 
felt curtains were hung from the ceiling to the floor. 
The ceiling panels were painted flat black. The floor 
was off-white linoleum. 

Illumination of the task was provided by cool white 
fluorescent lamps (Sylvania XL, F40), enclosed in a 
luminaire mounted on a metal superstructure cov- 
ered with black felt. The light emitting aperture of 
the luminaire was 95.5 X 95.5 cm. 

Three luminaire lenses, alternately inserted behind 
the aperture, provided different degrees of vertically 
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Figure 1. Schematic representations of the experimental 
laboratory. 

polarized illumination on the task. One lens (LP) was 
a layer of linear dichroic polaroids (HN38 neutral- 
color, linear polarizers, from Polaroid Corporation) 
sandwiched below a sheet of polished white plexiglass 
and above a sheet of clear plexiglass. One lens (MP) 
was a layer of multilayer transmission polarizers 
(Type "W", diffuse-white prism back surface, from 
Polrized Corporation of America) below a sheet of 
clear plexiglass. The third lens (PM) was a sheet of 
polished white plexiglass above a layer of 13 mil 
mylar. Following Marks,15 the degree of polarization 
emitted from the three types of lenses at various 
angles was measured and computed by the for- 
mula: 

Lmax - Lmin 
X 100 = degree of polarization (%) 

Lmax + Lmin 

The degree of polarization incident on the center of 
the task from the center of the luminaire (42.1° from 
normal) was measured and used to characterize the 
three types of lenses: LP, 99 percent; MP, 19 percent; 
and PM, 8 percent. 

Task illumination from the three lenses on the 
center of the task was always constant (278 lux). 11- 
lumination was calibrated against the output of a 
photocell embedded in the top of the observer's work 
table. The experimenter monitored the output from 
the photocell by a digital voltmeter to keep the illu- 
mination level constant during the experiment. 

Observers sat at a horizontal, white topped desk 

69 1 79 6 9  1 79 

27982 27982 

15179 151 79 

39940 39940 

60460 60468 

I8602 I8602 

71 194 71 124 

94595 94595 

57740 57740 

38867 3886 7 

56865 56365 

1 8663 18663 

36320 36 320 

67689 67689 

47564 47562 

60756 607% 

55522 55522 

18594 1 8594 

831 49 85149 

76988 76988 

Figure 2. Example of the stimulus sheets. A reference sheet 

is on the left; a response sheet is on the right. 

equipped with a fixed chin rest. An adjustable chair 
enabled observers of different statures to be com- 
fortably positioned at the chin rest. A matte black 
cardboard baffle below the chin rest minimized dif- 
ferential reflectances of light from subjects' clothing 
onto the task. The desk was located at one of two 
orientations with respect to the luminaire. At "0"" 
(shown in Fig. 1) the observer's line of sight to each 
number was at a mirror angle to a luminous point of 
the l ~ m i n a i r e . ~  At "90°" the desk was rotated 
clockwise about the center of the task so that the 
observer's lines of sight were perpendicular to those 
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G G  ARROWS INDICATE SAMPLES SELECTED 

FOR PHOTOMETRIC MEASUREMENTS I 1 +tGM UNDER EXPERIMENTAL CONDITIONS 

G 

Figure 3. Gonio and (simulated) hemisphere contrast 

measurements for all reference sheets. Four sets of 32 

reference sheets were used in the experiment (black gloss, 

black matte, gray gloss, and gray matte). An arrow points 

to the particular sample chosen for subsequent photometric 

measurements. The initials refer to the ink pigment density 

and the ink specularity, respectlvely, of the sample 

chosen. 

at  0". With an observer at the chin rest, viewing an- 
gles, from vertical, were between 46.8' for the top of 
the task to 36.8' for the bottom. 

Stimulus sheets-Two sets of typed (IBM, Dual 
Gothic element, 12 characterslinch) number lists, a 
reference and a response set, Fig. 2, were employed 
in the experiment. Every sheet in both sets had a 
column of 20 five-digit numbers separated by hori- 
zontal lines, a small calibration square centered 
above the column of numbers, and a code number. 

The reference lists were random numbers. The 
numbers in the response lists were the same as those 
in the reference lists except for interspersed dis- 
crepancies (errors). An error was a five-digit number 
in a response list with one digit different than the 
corresponding five-digit number on a reference list. 
The substituted digit and its location in the list were 
determined by modified randomization proce- 
dures. 

There were three groups of 32 response list num- 
bers corresponding to 32 different reference list 
numbers. The frequency of errors on a response list 
varied from 0 to 6. The mean frequency of errors in 
all three groups of response lists was 3.0. The stan- 
dard deviations of list errors for the three groups were 
1.19, 1.32 and 1.48. 

During the experiment a reference sheet and a 
corresponding response sheet were placed side by 
side at the center of the desk. With the observer a t  
the chin rest, the two columns of numbers were sep- 
arated by approximately 7.5' at the center of the 
task. 

