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INTRODUCTION

People have at least two distinct requirements for light. The
first is a physical need to make the task of seeing accurate, fast and
effortless. The second is a need for light of a distinct character to
create and influence emotional response. In work areas the emphasis has
been on the physical needs of workers.

Proper lighting of the work area is important from the viewpoint of
visual performance, that is, speed and reliability of perception and the
stress imposed on the person concerned and his willingness to perform
visual tasks. Hence it is imperative to be concerned, both with the
quality and quantity of lighting, thus taking note of the fact that an
adequate illuminance is fundamental but not the only requirement,

The ability of the eyes, in general, to do the job is primarily
dependent upon the visibility of the work, but is modified by the visual
capabilities of the human being himself. The visibility of a task or
object is determined by its size, contrast, time of viewing and lum-—
inance. Each of these factors is largely dependent upon the others, in
the sense that a deficiency in one may be compensated by augmenting one
or more of the others,

The direction of light is another factor which can affect the
appearance of reading and writing tasks. In case of an unfavorable
direction, contrast loss and in cases, even glare can occur, affecting
performance,

Contrast

To be readily visible, each detail of the task must differ in
luminance from the surrounding background, The contrast between the

luminance of an object and its immediate background is (Lb = Ld)/Lb'

.-



where Lb and Ld are the luminances of the background and object, respec—

tively. For example, the luminance contrast of the black printed

letters against the white background of this page is high. Conversely,

the

luminance contrast of black print on a dark colored paper is low,

Luminances in the visual field which surrounds an object or task can

have different effects on visual ability depending upon the areas in-—

volved. This luminance may produce a decrement in visual ability,

visual comfort or both,

Contrast Rendering Factor

In experiments involving the evaluation of contrast loss, it is

useful to relate the luminance contrast, C, under each different

lighting system to a standard value of contrast with ’''spherical illumi-

nation’’, which is the illumination on a task from a source providing

equal luminance in all directions about that task.

Veiling Reflection

For years lighting designers and those engaged in vision research

have recognized that substantial losses in contrast can result in the

deterioration of light quality. This results when normal reflections

are

the

the

the

superimposed on diffuse reflections from a task causing the details of
task to be partially or totally obscured., This has been known as
general subject of reflected glare. At one extreme of the scale is

reflection of a bright light source on a polished metal surface

causing annoyance, distraction and even disability from the visual

standpoint, to the other extreme, when light rays are reflected from the

specular surface of the task rather than absorbed and re-radiated in the

direction of the observer's eye, For example, the reflection of a large

luminous area on the surface of a magazine printed on dull paper causes

a milder form of reflected glare known as veiling reflection,
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Factors causing Contrast Loss

In the study of contrast losses due to veiling reflections, it is
not just enough that the lighting system alone be analyzed; other
factors to be considered include the worker’s orientation and viewing
angle and the visual task, like printing or handwriting or the paper
itself.

Most papers consist of rough fibers that have been matted together,
Though the fibers making up the paper have a certain amount of shine,
their random orientation causes nearly equal reflectiom in all direc-
tions., The luminance of the paper depends both, on the amount of light
being diffusely reflected from it and the reflection of light from any
speculer surfaces in it. The latter may be discernible as in the case
of coated papers, but frequently is indistinct and goes undetected,
though serious losses im visibility occur. The specularity of the
graphic medium —- pencil, pen, ink, carbon, etc., again covers a very
wide range, The degree of specularity depends on how the medium is
deposited. For example, a soft pencil brushed lightly across a rough
paper would leave & very diffuse mark, On the other hand, & hard pencil
applied with pressure on a smooth surface can be very shiny, causing
reflection from the bright spots., Hence, when considering task contrast
both diffuse and specular reflections of the paper and the graphic
medium need to be considered. The pressure applied by the pen, pencil,
typewriter key or printing type actually embosses the paper. The groove
thus created causes the reflection of the light source to occur from the

groove, other than the unsual angle of reflection from the plane of the

paper.



The orientation of the observer with respect to the task greatly
influences the magnitude of the effect of veiling reflections. For one
eye position and one point of regard, & simplified relationship between
the eye, the task, the perpendicular to the task, and an offending zone
can be established (Figure 1). If the task was perfectly flat and
specular, the offending zone would merely be a point. However, since
the types of task involved are diffusing, the theoretical offending
point is enlarged to an offending zone. If the eye is in a position
such that the rays of light from the offending zone are reflected toward
it, veiling reflections occur. .

Evaluation of Lighting Systems

Those tasks which are affected by veiling reflections are subject
to the visibility criterion, known as Equivalent Sphere Illumination
(ESI). ESI is used as a tool in determining the effectiveness of the
control of veiling reflections and as part of the evaluation of lighting
systems, The basic principles underlying the comncept of Equivalent
Sphere Illumination include the establishment of a reference lighting
condition. Sphere lighting (perfectly diffuse lighting) is used as the
reference, since spheres have repeatable illumination characteristics.
It is an arbitrary standard chosen to measure relative visibility poten—
tial, wherein it is assumed that for this reference lighting condition,
the same amount of sphere illumination will always produce the same
amount of visibility. Equivalent spherical illumination is the same
concept taken one step further —— to the real lighting envirooment, the
ESI of a visual task in a real enviromnment being the equivalent illumi-
nation produced by a sphere., That is, the visibility of the task in the

real situation is equivalent to that produced by a certain amount of

sphere illumination.
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Blackwell and DiLaura (1973) have investigated application proce-
dures for evaluation of veiling reflections in terms of Equivalent
Sphere Illumination using a Visual Task Photometer for different viewing
angles and four different lighting materials — diffnsers, prismatics,
batwings and polarizers, The authors have tabulated the predetermined
and measured values of Contrast Rendering Factor for a penciled script
task.