Each of the 32 reference lists was reproduced in 
four special inks. Nominally the four inks were black 
matte, gray matte, black gloss, and gray gloss. Each 
ink was applied to the same type of matte white 
paper (Kashmire Text matte, 70 lb) by an offset 
printing process. This type of printing puts down a 
relatively uniform, microlayer of ink and minimizes 
embossing or intaglio effects.16 

Contrast measurements of selected reference 
sheets were made under gonio and (simulated) 
hemisphere conditions.17 (The size of the reference 
sheets prohibited contrast measurements in the small 
standard hemisphere, so they were measured in a 
large white cubical (0.813 m X 1.02 m X 0.914 m) 
having a uniform illuminated ceiling. A small aper- 
ture in one wall of the cubical accommodated the 
objective lens of the photometer.) Both sets of mea- 
surements were done with the photometer at 25' 
from normal. A 4.8 mm aperture was attached to the 
front of the objective lens. With gonio measurements 
the light source was always a t  the mirror angle. (A 
linear dichroic polaroid was in front of the light 
source during the gonio measurements. Background 
and target luminances were taken as the sum of or- 
thogonal polaroid readings.) 

A homogeneous group of reference sheets accord- 
ing to the simulated hemisphere (CH) and gonio (CGJ 
contrast values were selected for use in the experi- 
ment. CH and CG values for the reference sheets used 
in the experiment are presented in Fig. 3. Following 
IES  recommendation^,^^ contrast (C) as used here 
follows the formula: 

Where Lt and Lb are separately measured lumi- 
nances from the calibration square, or target (t), and 
from the white page, or background (b). 

Many copies of the 96 different kinds of response 
sheets were reproduced by an offset process a t  the 
National Research Council of Canada. Nominally 
these materials were all matte black on matte white ~ - 

paper. Gonio and hemisphere measurements were 
not made of these materials; sheets used in the ex- 
periment were selected visually for uniformity by the 
author. 

Photometric measurements under experimental 
conditions-The polarizing lenses and the lighting 
geometries used in the experiment necessarily dic- 
tated changes in task contrast. Further, because the 
viewing angle, incident illumination angle and po- 
larization of illumination were not uniform under the 
experimental conditions, the contrast will differ for 
each number position in the list. Five samples, one 
from each set of reference sheets (see Fig. 3) and one 
response sheet were selected for contrast measure- 
ments under the actual experimental conditions. 

The photometer was placed above the chin rest in 
a position and at an angle to simulate an observer's 
eye during the experiment. A 4.8 mm aperture, as 
used in the CH and CG measurements, was attached 
to the front of the objective lens of the photometer 
to simulate the diameter of the human pupi1.5J9 
Measurements were made with the calibration 
square of each sample placed in many or all of the list 
positions. Estimates of the digit contrasts at those 
locations were made by separately measuring the 
luminances of the calibration square and of an ad- 
jacent area of the paper. Contrast was calculated as 
described above for CH and CG. 

The data in Figs. 4a to c indicate the changes in 
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Figure 4. Contrast at different viewing angles (list positions). 

Each plot is for contrasts under a different type of luminaire 

lens, plexiglass and mylar (PM), multilayer polaroid (MP), 

and linear polaroid (LP). The connected points are for a 

given sheet at one of the two desk orientations. As in Fig. 

3, the reference sheets measured are designated by four 

pairs of initials, (BG, BM, GG, and GM), and the response 

sheet measured is designated by RESP; the two desk or- 

ientations are designated 0' and 90'. 

reference and response sheets contrasts through the 
lists for the three types of luminaire lenses. Figure 5 
illustrates how the average contrast of the four ref- 
erence sheets changed as a function of the degree of 
polarization incident a t  the center of the task at the 
two desk orientations. 

Observers-Three males and three females be- 
tween the ages of 18 and 24 years participated in the 
experiment. All observers had excellent, uncorrected 
vision. A battery of vision screening tests was ad- 
ministered to every subject with a Keystone 
Ophthalamic Telebinocular. 

Protocol-Before collecting the data to be ana- 
lyzed, subjects read instructions and were given 
practice trials (N = 24). During practice, observers 

- DESK ANGLE AT 0 DEGREES 

m- 
0- - - - - - -0- - - - - - - - - - - 

L O G  P E R C E N T  P O L A R I Z A T I O N  

Figure 5. The effects of vertically polarized illumination on 

average contrast for four types of reference sheets at two 

orientations. As in Fig. 3, the reference sheets measured 

are designated by four pairs of initials (BG, BM, GG, and 

GM); the two desk orientations are designated 0' and 

90'. 

saw all of the conditions they would see in the sub- 
sequent experiment. 

On each trial subjects were instructed to "quickly 
and accurately" compare a reference sheet (on the 
left) and a response sheet (on the right) and mark 
discrepant numbers on the response sheet. Time to 
complete the list comparison was recorded by the 
experimenter for each trial. No performance feed- 
back was provided to subjects during the experiment. 
Subjects were also instructed to avoid looking from 
the (white) task area to the black room before trials. 
Following these instructions minimized effects from 
transient adaptation. 

Every subject completed four sessions (96 trials/ 
session), one in the morning and one in the afternoon 
on two consecutive days. Sessions were comprised of 
three blocks (32 trialslblock); changes in blocks 
corresponded to changes in the luminaire lenses. 
Each block was comprised of two half-blocks (16 
trialslhalf-block); changes in half-blocks corre- 
sponded to changes in desk orientation. Within 
half-blocks subjects saw four, randomly distributed 
examples of each type of reference sheet (matte 
black, matte gray, gloss black and gloss gray). 

Results 

Three "direct" performance measures were ob- 
tained in the experiment; time to complete a list 
comparison (time), the frequency of list discrepancies 
unmarked (misses), and the frequency of matching 
numbers marked wrong (false positives). Overall 
performance is usually conceived of as a composite 
of both speed (time/list) and errors (misses and false 
positives). Also, overall performance is assumed to 
increase with better visibility; time, misses and false 
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Table 1. Significant terms from the analysis of variance for score as the dependent variable. 

Term (a) ~ r o b t  Term (b) Probt 

Polarizing Lens (L) .OOO 1 Subject (p) .0001 

Orientation (0) .OOO 1 Half-block (H) .0001 

Ink pigment density (D) .0001 Meridian (M) NSS 

Ink specularity (s) .0001 Day (y) .OOO 1 

LXO .0001 HXM .0003 
LXD .0009 PXY .OOO 1 

OXD .0001 MXY .OOO 1 
OXS .0001 PXMXY .0001 
DXS .OOO 1 PXO .0001 
LXOXD .OOO 1 PXS * .0007 
LXDXS .0001 YXL* .0007 
OXDXS .0001 
LXOXDXS .0004 

Estimated maximum probability that the term is significant by chance alone. Only terms with probabilities less than or equal to .01 are included. 
" Significant interactions between terms in Tables l a  and b. 
t Not significant. 

positives decrease with improved visibility. An index 
of ~erformance. called score. was devised that in- 
corporated speed and errors and increased with vis- 
ibility. A trial score, as used in this experiment and 
earlier by Smith and Rea,2O was calculated following 
the formula: 

Score = 
( T  - E) 100 

S + 5  

where T = total number of comparisons per trial 
(always 20) 

E = number of errors, both misses and false 
positives, committed per trial 

S = time to complete the comparisons per 
trial (in seconds). 

This index is similar to Weston's.ll 
Score will be used in subsequent discussions of the 

results. However, the Analyses of Variance (ANO- 
VAs) and transfer functions (to be discussed later) 
for the direct performance measures are presented 
in Appendices I and 11, respectively. 

An ANOVA was employed to analyze the score 
data obtained in the Latin squares experimental 
design. Only the significant terms from the ANOVA 
are presented in Tables l a  and lb. In this paper only 
the results characterized in Table l a  will be discussed 
(polarizing lens, PM, MP, and LP; desk orientation, 
O0 and 90"; ink pigment density, gray and black; ink 
specularity, gloss and matte). The terms presented 
in Table l b  were not of direct interest in this study, 
but were employed to more efficiently conduct the 
experiment (meridian, morning and afternoon; day, 
first and second; half-block, first and second; 
subjects, 1-6). Because the factors producing these 
effects in Table l b  were strictly counterbalanced 
and/or randomized and because they were separated 
in the ANOVA, the results presented in Table l a  are 
relatively "pure" and would be expected to occur 
again if the same factors were repeated in an exper- 
iment, even in one of a different design. (The per- 
formance predictions obtained from this experiment 
and those obtained by Smith and ReaZ0 were nearly 

identical under comparable conditions despite dif- 
ferences in experimental design, factors, observers, 
and viewing angles. A comparison between the two 
sets of data can be found in Appendix 111.) 

Although all of the main effects and many of the 
large interactions in Table l a  were significantly dif- 
ferent, interpretation of these findings should be 
done with caution. The magnitude of the main effects 
and interactions (i.e., whether they are significant or 
not and by how much) depends in part on the par- 
ticular factor levels chosen for the experiment. 
Therefore, many generalizations about these factors 
cannot be made from these data alone; other sup- 
plementary analyses and inferences must be em- 
ployed before a complete understanding of these 
results can be made. In order to limit misinterpre- 
tations of the results by averaging across fixed pa- 
rameter levels only the four way interaction between 
polarizing lenses (L), orientation (0), reference sheet 
ink pigment density (D), and reference sheet ink 
specularity (S) is presented (Figs. 6a to f). These 
figures show the large interdependence of the ex- 
perimental factors characterized by the significant 
LxOxDxS interaction. 

The Tukey method of multiple corn par is on^^^ was 
performed on the mean scores from the 24 LxOxDxS 
cells. The results of this analysis are presented in 
Table 2. The ordinal ranking of the mean scores are 
presented with bars showing cells which are not sig- 
nificantly different (95% confidence interval). The 
experimental results from the performance study 
may be summarized by the Tukey analysis (Table 
2) : 

1. At 90" there was no difference between mabte 
and glossy inks of the same pigment density. Scores 
for both matte blacks and gloss blacks were within 
the bounds of bar #1, and scores for both matte 
grays and gloss grays were within the bounds of bar 

# 4. 
2. At 0" polarization of illumination made no 

difference in performance for gloss grays (bar # 7), 
gloss blacks (bar #2), or matte blacks (bar #I); 
polarization made a large difference for matte grays 
(no bar includes all scores for matte grays a t  OO). 

i 
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Figure 6. The combined effects of polarization, desk or- 

ientation, ink pigment density, and ink specularity on per- 

formance score. The three rows of plots are for polarization 

produced by the plexiglass and mylar (PM), multilayer 

polaroid (MP) and linear polaroid (LP) luminaire lenses; the 

two columns of figures are for 0' and 90" desk orienta- 

tions. 

3. At 90" polarization made no difference in per- 
formance for a given pigment density; scores for all 
polarizing lenses a t  90" with black materials were 
within the bounds of bar #1, and scores for all 
polarizing lenses a t  90" with gray materials were 
within the bounds of bar #4. 