Recent research has led to the development of a Contrast/ESI meter
designed to provide for the easy measurement of contrast instead of
using & cumbersome photometric process. This has been accomplished by
modifying the angular response to light of an illuminance meter. The
meter designed by Smith, Hinchman and Grylls Associates, Inc., consists
of a base and adaptor plate for positioning an illuminance meter probe
and two transmittance modifying cylinders, The cylinders have transmit-
tance patterns that mimic bidirectional reflectances of a particular
standard visual task, Thus, an illumirance meter, when used with the
cylinders, responds to the light in the same way that a standard visual
task does. Bowever, a different pair of cylinders is required for each
visual display. Standard visual displays include:

1. Number 2 pencil on white paper,

2., IBM Selectric typing on bond paper,

3. 3erographic copy,

4, Drafting on Mylar

5. Felt tip pen on white paper

6. Ball point pen on white paper

7. Black offset printing on semi-matte paper,

6



Using the two cylinders, the background and task luminance is
obtained from which the contrast of the standard visual display is
calculated. The contrast rendering factor is determined as & ratio of
the contrast in the lighting situation to the contrast the visual
display exhibits in a photometric sphere.

Landolt Visunal Task

The effect of illumination on the actual performance of a task has
been studied uwsing a visual task. Weston (1945) developed a series of
visual tasks which consisted of a large number of Landolt (broken) rings
printed in a pattern arranged so that the positiom of the gaps in the
rings fall in a random distribution in the pattern (Figure 2). The 16
by 16 matrix of Landolt rings had eight possible orientations of the
gaps in the rings —— East, West, North, South, Northeast, Northwest,
Southeast, and Southwest. The task of the observer was to cancel every
ring with the gap in one of eight orientations in a given fixed amount
of time. Visuval performance was gquantified by the number of rings
correctly marked minus the number of incorrectly marked rings, thus
giving a measure of both speed and reliability of perception.

Reitmaier (1979) has studied the effect of veiling reflection and
its subjective evaluation. He was able to correlate the physically
measured quality of lighting in terms of the contrast rendering factor
with the subjective evaluation of paper gloss., The author studied five
different samples of paper at a constant illumination of 93 foot
candles, but varying the ratio of illumination (light field composition)
from the diffuse and directional light sources. Imn his study the sub-
jects evaluated the paper samples for gloss on a six point scale as

follows:
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A. No gloss D. Medium
B. Hardly noticeable E. Strong

C. Low F. Extremely strong

By using regression analysis, the author obtained a correlation between

the median gloss index score for each paper sample and & maximum factor

Yy
n

_ &0 Y
Bmx/ﬁo = By, 25)/5 (v, = 0%

where
B = L(V )//I,.
1 w
L(Vl) = Luminance of the paper sample for the angle of incidence of
light.
Lw = Luminance of a diffuse reference standard.

Reitmaier also reported that with increasing gloss index values,
the contrast rendering factor decreased. The contrast rendering factor
was maximized at a gloss index value of ome. Similarly, the relative
performance of a Landolt Visual Task increased with increasing contrast
and reached a maximum at a contrast value of one. His studies concluded
that for good visual performance, adequate values of contrast and lumi-
nance were required.

From the viewpoint of visual comfort, the author reported that, ''a
value Pmax can be defined, which is the maximum percentage contribution
of the offending zone to the overall illuminance at the visual task, if
discomfort is to be avoided'’. In other words, the P value had to be
low for paper samples with higher gloss indices.

A pilot study was done by Narain (1982) on the effect of paper

gloss and light field composition on performance of a visual task. The

study was done with four different paper samples and five light field

-



compositions, with a fixed directional source of light, It was found
that performance was not affected by any of the above factors, thus not
supporting the earlier study by Reitmaier (1979).

There seems to heve been minimal work done in the area of correla-
ting the physically measured quality of lighting based on contrast and
Equivalent Sphere Illumination and the judged quality which is based on
performance of visual tasks like the Landolt visual task, and subjective
evaluations of paper gloss and overall visual conditions. It is also
felt that there were certain shortcomings in the investigations of
Reitmaier and Narain, like the oversimplified visual task and the use of

non—directional lighting for the paper gloss evaluation process. Omne of

the objectives of this research, is to overcome the above defects and
search for correlations between physically measured and judged quality

of lighting.



PROBLEM

The objective of this study is to measure the quality of lighting

physically, based on

1)
2)
3)

4)

Equivalent Sphere Illumination,
Maximum Factor
Light Field Composition

Directional Light Source Position

and the judged quality of lighting on the basis of

a}

b)

judged paper gloss,

subjective evaluation of the quality of visual comnditions and

¢) performance on the Landolt Visual task,

and, hence, correlate the physically measured and judged quality of

lighting,

1.

Specifically the following hypotheses are set:
The overall quality of lighting decreases as the maximum con—
tribution of illumination from the offending zomne increases,
Performance on the visual task increases with decreasing
contribution from the directional light source,
Fquivalent Sphere Illumination is a function of light field
composition and directional light source position,
Judged paper gloss is related to the maximum factor which is a
function of the paper luminance.
The directional light source to the side of the observer, will
cause least visual discomfort,
The quality of visual conditions is affected by paper type, in
effect, the paper gloss —— increased gloss index causing lower

visual quality.

10
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METHOD

The study consisted of four parts., In the first, 21 subjects made
subjective evaluations of paper gloss for six paper samples under a
constant illumination of one hundred horizontal foot candles. In the
second part of the experiment, the subjects performed the Landolt Visual
Task under varied lighting conditions [light field composition,] each
group of seven performing at one of the three lighting positions of the
directionel source. Next, the subjects evaluated the overall quality of
visual conditions for each of the five lighting conditions and finally
the subjects participated in the ’''validation part’’ of the study. The
first three parts were conducted in a light booth. Physical measure-

ments of contrast and luminance were made.

The Chit Lighting Booth

The visual task was performed by the subject at the light booth
[Figure 3], which was constructed from wood panels with an opening at
the front for the subject to view the task placed in the booth., The
light booth had facilities for varying the illumination by either
switching off or on, the fifteen incandescent lamps on the ceiling of
the booth, The booth walls were painted white on the inside for better
light reflection properties, The incandescent lamps provided a non—
directional lighting, while the source of directional lighting, was a
table lamp placed inside the booth a little above the observer's
eyes and at an angle of twenty five degrees to the vertical., The
position of the directional light source was changed among three posi-—
tions [Figure 4], zero degrees, forty five degrees and ninety degrees
(to the left of the subject), with each subject performing the task and

evaluation at a particular position., The total illumination at the

-



Figure 3.