4. Black inks produced a consistently high score 
for both specularities, both orientations, and almost 
any degree of polarization. All scores for black inks 
were within the bounds of bar # 1, except for gloss 
black a t  0" for PM which was just outside. 

Discussion of results 

Figure 5 depicts the reference sheet contrasts 
under the experimental conditions. Before discussion 
of the psychophysical results, there are several points 
to make strictly from the physical changes in relative 
reflectances (i.e., contrast) shown in this figure. 

First, with all four reference sheets, contrasts were 
higher a t  the 90" desk orientation than a t  0" for any 
degree of polarization. This indicates that contrast 
can be improved more by changing orientation than 
by increasing the degree of vertical polarization, even 
to 99 percent. Certainly in many cases the latitude 
for changing desk orientation is limited or impossible. 
Nonetheless, polarization would be beneficial with 
these materials only in circumstances where people 
could not move their desk. (It also seems reasonable 

to expect that changes in the orientation of the lu- 
minaire relative to the desk would produce the same 
results.) Second. all of the curves a t  90' are virtuallv 
flat.   his indicates that polarization makes very littfe 
or no difference perpendicular to the mirror angle. 
Third. matte materials change contrast less than - 
glossy materials of the same hemisphere contrast 
with polarization a t  0" although, clearly, matte black 
materials do react to p o l a r i ~ a t i o n . ~ ~ , ~ ~  At 0°, polar- 
ization had to be very high with gloss black materials 
to surpass the contrast obtained for matte black 
materials even under the worst conditions (i.e., O0 
with the PM panel). At 0°, the contrast of the glossy 
gray materials was never as high as matte gray under 
any conditions. Fourth, gloss gray materials passed 
from negative to positive contrast with increased 
polarization of illumination. This indicates that a t  
intermediate degrees of polarization these materials 
will have zero contrast. Therefore, it is misleading to 
say15,23 that increasing polarization always increases 
contrast. One needs to know the absolute contrast 
(i.e., ignoring the sign) produced. I t  is true, however, 
that increasing the degree of incident vertically 
polarized light reduces the amount of horizontally 
polarized light reflected from the task, but differ- 
ential reductions in the amount of reflected light 
from target and background can reduce the absoLte  

contrast, as was shown for the gloss gray materials. 
The performance data are presented in Figs. 6a to 

f, and they depict the relative change in performance 
(score) with the different degrees of polarization, 
lighting geometry, ink pigment density and ink pig- 
ment specularity used in the experiment. 

Perhaps the most noted feature of these figures is 
the similarity between curves in Figs. 6d to f, the 90" 
data. These results indicate that, by a performance 
criterion, there is a consistent, absolute difference 
between grays and blacks a t  this orientation inde- 
pendent of their specularity or the amount of polar- 
ized light incident upon them. These results are fairly 
consistent with the photometric data obtained with 
materials a t  this orientation. 

Looking a t  the 0" data, Figs. 6a to c, one can see 
that the black materials remain high in score for all 
degrees of polarization, a t  or near the levels obtained 
for the black materials a t  90'. Only gloss black is 
slightly reduced with decreased degrees of polariza- 
tion. This slight shift in performance for gloss black 
and no shift for matte black is markedly different 
than their relatively large changes in photometric 
contrast with different degrees of polarization (see 
Fig. 5). 

The gloss gray materials a t  0" show very little 
change in performance. This can be understood best 
perhaps by looking a t  the absolute contrast of the 
gloss gray materials produced by the different de- 
grees of polarization in Fig. 5. There is very little 
difference in the absolute contrast for the specific 
degrees of polarization employed in the experi- 
ment. 

The performance data obtained with matte gray 
materials a t  O0 is perhaps the most interesting. They 
produced the largest change in score with changes in 
polarization (Figs. 6a to c), but it will be recalled from 
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Table 2. The results of the Tukey method of multiple comparisons on the rank ordered performance scores. The bars indicate 

mean scores that are not significantly different (95 % confidence). 

Tukey 

Ink Ink Polarization Alterage Grouping of 

Rank Order Specularity Pigment Density Orientation Panel Score means (95% confidence) 

1 Gloss Black 

2 Matte Black 0 PM 67.43 
I 2  

Matte 

Matte 

Gloss 

Matte 

Gloss 

Mattc 

Gloss 

Matte 

(;loss 

Gloss 

Gloss 

Matte 

Matte 

Gloss 

Gloss 

Black 

Black 

Black 

Black 

Black 

H1:1ck 

Bl;lck 

Black 

Black 

Black 

Gray 

Gray 

Gray 

Gray 

Gray 

LP 

LP 

I,P 

MP 

MI' 

I'M 

I'M 

MP 

MP 

PM 

PM 

LP 

PM 

LP 

MP 

18 Matte Gray 90" MP 61.24 I 
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2 3 Gloss Gray 0 PM 46.96 

24 Gloss Gray 0 MP 46.50 

Fig. 5 that there was very iittle change in contrast for 
these materials with increased polarization. Thus, 
these small changes in contrast produced the largest 
changes in performance. 

In total, these findings indicate that the magnitude 
of changes in contrast are not necessarily indicative 
of the magnitude of changes in performance; small 
changes in the contrast of matte gray produced large 
changes in performance, while large changes in con- 
trast for matte black produced no change in perfor- 
mance. This point can perhaps be best understood 
by a general function relating contrast to score, a 
transfer function relating the input to the observer 
to his output a t  the task. To obtain the transfer 
function for these experimental conditions, the 
photometric contrasts in Fig. 5 were matched with 
the performance scores from Fig. 6a to f to produce 
t.he points in Fig. 7. This figure approaches a step 
function; visual performance was only affected 
slightly for changes from moderate to high contrasts 

Figure 7. Transfer function relating absolute contrast to 

performance score. The performance data from Fig. 6 were 

combined with the absolute contrast values from Fig. 5. 
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(greater than 0.3) but was strongly reduced for 
changes from moderate to low contrasts (less than 
0.2). This conclusion has also been reached by oth- 
e r ~ . ~ ~ , ~ ~  For example, black matte materials changed 
a great deal in contrast for the conditions in the ex- 
periment, but because the data points remained on 
the flat part of the function, there was no effect on 
performance. Conversely, the data points for the 
matte gray materials shifted on the steepest part of 
the curve with increased polarization and, thus, were 
the most sensitive to the small changes in contrast. 
In other words, although the matte gray contrast was 
only slightly affected by polarization, these small 
changes had a large effect on performance. When 
performance is important, therefore, the benefits of 
any strategy for changing task contrast must be 
judged in relation to the psychophysical transfer 
function not just in terms of the effects on con- 
trast. 

Supplementary photometry 

The performance data were related to photometric 
contrast measurements in Fig. 7. Through this 
transfer function realistic methods of improving 
visibility could be evaluated by a performance cri- 
terion, not simply by a contrast criterion. However, 
not all realistic conditions that affect contrast were 
systematically explored in the study just described. 
In order to make the data more general, additional 
photometric measurements of the stimulus materials 
were obtained. These measurements were made like 
the photometric measurements described in the 
Methods and Procedures section of this paper. 
Through Fig. 7, these photometric data should pro- 
vide a more complete picture of some realistic 
method of improving visual performance. 

Polarization and desk orientation-The contrast 
of the stimulus sheets will be affected by changes in 
the desk orientation and/or in the degree of polar- 
ization from the luminaire. Only two orientations of 
the desk and only three polarizing lenses were em- 
ployed in the experiment. To augment the contrast 
data already obtained in the visual performance ex- 
periment, additional polarizing lenses and orienta- 

/ions of the desk were employed. Using the transfer 
function in Fig. 7 these new stimulus contrast values 
mav be related to visual ~erformance a t  the task. 

Three additional polarizing luminaire lenses were 
constructed. One lens (D) was a 3 mm thick sheet of 
translucent white plexiglass, sanded on the under- 
side. The other two luminaires (TPa and TPb) were 
constructed like the LP lens except for a thin cov- 
ering of white toothpaste on the underside of the 
clear plexiglass sheet. Each thin layer of toothpaste 
acted as a partial diffuser and reduced the polariza- 

I tion produced by the dichroic layer. The degree of 
I polarization incident on the center of the task from 

~ the center of the luminaire was used to characterize 
these three new types of lenses: D, 2 percent; TPa, 84 
percent; TPb, 62 percent. 

Contrast measurements of the task materials were 
made at 10' rotations of the desk about the center of 
the task (0" to 90') under each of the six luminaires 
(LP, TPa, TPb, MP, PM, and D). As with the mea- 

surements of photometric contrast previously de- 
scribed, the calibration square and an adjacent area 
of the paper were measured. The calibration square 
was placed in position # 10,42.1° from normal at the 
center of the luminaire. The photometer, with a 4.8 
mm aperture, was placed a t  the mirror angle to the 
center of the luminaire (i.e., 42.1"). There was a 
correlation of .9996 between the average contrasts for 
every position on a page and the contrasts at position 
# 10. The single readings at position # 10, therefore, 
should closely characterize the average contrast for 
each sheet. 

The changes in stimulus sheet contrasts produced 
bv the 10 different orientations and the different 
degrees of pblarization from the six luminaires are 
presented in Figs. 8a to e. After establishing a crite- 
rion contrast. these curves ~ e r m i t  one to trade-off 
polarized illumination with desk orientation for these 
stimulus materials. In every case, the highest con- 
trasts are achieved near desk orientations perpen- 
dicular to the mirror angle. Polarization can never 
improve contrast at these perpendicular orientations; 
the contrast curves are virtually flat. In addition, 
more contrast can be gained by rotation of the desk 
away from the angles near the mirror angle than by 
polarizing the light at those angles. It should be noted 
that gloss gray contrasts pass through zero; move- 
ment away from the mirror angle will initially de- 
crease absolute contrast before increasing it if po- 
larization is below about 50 percent. Similarly, in- 
creasing polarization a t  desk orientation less than 
about 25" will initially decrease absolute contrast for 
gloss grays before increasing it. 

The contrasts due to the combined effects from 
desk orientation and degree of polarization can be 
used to predict performance a t  the task using Fig. 
7. 