View of the Chit Lighting Booth.




45

90

Figure 4,

Direction of
Viewing

Light Source Position.



surface of the booth was maintained at a constant level of one hundred
horizontal foot candles, varying the quantity of illumination from each
of the two light sources —— this being referred to as the light field
composition (Table 1). During the experiment the subject viewed the
task at an angle of twenty five degrees by placing his chin on a chin-
rest., The background and task luminances for the five light field
compositions and three light positions were computed from the values of
RB and RD obtained by measurements with the ESI/Contrast meter. They
were as follows:

Lb = Kh x Rb x 10.76

A= L 3 -
L deRdeO'Tﬁ

where Rb and Rd are in footcandles, K, and K, are the calibrating

constants.

Kh = 1.0284 For ''B'’' cylinder #B-0615101

Kd = 0,1959 For ''D'’' cylinder #D-0615101

Lb = background luminance

AL = luminance difference between background and task,

The contrast was then computed as

from which the contrast rendering factor was found.

c
CRF =
C
o
where C0 = 0.1675 for a Number 2 pencil task.

The equivalent sphere illumination,

14



Table 1. Light Field Composition

Light Field Composition

Overhead Luminaire Directional Light Source
(footcandles) (footcandles)
1, 0 100
2, 25 75
3. 50 50
4. 75 25

5. 100 0



— T s 16
n 0.568558
EST (Footcandles) = X 10,76
b 2.19572 ¥
x + log (CRF)
o N
where
2.19572
x=
1+ 1

mﬁbfz] .

ﬁh' the reflectance has a value of 0.858, for the number 2 pencil task.

Appendix A, gives further details of the ESI/Contrast meter. The
computed values of contrast, contrast rendering factor and equivalent
sphere illumination are shown in Table 2, This procedure was repeated
in computing the ESI values for the ’’‘validation study'’ [Table 3].

Photometric measurements of the luminance of paper samples were made
in the light booth from which the maximum factor } waes computed, this
is shown in Table 4,
Subjective Reaction

In this part, subjects evaluated the gloss of six paper samples on
a six point scale. The paper samples were selected in consultation with
the professionals at the E—State Printing Press [Figure 5, 6, 7, 8, 9,
and 10]. They were as follows:

1. Kromekote Cast Coated One Side paper.

2, Dull Coated Offset Enamel paper.

3. Coated Offset Enamel paper.

4, Erasable Bond paper

5. HBandmade Embossed Finish Offset paper and,

6. Sulphite Bond paper,
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Table 2, ESI Values for Different Light Positions and Light Field

Compositions in the Light Booth

Light Source Light Field Contrast CRF ESI
Position Composition C {(footcandles)
Overhead Directiomnal
(footcandles)
0 100 0.0699 0.4170 0.7971
25 75 0.1062 0.6343 3.7122
0° 50 50 0.1172 0.6998 6.2268
75 25 0.1229 0.7337 8.8276
100 0 0.1370 0.8180 26.5143
0 100 0.1524 0.9099 56.4934
25 75 0.1438 0.8583 34.0206
450 50 50 0.1395 0.8326 29,2484
75 25 0.1492 0.8909 48.7881
100 0 0.1455 0.8685 37.9826
0 100 0.1587 0.94717 75.5846
25 15 0.1425 0,9098 56.4459
90° 50 50 0.1478 0.8823  44.2699
75 25 0.1437 0.8579 36.1225
100 0 00,1455 0.8685 37.9826
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Table 3. ESI Values from ''Validation Study’'
Subject # Illumination Contrast CRF ESI Performance
Footcandles C Footcandles %o
1 53 0.1587  0.9477 31.60 55.0
2 74 0.1587 0.9477 31.60 73.0
3 65 0.1397 0.8339 17.34 46 .7
4 50 0.1714 1.0235 21.73 50,0
5 65 0.1651 0.9856 51.06 43 .6
6 35 0.1524 0,5009 10.77N 50.0
7 67 0.1397 0.8340 17.35 60.0
3 65 0.1524 0.9098 19.13 70.0
9 65 0.1397 0.8340 17.35 59.4
10 46 0.1333 0.7961 9.35 75.0
11 40 0.1482 0.8845 15.71 60.0
12 125 0.1168 0,.6970 6.65 56.3
13 77 0.1667 0.9951 58.2 68 .8
14 90 0.1524 0.9098 38.95 53.3
15 100 0.1681 1.0035 77.26 56.3
16 65 0.1361 0,8123 13.97 37.5
17 105 0.1612 0.9623 73.65 41.2
18 17 0.1172 0,6998 9.68 50.0
19 40 0.1429 0.8529 13.92 75.0
20 40 0.1587 0.9478 16.27 43.3
21 40 0.1524 0.9099 10.77 32.4
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Table 4. Mean Gloss Index and Maximum Factor for Six Paper Samples at Three
Light Positions

Directional Light Paper Type* Max i mum Gloss Index (G)
Source Position Factor (%)
A 2.143 4.429
B 1.414 3.857
C 1.290 2.571
0° D 1.219 2.143
E 1.111 0.571
F 1.464 0.571
A 0.999 4,571
o B 1.039 3.286
45 C 1.074 2.429
D 1.144 ) 1.857
E 1.161 0.286
F 1.079 0.714
A 1.099 3.429
B 1.094 2.714
90° c 1.099 2.571
D 1.134 2.8517
E 1.151 1.857
F 1.096 0.857
¢ A. EKromekote Cast Coated One Side Paper
B. Dull Coated Offset Enamel Paper
C. Coated Offset Enamel Paper
D. FErasable Bond Paper
E. Handmade Embossed Finish Offset Paper
F. Sulphite Bond Paper
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During this part of the experiment, the paper sample was illumi-
nated completely by the directional light source. Written instructions
were given to the subjects as shown in Figure 11.