Figure 8. Contrasts for different degrees of vertically 

polarized illumination incident on the task materials at 

different desk orientations. 
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Viewing and illumination angles-Changes in 
desk orientation and degree of polarization will in- 
teract with changes in illumination angle and/or 
viewing angle to further alter c ~ n t r a s t . ~ , ~ ~  Only one 
small range of viewing angles and illumination angles 
was employed in the performance of this experiment 
(centered about 42"). To further extend the contrast 
data, the position of the measuring photometer 
(simulating viewing angle) and the illumination an- 
gles were systematically changed in conjunction with 
desk orientation and polarization changes. Again, the 
transfer function (Fig. 7) should allow predictions of 
visual performance from the contrast data. 

Three simulated viewing angles, 25", 35" and 45", 
and four illumination angles, designated 22", 30°, 40" 
and 50°, were employed. The viewing angles refer to 
the photometer's recording position relative to nor- 
mal. The illumination angles refer to the angle a 
single ray from the center of the luminaire would 
strike the center of the task relative to normal. (At 
22" the center of the task was directly below the front 
edge of the luminaire aperture.) Contrast measure- 
ments of the sample reference and response sheets 
were done a t  the two desk orientations used in the 
experiment, O0 and 90". The three polarizing lumi- 
naires used in the performance experiment, LP, MP 

and PM, were used to provide different degrees of 
polarized light on the task. 

Figures 9a to i show strong interactions between 
the factors manipulated for these supplementary 
measurements. Although many points can be made 
from these figures, there are five points that should 
be stressed: 

1. I t  will be recalled that the transfer function 
indicated that very small changes in contrast below 
about 0.2 made a large difference in performance, 
whereas changes in contrast between 0.4 and 1.0 had 
little effect on performance. Therefore, under most 
"black ink" conditions shown in Figs. 9a to i there 
would be no effect on performance from changes in 
specularity, polarization, desk orientation, illumi- 
nation angles, or viewing angle. Only at extreme il- 
lumination angles, extreme viewing angles, at desk 
orientations near 0°, and with a low degree of vertical 
polarized illumination, would performance be af- 
fected when the ink was black. 

On the other hand, with gray ink the effects of 
specularity, polarization, illumination angle, desk 
orientation and viewing angle become critical when 
contrast is translated into performance. Because the 
transfer function is very steep in this region, tiny 
improvements in contrast can make very large 

Figure 9. Contrasts for different viewing angles and illumination angles with the conditions used in the performance experiment. 

As in Fig. 3, the reference sheets measured are designated by four pairs of initials (BG, BM, GG, and GM), and the response 

sheet measured is designated by RESP; the two desk orientatlons are designated 0' and 90°. The three columns of figures 

are for the plexlglass and mylar (PM), multilayer polaroid (MP), and linear polaroid (LP) luminaire lenses; the three rows 

are for 2S0, 35' and 45' simulated viewing angles. 
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changes in performance. Consequently, any method 
of improving contrast becomes important if the ink 
pigment density is relatively low. 

In an early IES publication,16 it  was stated that 
polarization had little effect for viewing angles less 
than 25", whereas it had appreciable effects a t  40" 
and 60". The data just presented point out the 
over-simplification of this statement. One can see 
that with black materials, polarization has little or 
no effect on performance a t  any viewing angle except 
when simultaneously coupled with glossy materials 
and directional lighting a t  the mirror angle. Con- 
versely, with gray materials small contrast changes 
can lead to significant changes in performance even 
a t  25". The most important point to stress here is 
that when the difference between target and back- 
ground pigment densities is small every parameter 
must be considered to improve performance; when 
the difference is large nearly every parameter can be 
ignored. 

2. Hemisphere contrast is not necessarily the best 
lighting arrangement. Hemisphere contrast for the 
matte gray and gloss gray samples was equal to .I382 
and .I471 respectively (at all measuring angles less 
than about 45"). At the 90" desk orientation, contrast 
for these materials exceeded hemisphere contrast. 
Black materials made similar gains, but because of 
their location on the transfer function, these changes 
are irrelevant to performance. Directional lighting 
can be very important, therefore, when one wants to 
improve the visibility of materials with relatively low 
pigment density. 

3. As was pointed out previously, contrast can be 
driven through zero with specular materials and di- 
rectional lighting. If it is driven far enough through 
zero then the absolute contrast can be high enough 
to make materials more visible than they would be 
under more conventional lighting designs. Figures 9g 
and h show that a t  a 45" viewing angle and 50" illu- 
mination angle, gloss gray absolute contrast ap- 
proaches 0.2, the best contrast obtained for these 
materials in any situation and higher absolute con- 
trast than would occur under hemisphere contrast 
(point #2). Therefore, so called "veiling reflections," 
usually described with negative c ~ n n o t a t i o n , ~ ~ , ~  can 
actually improve performance for certain materials 
by reversing contrast. (This would be true only for a 
fixed adaptation level. Pages which are not flat, like 
bound, glossy magazines, could produce bright 
highlights on certain areas of the task. As the eyes 
scanned such a page the effects of transient adapta- 
tion from luminance transitions could negate any 
contrast improvements.) 

4. The factors that improve visibility the most a t  
90" desk orientation are those that reduce contrast 
the most a t  0" (except where contrast is driven below 
zero). Thus, steep viewing and illumination angles 

with highly specular inks are usually the best con- 
ditions for improving contrast at the 90" orientation. 
This is shown in Figs. 9g and h. The highest contrast 
for the black materials was obtained with gloss black 
a t  45" viewing angle, 50" illumination angle, low 
degree of vertically polarized illumination (MP and 
PM), and when the desk was a t  90". The lowest was 

obtained under the same conditions with the desk 
orientation a t  0". As mentioned previously, even 
small improvements in contrast can be very impor- 
tant when the relative ink pigment density is low, 
because small changes in this region of the transfer 
function can make large improvements in visual 
performance. For example, the gloss gray materials 
a t  90" desk orientation, 45" viewing angle and 50" 
illumination angle produced contrasts near .2 where 
performance would be close to that for black mate- 
rials (see Fig. 7). 