Performance Task

In this part, the subject performed the task designed to test the
speed and accuracy of visual perception. The Landolt Visual task which
has been described in the previous chapter was used. The subject per—
formed the task for a particular position of the directional light
sonrce, five different light field compositions and six samples of
paper at a constant illumination of one hundred foot candles. The 30
combinations were completely randomized and the subject marked the
broken rings in one of the eight orientations, The subject was given 60
seconds to perform each of these tasks., Written instructions were given
to the subjects as shown in Figure 12,

The subject then evaluated the overall quality of visual conditions
for each lighting condition and paper sample on a seven point scale.

The subject evaluted a total of 30 samples. The light field composition
was varied using two variable transformers for the directional and non—
directional light sources.

Yalidation

In the final part of the experiment, the subject evaluated the
paper samples on the six point scale for gloss and performed the visual
task on one of the six samples of paper, selected at random. The
subject also judged the quality visual conditions in this part, The
validation part of the experiment was conducted in offices in Durland

Hall. Measurements of illuminance and contrast were also made.



INFORMED CONSENT AND INSTRUCTIONS PAPER GLOSS

This experiment is designed to study '’'The Effect of Veiling
Reflection in Papers'’'.

Your task will be very simple. You will be given six samples of
paper with printed text, and asked to judge the papers on the basis of
gloss. During this experiment, you will rest your chin on the support,
and the papers will be placed on the table in front of you at a fixzed
location., For example, if yon feel that a particular sample is very
strong in gloss, circle the number close to your judgment, on the sheet,
as shown below: _

0. No Gloss

1. Hardly Noticeable

2. Low
3. Medium
4. Strong

5. Extremely Strong

There will be no risk in this experiment. However, you are free to
stop your participation at any time. Naturally, I would prefer that you
continue until the end so that I can get all the data. If you have any
questions, now or later, feel free to ask.

Now if you are ready for the experiment, please sign the informed
consent statement form.

Thanks for your cooperation.

Figure 11. Instructions given to the subjects.
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INFORMED CONSENT AND INSTRUCTIONS PERFORMANCE TASK

This experiment is designed to study '‘The Effect of Veiling
Reflection in Papers.’'

Your task will be very simple., You will be seated at the Lighting
booth, which can be set at different levels of illuminstion. The task
to be performed is & 16 x 16 matrix of broken rings, wherein the broken
part is oriented in one of the eight directions. You will identify all
the broken rings in a particular orientation for five light settings and
six samples of paper. You will have to make a pencil mark across the
identified rings. This experiment will be performed 1ﬁ a fixed amount
of time, at the end of which you will be asked to stop. Imn case you
complete earlier, please go to the top and start checking all over
again, The penalty for missing a broken ring is one point, and two
points for marking a wromg ring.

In the third part of the experiment, you will evaluate the overall
quality of visual conditions for five light settings. During the part,
do not bother to read the printed text on the paper samples. For
example, if you feel that a particular light setting provides very poor
visual conditions, circle the number close to your judgment as shown
below

1. Completely Inadequate

2, Very Poor

3. Poor

4, Average

5. Good

6. Very Good

7. Excellent



There will be no risk in this experiment. However, you are free to
stop your participation at any time. Naturally, I would prefer that you
continue until the end so that I can get all the data. If yonm have any
questions, now or later, feel free to ask,

Now, if you are ready for the experiment, please sign the informed
consent statement form given by the experimenter.

If you have any comments about the procedure or the experiment,
please feel free to inform the experimenter about the same,

Thanks for your cooperationm,

Figure 12. Instructions given to subjects.

23



24

Bxperimental Design

The independent variables in the experiment were the light field
compositions light position and the type of paper. The dependent
variables in the subjective evaluation part were the subjective rating
of paper gloss and visual conditions and in the performance task part,
it was the number of rimgs correctly marked, This was then converted as
a percentage of all rings, deducting one point for every ring not marked
and two points for every incorrectly marked ring (i.e., ring with broken
part not in the specified orientation). Random number tables were used
for randomization of light positions, paper samples and_lighting condi—

tions.

Subjects

Twenty one subjects, all male, served in this experiment. All of
them were students, enrolled in various colleges of Kansas State Univer—
sity. The age of the subjects varied from 20 years to 30 years with a
mean of 25 years. Two of the 21 subjects wore eye—glasses. Subject

took an average of forty five minutes to do the whole experiment,
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RESULTS

The subjective reactions of the subjects on the degree of gloss of
the six paper samples for three positions of the light source are given
in Appendix B,

Table 5 presents the mean gloss indices for each of the papers and
lighting positions averaged over seven subjects. An analysis of variance
was carried out for this dependent variable, gloss index, as shown in
Table 6. The results indicate significant differences among papers and
interaction of light source position and paper. No significant dif-
ference is indicated between light source positions, Further analysis
by Duncan's multiple range test and Fishexr's LSD test at e = 0.05,
indicate which means are significantly different. The results of Dun—
can’s and Fisher's tests are shown in Tables 7 and 8 respectively.
Figures 13, 14, and 15 show the variation in paper gloss index for
different paper types at light positions 00, 450 and 900, respectively.
Figure 16 shows the overall variation among paper samples in gloss.

The subjective evaluations of the quality of visual conditions and
performance scores on the visunal task for thirty samples by each subject
are given in Appendizx C. Table 9 presents the mean ratings by the
subjects of the quality of visual conditioms. Anelysis of variance of
subjective evaluation of quality of visual conditions in shown in Table
10. The results indicate significant differences among light field
compositions, paper type, interaction of position and light field
composition and the position and paper type interaction. Further analy—
sis by Duncan’'s multiple range test at o = 0.05, indicates which results
are significantly different. The results of Duncan's test are shown in

Tables 11, 12, and 13, while Figures 17 and 18 shows the variation, The

-
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Table 5. Mean Ratings by the Subjects when Evaluating Paper Samples on Basis
of Gloss

Directional Light Paper Type* Gloss Index1
Source Position

4.4286
3.8571
2.5714
2,1429
0.5714
0.5714
Mean Gloss Index 2.3571

o
TSmO QW

4.5714
3.2857
2.4286
1.8571
0.2857
0.7143
Mean Gloss Index 2.1904

45

TTme W

3.4286
2.7143
2.5714
2.8571
1.8571
0.8571
Mean Gloss Index 2,.3809

90

Hmo oW

Overall Mean Index 2.3095

Eromekote Cast Coated One Side Paper
Dull Coated Offset Enamel Paper
Coated Offset Enamel Paper

. FErasable Bond Paper

Bandmade Embossed Finish Offset Paper
Sulphite Bond Paper

THmoO Al e

Gloss was rated on a scale from 0 to 5 with a central position of 3.
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Table 6. Analysis of Variance of Paper Gloss Evaluation

Dependent Variable Paper Gloss

Source DF Mean Square _F Significance Level
Light Position 2 0.4524 0.87 0.4218

Error 18 1.2143

Pager 5 37.29 71.84  0.0001"

Position * Paper 10 2.3 4.43 0.0001‘

Significant difference at e« = 0.05



Table

7. Duncan’s Multiple Range Test at ¢ = 0.05 for Gloss Index.
Degrees of Freedom = 90

Dependent Variable: Paper Gloss

Paper Type Meap Gloss Index Grouping

A 4,1423 A

B 3.2857 B

c 2.5238 C

D 2.2857 c

E 0.9048 - D

F 0.7143 D
Means with the same letter are not significantly different.

Tm YO w>

Eromekote Cast Coated One Side Paper
Dull Coated Offset Enamel Paper
Coated Offset Enamel Paper

Erassble Bond Paper

Bandmade Embossed Finish Offset Paper
Sulphite Bond Paper

28



Table 8., Fisher's LSD Test at ¢ = 0,05 for Gloss Index
Dependent Variable: Paper Gloss

*
Light Source Position Paper Type Mean Gloss Index Grouping

4,4287 A
3.8571 A
2.5714 B
2.1429 B
0.5714 C
0.5714 c

Tme oW

4,5714 A
3.2857 - B
2.4286 c
1.8571 c
0.2857

0.7143

45

moaw

3.4286 A
2,7143 A B
2.5714 B C
2,.8571 A B
1.8571 c
0.8571

90

Hmoaw>

Kromekote Cast Coated One Side Paper
Dull Coated Offset Enamel Paper
Coated Offset Enamel Paper

Frasable Bond Paper

Hendmade Embossed Finish Offset Paper
Sulphite Bond Paper

)

Tmoaw >
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Table 9. Mean Ratings by the Smbjects of the Quality of Visual Conditions.

Directional Light Light Field Mean Guality
Sounrce Position Composition ’
Overhead Directional
(footcandles)
0 100 3.9286
o 25 75 4.1667
0 50 50 4.2381
75 25 4.7143
100 0 5.2381
0 100 4.0952
25 15 4.3810
45° 50 50 4.7619
75 25 4,8810
100 0 4.8810
0 100 4.6190
o 25 75 4.2143
90 50 50 4.4286
75 25 4.2143
100 0 3.9762

Refers to the Subjective Evaluation of Quality of Visual Conditions on
2 One to Seven Scale Ranging From Completely Inadequate to Excellent
Conditions.



Table 10. Analysis of Variance of Subjective Evaluation of Visual

Conditions

Dependent Variable:

Evaluation of Visual Conditions

Source D.F. Mean Square F Significance
Level
Light Position 2 5.04 0.5 0.0009
Error 18 10.16
Light Field 4 5.67 5.34 0.0003‘
Composition
Paper Type 5 12.39 11.68 0.0001°
Light * Paper 20 0.878 0.83 0.6798
Position * Light 8 6.68 6.3 0.0001‘
Position * Light * Paper 40 1.13 5.34 0.3735
Position * Paper 10 5.66 1.06 0.0001

*

Significant Difference at a

0.05.



Table 11. Duncan’s Multiple Range Test at a = 0.05 for Evalunation of
Visual Conditions

Dependent Variable: Mean Quality

Light Field Mean Quality‘ Grouping
Composition
Overhead Directional
{Footcandles)
0 100 4.2143 A
25 75 4,2540 A
50 50 4.4762 A B
75 25 4,6032 | B
100 0 4.6984 B

Means with~the same letter are not significantly different,

Refers to Subjective Evaluation of the Quality of Visuwal Conditions on
a One to Seven Scale ranging From Completely Inadequate to Excellent
Conditions.
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Table 12. Duncan’s Multiple Range Test of a« = 0.05 for Evaluation of
Visual Conditions

Dependent Variable: Mean Quality

Paper Txpel Mean Qunlity‘ Grouping
A 4,3143 B
B 3.9810 C
C 4.400 B
D 4.3048 B
E 4.9238 A
F 4.7714 A

Means with the Same Letter are not Significantly Differeent,

Refers to Subjective Evaluation of the Quality of Visual Conditions
on a One to Seven Scale ranging From Completely Inadequate to
Excellent Conditions,

Eromekote Cast Coated One Side Paper
Dull Coated Offset Enamel Paper
Coated Offset Enamel Paper

Erasable Bond Paper

Bandmade Embossed Finish Offset Paper
Sulphite Bond Paper

.

Mmoo awe
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Table 13, Duncan's Multiple Range Test at a = 0.05 for Light Source
Pogitions

Dependent Variable: Mean Quality

Directional Light Mean Quality1 Grouping
Source Position

0° 4.4572 A
45° 4,6000 A
90° 4.29 A

Refers to Subjective Evaluation of the Quality of Visual Conditions
on a One to Seven Scale Ranging From Completely Inadequate to
Excellent Conditions.
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interaction variables were tested using Fisher's (LSD) test a = 0,05,
Results of Fisher's test are shown in Tables 14 and 15. In the case of
the interaction variables, they were tested by fixing one of the vari-
ables, while comparing the other. Figures 19, 20, 21, and 22 show the
variation among the variables which show significant differences.,

Table 16 shows the evaluation of the quality of visual conditions
and illumination level for twenty one subjects in the ''velidation
study'’. Figures 23 and 24 are plots between mean quality and ESI
obteined from the light booth and ‘'validation study’’ respectively.

The mean performance by the subjects on the Landolt Visual Task is
reported in Table 17. An analysis of variance was done on the per—
formance scores. The results of the analysis are shown in Table 18,
Results indicate that none of the variables was significantly different
at @ = 0.05, but Duncan’s test shows that there were significant dif-
ferences among paper samples. This is shown in Table 19, The per-
formance score was correlated with ESI and had a correlation coefficient
of 0.64, with the regression equation as follows:

Performance (%) = 46,89 + 0.07 * ESI,
where ESI is expressed in footcandles. The plot of Performance versus
ESI is shown in Figure 25.