5. Contrast reduction for luminaires in the "of- 
fending zone7'l is angle dependent. That  is, the 
greater the mirror angle (over the range measured), 
the greater is the contrast reduction (Fig. 9). Judd 
and W y ~ z e c k i ~ ~  present some fundamental curves 
that show the reflecting properties of highly specular 
glass under three levels of polarized light. At 25", the 
"typical" viewing angle28,29 (veiling) reflection would 
be small, even for something as specular as glass. 
With less specular materials like those measured here 
the effect would be even less. Therefore, the "of- 
fending zone" will not be a problem in many cases if 
the ink pigment density is relatively high and the 
observer's viewing angle is small relative to normal. 
This may be seen by comparing the photometric data 
recorded a t  25", 35", and 45" and relating them to the 
transfer function (Fig. 7). 

These points amplify the difficulty in unequivo- 
cally saying a particular method of lighting to im- 
prove contrast is a panacea for lighting design. In 
some cases one set of conditions is optimum for 
performance, whereas in others, just the opposite 
would be true (point #4). Therefore "hard wired" 
general recommendations for lighting design seem 
inappropriate. 0thers8J0 have made similar points. 
Nevertheless, relatively simple solutions for lighting 
design do suggest themselves from these data. 
Practical guidelines for lighting design 

Performance in the experiment was measured as 
a function of the photometric contrast of the five 
digit numerals. The data indicated that digit con- 
trast, no matter how it was produced realistically, was 
a strong determinant of performance. The general 
transfer function relating digit contrast to task per- 
formance approached a step function (Fig. 7); per- 
formance was not affected for moderate to high 
contrasts but was strongly affected from moderate 
to low contrasts. 

From the photometric data collected here, mod- 
erate to high contrasts were ensured under most 
conditions if the ink pigment density was high rela- 
tive to the background. Using the transfer function, 
one would conclude that performance with these 
black digit sheets was lowered only if several factors 
like specularity, steep viewing angle, and mirror angle 
to the luminaire were simultaneously combined (Figs. 
8 and 9). Except for this rather narrow set of condi- 
tions, contrast remained at levels where performance 
was maximum. These data indicate that the most 
important parameter to ensure is relatively high ink 
pigment density because variations in nearly every 
other parameter will not affect performance but may 
alter contrast. 
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Sometimes it is im~ossible to ensure that black 
digits on white paper wiIl be presented to people. 
Relatively low pigment density materials such as 
those produced by poor photoduplication or maga- 
zines with half-tone illustrations are common. From 
these data, they would be highly susceptible to per- 
formance decrements from small contrast reductions 
after alterations in the lighting conditions. Therefore, 
small changes in contrast occurring from alterations 
in, say, the desk location in an office, the daylighting, 
or the location of lamps could produce substantial 
reductions in performance with materials having 
relatively low pigment density. Due to the potential 
variability of workers in moving desks, adjusting 
window blinds, and switching lights it seems unlikely 
that a particular "hard wired" lighting design could 
ensure high performance levels all of the time a t  all 
locations with materials having relatively low pig- 
ment density. Also, it will be recalled that optimum 
lighting for performance may be very different de- 
pending upon the light reflecting characteristics of 
reading materials (i.e., specularity). For example 
placing the light source a t  the mirror angle (the so 
called "offending zone9'l) can be both the worst and 
the best conditions for producing the highest abso- 
lute contrast (Figs. 8 and 9). Again, a particular "hard 
wired" lighting design could reduce performance for 
some kinds of materials. 

When the relative pigment density was not high, 
illumination geometry (desk orientation, fllumina- 
tion angle, and viewing angle) affected performance 
most strongly (e.g., see Figs. 8 and 9). Because each 
worker would have different lighting conditions de- 
pending upon his physical stature and his location 
in the office, and because different reading materials 
may require different lighting arrangements, it seems 
reasonable to incorporate versatility into the illu- 
mination geometry. 

Practically speaking, then, this study offers two 
suggestions. First, and perhaps more important, if 
ink pigment density could always be high relative to 
the background then lighting design for performance 
becomes simpler under many circumstances. Except 
for a rather specific combination of conditions, if ink 
pigment density is relatively high then performance 
will be at a maximum. Therefore, if task materials 
were produced with new typewriter ribbons, clear 
photoduplication, or black felt pens, the designer 
might be able to supply illumination in the cheapest 
most efficient way without worrying about decre- 
ments in performance. Consequently, the designer 
would be freer to install lighting on the bases of en- 
ergy conservation or aesthetics. -. 

Second, when relatively high ink pigment density 
cannot be ensured and it is important to keep per- 
formance as high as possible, these data suggest that 
versatility in the illumination geometry may be very 
important in lighting design. Although many versa- 
tile methods may be possible, it may be worthwhile 
considering the incorporation of a simple movable 
desk lamp. With such a lamp the worker may be able 
to easily "solve" his own lighting problems. Providing 
the worker with some versatility in the illumination 
geometry could free the designer from considerations 

about such important interacting parameters as task 
specularity, desk location, and viewing angle because 
the worker can adjust the lighting to fit the require- 
ments of the task. Again, the designer is freer to at- 
tend to important considerations like cost, aesthetics 
and energy conservation. 