An analysis of variance was performed on ESI to test the effects of
light field composition and directional light source positions, as shown
in Table 20. The results indicate significant differences among light
positions, but none amongst the different light field compositions.
Further analysis by Duncan’s test at a = 0.05 indicates which results

are significantly different as shown in Table 21.
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Table 14. Fisher’'s LSD Test at a = 0.05 for the Evaluation of Visual
Conditions

Dependent Variable: Mean Quality.

Position is Fixed.

Directional Light Light Field Mean Quality1 Grouping2
Source Position Composition
Overhead Directional
(Footcandles)
(1] 100 3.929 C
5 25 75 4,167 C
0 50 50 4.238 c
75 25 4.714 B
100 0 5.238 A
0 100 4.095 B
" 25 75 4.381 A B
45 50 50 4.762 A
15 25 4.881 A
100 0 4.881 A
0 100 4.619 A
i 25 15 4.214 A B
90 50 50 4,429 A
75 25 4.214 A B
100 0 3.976 B

Refers to the Subjective Evaluation of Quality of Visual Conditions
on a One to Seven Scesle ranging From Completely Inadequate to
Excellent Conditions.

Means with the Same Letter are not Significantly Different.



Table 15. VFisher's LSD Test at o« = 0.05 for the Evaluation of Visual

Conditions

Dependent Variable: Mean Quality

Position is fixed

*
Directional Light Paper Type Mean Quality2 Grouping2
Source Position

45

90

2

HmT oW
.
w
-3
Pt
»- I ~-1 - ]

MmUY QW >
v b
* ®
=
w00
-
=

TmoOaw >
o

Refers to the Subjective Evaluation of Quality of Visual Conditions
on a One to Seven Scale ranging From Completely Inadequate to
Excellent Conditions,

Means with the Same Letter are not Significantly Different.

Kromekote Cast Coated One Side Paper
Dull Coated Offset Enamel Paper
Coated Offset Enamel Paper

Erasable Bond Paper

Handmade Fmbossed Finish Offset Paper
Sulphite Bond Paper

mme Al e

aoCan



Table 16. Evaluation of Visual Conditions in '’Validation Study'’

Subject # Illumination Evaluationof Quality Mean
(Footcandles) Paper # Quality

A B C D E F

1 53 6 5 5 4 4 3 4.5
2 74 6 5 4 3 3 3 4.0
3 65 5 5 3 4 3 3 3.83
4 50 4 4 4 4 3 3 3.67
5 65 6 5 5 4 3 3 4.33
6 35 4 5 3 3 3 2 3.33
7 67 5 3 4 4 3 3 3.67
8 65 4 4 3 3 2 2 4.67
9 65 4 4 3 3 2 2 3.0
10 46 7 3 5 3 4 3 4.17
11 40 4 5 4 3 3 3 3.67
12 125 6 4 4 3 3 2 3.67
13 17 4 5 3 2 3 2 3.17
14 90 5 4 4 3 2 2 3.33
15 100 4 4 3 2 2 3 3.0
16 65 4 4 3 2 2 1 2.67
17 105 6 4 4 3 2 2 3.5
18 77 5 3 2 3 3 2 3.5
19 40 6 4 3 2 2 3 3.33
20 40 5 3 3 2 2 1 2.67
21 40 4 3 4 3 4 3 3.5

Refers to the Subjective Evaluation of Quality of Visual Conditions
on a One to Seven Scale ranging From Completely Inadequate to
Excellent Conditions.

. Kromekote Cast Coated One Side Paper
Dull Coated Offset Enamel Paper
Coated Offset Enamel Paper

Erasable Bond Paper

Handmade Embossed Finish Offset Paper
Sulphite Bond Paper

'T.lm‘cﬂl:ld:b
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Table 17. Mean Performance Score (%) of Subjects on Landolt Visual Task

Direction Light Light Field Mean Performance1
Source Position Composition (%)
Overhead Directional
(Footcandles)
0 100 46.259
q 25 75 46.3269
0 50 50 45.8812
75 25 48,8964
100 0 45.6679
0 100 48.6948
25 75 50.7750
45° 50 50 48.8440
75 25 51.6231
100 0 49.6331
0 100 49,2059
5 25 75 53.6421
90 50 50 50,2609
75 25 51.9509
100 0 50.7605

Refers to score on the Landolt Visual Task, as percent of rings
correctly marked.
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Table 18, Analysis of Variance of Performance Score on Landolt Visual

Task,

Dependent Variable: Performance

Source D.F. Mean Square F Significance
of Variation Level
Light Position 2 1164.65 0.66 0.5275
Error 18 1757.18

Light Field 4 191.11 1.34 0.2542
Composition

Paper Type 5 293.46 2.06 0.0687
Light * Paper 20 105.21 0.74 0.7883
Position * Light 8 34,12 0.24 0.9826
Position * Paper 10 129.21 0.91 0.5278
Position * Light * Paper 40 96.23 0.67 0.9379



Table 19. Duncan’'s Multiple Range Test at a = 0.05 for Performance

47

Paper Type1 Mean Performance (%) Grouping‘
A 51.020 A
B 46.397 B
C 48 .442 A B
D 49,052 A B
E 50.012 A
F 50.445 A

Means with the Same Letter are not Significantly Different.