As pointed out above, performance is not the only 
criterion for lighting design. For a variety of reasons 
it may be impractical to incorporate the suggestion 
above. For example, wiring costs andlor increased air 
conditioning costs for desk lamps may make their use 
prohibitive; for that matter workers might not use 
movable desk lamps properly if they were provided. 
These considerations must also be studied before a 
set of satisfactory, practical solutions is obtained. 
Nevertheless, these laboratory data offer some spe- 
cific directions for further studies of practical lighting 
design. 

Summary 

Performance a t  a complex visual task was mea- 
sured under a set of realistic conditions. These con- 
ditions, including variations in the reflective prop- 
erties of the task and in the lighting geometry, 
strongly influenced the photometric contrast of the 
visual task. The data supported the hypothesis that 
the amount of task contrast, no matter how it was 
achieved under the set of realistic conditions, de- 
termined the level of performance because a single, 
general transfer function was obtained relating 
photometric contrast to performance a t  the task. 

The general transfer function allowed quantitative 
predictions of performance under various combina- 
tions of (1) ink pigment density, (2) ink specularity, 
(3) angle of illumination on the task, (4) degree of 
vertical polarization of the illumination, ( 5 )  orien- 
tation of the work station relative to the illumination, 
and (6) viewing angle. Despite the large and com- 
plicated interactions that occurred between these 
factors to change contrast, and thus performance, the 
latitude for lighting designers and consultants con- 
cerned with visual performance may be greater than 
previously believed. 
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Appendix I 

Table A. Significant terms from the analyses of variance for the "direct" measures. 

(1) Time as the dependent variable 
Term (a) Probt Term (b) Probt 

Polarizing Lens (L) .0001 Subject (p) .0001 
Orientation (0)  ,000 1 Half-block (H) .0001 
Ink Pigment Densiiy (D) .0001 Meridian (MI NSi 
Ink Specularity (s) .0001 Day (y) .0001 

LXO .0001 HXM .0019 
LXD ,000 1 PXY .0001 
OXD ,000 1 MXY .0001 
LXS ,0018 PXMXY .0001 
OXS .0001 PXD .0001 
DXS ,000 1 PXS * ,0004 
LXOXD .0001 YXL* .0001 
LXDXS .0001 YXOXD* .0005 
OXDXS ,000 1 PXMXYXD* ,0066 
LXOXDXS .0001 
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Appendix I (continued) 

Term 
Polarizing Lens 
Orientation 
Ink Pigment Density 
Ink Specularity 

Term 
Polarizing Lens 
Orientation 
Ink Pigment Density 
Ink Specularity 

(2) Misses as the dependent variable 

(a) Probt Term (b) Probt 
(L) NSS Subject (PI .0001 
(0) .0001 Half-block (HI NSS 
(Dl .0001 Meridian (M) NSS 
6 )  .0001 Day (y) .0049 
LXO .0004 HXM .OOO 1 
OXD . .0001 PXY .0001 
OXS .ooo 1 
DXS .OOO 1 
LXOXD .0004 
OXDXS .0001 

(3) False positives as the dependent variable 

(a) Probt Term (b) Probt 
(L) .0020 Subject (PI .0005 
(a) .0001 
(D) .0001 
(S) NSS 
LXD .0040 
OXD .0001 
LXOXD .0003 
OXDXS .0058 

Estimated maximum probability that the term is significant by change alone. Only terms with probability less than or equal to .O1 are included. 
" Significant interactions between terms in Appendix 2 ANOVA Tables (a) and (b). 
t Not significant. 

Appendix II 
Figure 11. Transfer fuctions relatingabsolute contrast to the the average misses and the average false positives ob- 

three "direct" performance measures. These plots combine tained under the experimental conditions producing those 

the absolute contrast values in Fig. 5 with the average time, contrasts. 
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Appendix Ill 

Smith and Rea20 collected performance data at the 
same task as was employed in this experiment. Ref- 
erence sheets were presented at two contrast levels 
(estimated to be 0.8 and 0.3) under various illumi- 
nation levels. The Smith-Rea data for young adults 
are presented in Figure 111. Predicted scores from the 
transfer function in Fig. 7 at contrasts of 0.8 and 0.3 
are also included in the figure. The average lumi- 
nance of the reference sheets in this experiment was 
67cd m-2. 
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I  I I  I  I  I I 

I C U R V I S  F l T l E D  B Y  f Y E l  

- 

n B L A C K  P R I N T  O N  W H I T E  P A G E  A T  8 
L U M I N A N C E  L E V E L S ,  ( S M I T H  & R E A l  

0 G R A Y  P R I N T  O N  W H l I E  P A G E  A T  8 
L U M I N A N C E  L E V E L S .  C O N T R A S T :  0.3 
I S M I T H  & R E A l  

P R E D I C T E D  S C O R E S  F R O M  T R A N S F E R  
F U N C T I O N .  F I G U R E  7 

L O G  L U M I N A N C E  

Figure Ill. Smith-Rea data for young adults. 
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