Kromekote Cast Coated One Side Paper
Dull Coated Offset Enamel Paper
Coated Offset Enamel Paper

Erasable Bond Paper

Bandmade Embossed Finish Offset Paper
. Sulphite Bond Paper

ARY oW
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Table 20. Analysis of Variance of Equivalent Sphere Illumination

Dependent Variable: ESI

Source D.F. Mean Square F Significance
of Variation Level
Error 8 180.74

®
Light Position 2 2312 .43 12,79 0.0032
Light Field Composition 4 130.16 0.72 0.6017

®
Significantly Different at a = 0.05
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Table 21, Duncan’s Multiple Range Test at a = 0.05 for ESI

Dependent Variable: Performance
Direction Light ESI Grouping
Source Position (Footcandles)
0° 9.216 A
0
45 41.307 B
90° 50.062 B

Means with the Same Letter Are Not Significantly Different.
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The gloss index G, was correlated with the maximum factor § and
the following models were attempted to obtain the best fit,
Linear Model:
G =0.579 + 1.43 &
Correlation Coefficient (W) = 0,28
Logarithmic Model:
G=2.0+1.76 n )
Correlation Coefficient () = 0,17
Second Order Polynomial Model:
G=12.9- 15.66 % + 5.49% ¢
Correlation Coefficient () = 0,46
Third Order Polynomial Model:
G = 95.79 — 192.65F + 126.9 5 > - 26.57¢ °.

0.55.

1

Correlation Coefficient (™)

Fourth Order Polynomial Model:

[+

G = 1426.6 - 4170Z + 4493} " - 2104 § ¥ 5 360% ¢,

0.72.

Correlation Coefficient ()
Fifth Order Polynomial Model:
G = -64.69.0 + 26050 T - 41140 ¥
3 4 5
+31820% - 12028 ¢ + 1772.47% .

Correlation Coefficient () = 0.73.

The above models were tested at a significance level of 0.05.
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DISCUSSION

Paper Gloss

The mean ratings of paper gloss are presented in Table 5. Results
of the analysis of variance procedure for paper gloss judgment is shown
in Table 6. These results indicate that these were significant dif-
ferences among paper types and the interaction of light position and
paper. The mean gloss index was plotted ageinst paper type for each of
the three light source positions [Figures 13, 14, and 15]. The graphs
indicate for all the three light positions, the papers had the same
gloss indices, indicating that light from the offending zonme [00 posi-
tion] as compared to the other two positions, did not cause differences
in gloss judgment. It should be understood that, though the analysis of
variance result indicates differences in the interaction of light posi-
tion and paper, it is really the effect of paper type that causes this
difference.

Results of analysis by Duncan's (multiple range) test at a = 0.05,
is shown in Table 7. Table 8 presents the results of Fisher’'s LSD test
for the interaction variable. It was found that paper type affected
gloss judgment as expected and shown earlier by Reitmaier (1979), con-
firming the point that subjects were clearly able to differentiate among
paper samples of varying gloss. However, since this procedure was
carried out at a constant illumiration of 100 footcandles, it is not
possible to conclude that gloss can be effectively judged under any
lighting condition.

Quality of Visual Conditions

Table 10, shows the results of the analysis of variance for
evaluation of the quality of visual conditions. The results indicate

significant differences among light field compositions, paper type,

-



directional light source position and the interaction of position and
light field composition and of position and paper type, These results
follow the directional hypothesis set at the beginning of this study.

Duncan’s multiple range test was performed on the first three of
the five variables —— light field composition, paper type and light
position (Table 11, 12, and 13), The results indicate that, as the
percentage contribution of the directional light source to the total
illuminetion increased from 0% to 100%, the quality of visual conditions
decreased, The plot in Figure 17 indicates this tremnd. Figure 18 shows
the relationship between paper types, represented by the mean gloss
indices and mean visual quality. It is seen that at a gloss index value
of 0.9, the gquality of visual conditions is best with a value of 4.9 (on
a one to seven scale, ranging from completely inadequate to excellent
visual conditions) and shows a downward trend thereafter. This
indicates that to have better quality of visual conditions, paper gloss
has to be kept at a minimum., Though the analysis of variance results
indicated no significant differences among light positions, Duncan's
test indicates that there were differences as shown in Table 13,

Figure 19 is a plot of light field composition versus guality of
visual conditions for each of the three directional light source posi-
tions. For the light position of 0° {in front of the observer), quelity
of visual conditions improved with lower contribution from the offending
zone, as expected. On the other hand, for the 90o position of the direc-
tional light source, the quality of visual conditions dropped with de-
creasing contribution from the directional source. The reasom is that,
the light source was not in the offending zone anymore and Figures 20,

21, and 22 shown the variation in the evaluvation of visual conditions

-
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for different paper types at three light positions —— 00, 450 and 900.
It shonld be noted that there was a wide variation ranging from 3.4 to
4,3 for the 0° position, only 4.25 and 5.3 and 4,0 to 4,4 for the 45°
and 90O positions respectively. It can be concluded that the guality of
visual conditions was affected by paper type to a great extent only when
the directional light source was in the offending zone. Figures 23 and
24 show the variation in mean quality with ESI in the experimental and
validation studies respectively.

Pexformance Task

The mean performance score on the Landolt Vismal Task is presented
in Table 17. The analysis of variance resunlts are shown in Table 18,
These results indicate that none of the variables were significantly
different, but Duncan’s test shows there were significant differences
among paper types {Table 19), The performance versus paper type graph
(Figure 25) shows that subjects performed best on Kromekote Cast Coated
one side paper, which had the highest gloss index of 4,14, among the
papers. This contradicts the findings of Reitmaier, wherein higher
performance scores were obtained on papers with lower gloss index., The
lowest performance scores were obtained on papers with lower gloss index,
The lowest performance score of 46.4% was obtained for the dull coated
offset enamel paper which had a gloss index of 3.3. Hence, it cannot be
concluded whether paper gloss has eny effect on performance of the visual
task from this study.

In the hypothesis set before this research, it was expected that
performance on the visual tasks would decrease with incresasing contribu-
tion of illumination from the directional light sounrce. However, this was
not the case, since the analysis of variance shows no significant differ—

ence for light field composition., This result is contradictory to the
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findings of Reitmaier, who indicated that performance was affected by
light field composition, It is felt that the overall illumination of 100
footcandles used in the previous and present study is too high to detect
any differences in performance.

Overall illumination of 65 footcandles or lower seems to be & better
level to maintain the booth at, since the Illumination Engineering Society

sets this as a standard for reading tasks.

Equivalent Sphere Illumination

Figures 23 and 24 show that the '‘validation studyﬁ does not rein-—

force the findings of the experiment concerning the relationship between

mean quality of visual conditions and ESI, While the plot for the
""validation study’ indicates thet guality improves with increase in
ESI, the experimental curve does not indicate any such tremnd.

The correlation between ESI and performance score was of the linear
form,

Performance (%) = 46.89 + 0.07 * ESI where ESI is expressed in
footcandles with a correlation coefficient of 0.63. This does not make
sense, because of the high intercept valme, which implies that even with
negligible ESI values it is possible to perform the Landolt task rea-
sonably well,

The analysis of variance on ESI is shown in Table 20, while the
results of Duncan’s test on the significant variable, light position is
shown in Table 21, Light field composition had no effect on ESI, but it
should be noted that the interaction of light field composition and
light position could not be tested, The values of ESI computed for the
fifteen combinations of light field compositions and light position are

given in Table 2, This indicates that the percentage conmtribution of
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the directional source affected ESI only in the 00 position (offending
zone) —— lower percent conribution increasing the equivalent sphere
illumination.

Hence, to obtain high ESI values, the directional light source should
be placed in the non—offending zone where ESI will not be affected by
light field composition,

The maximum factor, as defined in the introduction is

H

=B B BV, =25% 3 (v, = 0°) wheze B is the

max 6O

luminance factor and J L(Vl) L_, where

W

L(V13 = Luminance of the paper sample for the angle of incidence of 1light,
25°

L = Luminance of a diffuse reference standard

Reitmaier found that a linear relationship existed between the gloss

index G and the maximum factor as follows
G=0.52 (1 - ),

with a correlation coefficient of 0.98.
However, the present research shows that the best fit between the two

variables is polynomial model of the fourth order as follows:

G = 1426.6 — 4170  + 4493 2 - 2104 S +360 *

Correlation coefficient = 0,72.

The linear model from the research which was G = 0.579 + 1.43 i

only had a correlation coefficient of 0.28. Since the data from the study
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by Reitmaier is not available, it is difficult to understand if a linear

model was generated for simplicity or for other reasons.

It is clear from the discussion that more research is needed for
lower levels of illumination especially between 40 and 65 footcandles and
different light field compositions.

Further studies could also be carried out for a variety of visual
displays—penciled tasks, typewritten task, etc., on different types of
paper. It is also necessary to perform further validation studies to make

such experiments representative of real life situations,
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CONCLUSIONS

The main objective, to correlate the physicelly measured and judged

quality of lighting was sccomplished. Some conclusions can be drawn from

this research,.

1.

The hypothesis that performance increased with lower contribution
from the directional light source was not confirmed.

ESI was found to be dependent on the light scurce position but not on
the light field composition,

The hypothesis that the quality of lighting (subjectively evaluated)
decreased as the maximum contribution from the offénding zone in-
creased, was confirmed.

The relationship between judged paper gloss and the physically
measured maximum factor was found to be a polynomial model of the
fourth order.

The quality of visual condition was found to be unaffected by the
directional lipght source position,

The hypothesis that paper gloss affected the gquality of visual condi-
tions was confirmed, for the offending zone.

The "'validation study'' did not reinforce the findings of the
experiment concerning the relationship between mean quality and ESI,
A linear relationship was established between ESI and performance

scores on the Landolt visual task,
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252 3 3 2 & 59.38 k

253 5 3 3 1 S6.467 4

254 s 3 2 2 59.34 s

255 9 3 3 3 153.09¢ 4

256 g 3 3 “ 18,46 4 T
257 g 1 2 g 3,75 “ —_—
253 9 3 3 & 55.25 2

259 9 3 A 1 68.25 4

240 S 3 4 z §2, 54 L

261 S 3 L4 3 47T.06 [3

282 9 3 4 4 35.00 &

253 g 3 4 5 a7, .06 4

254 S 3 i £ 55407 4
T 265 s i s 1 83.25 & T
T a q 5 Z WAL 12 Lo

187 g 3 3 2 ba.e7 5

263 S 3 S 4 46.88 4 B
209 g kY S S 5138 4

270 Q 3 5 & 53.12 4

271 1c 1 L 1 75.68 3 T

gy 1y [y 1 z 20 40 3
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273 10 1 3 37.5G z
274 1¢ ] 4 34,38 2
218 i L s 55.24 &
276 id L -] T3.13 4
277 ic x i 48445 P
s 218 te 1 e 2.14 1
279 14 L 3 23.53 4
2B0 10 N 4 26407 4
ST AT [ ST I C AL AMaALYSI S Y S 1 E N 13:45 FALCAY.
GBS SUE sQs LIGHT PAPER P ERF Eval
281 Lo L 2 5 37.50 &
282 ] | 2 B 63.31 4
283 1 g ] 1 1 Su.ca 5 —_
284 1c 1 3 2 30.00 2
285 10 1 3 3 43.59 4
286 11 1 3 4 39.2¢ 4
287 1C L 3 S 4d.72 [
2889 st L 3 b $5.63 g
339 ] L 4 1 av. 79 & _
29C 1c 1 4 2 1d.24 2
291 1c g o 3 840.00 4
29 2 pavis . & 4 AL 15 2
293 Ic 1 4 5 55.0C 5
294 ic 1 4 & 46,15 s
295 10 1 5 H 1T7.80 1
294 1c 1 5 2 T5.48 3
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30c LC L 5 s 4663 s ’
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302 11 k] 1 2 - 65,20 <

362 11 3 ! 3 53.45 4

il b 11 a 1 f L 83 4

305 L1 1 1 5 43.63 5

306 1L 3 1 s 53.13 5

21n7 11 3 2 1 83 10 <

ENT- I 3 2 2 29.73 4

309 11 3 2 3 s2.9% &
110 1 3 i I 15.Q0 4

3L 1L 3 2 5 §0.00 <

112 11 3 2 4 47,36 4 -

111 1l : 3 i 1 43 .84 <

316 11 3 3 2 53.13 <

315 L 3 3 3 50.0C 4

T E 1! k|l 3 4 S49.318 5

3T 11 3 3 5 25.73 E

ate 1r 13 3 5 “6.15 OO T T
jrc 11 x 3 b i 89,18 3

12 1t 3 . 2 2343 5

321 L1 3 4 2 ©3.33 o«
122 11 1 b H b H