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INTRODUCTION

Light and vision are essential for seeing. They may be considered
as a partnership in which one is essential to the usefulness of the
other. To understand the relationship of light to sight and its final
result, seeing, some understanding of the structure of the eye is
needed.

The eye is one of the most delicate and miraculous organs in the
human body. It is very often compared to a camera having a compound
lens (the cornea and the lens combine to help focus the light), a
shutter (the iris), a black-box (the eye-~ball), and a photographic
plate (the retina). Even though eyes are absolutely essential for see-
ing, one does not see with the eyes, but with the brain. The image on
the retina is the picture that the brain sees. The eye converts light
waves and transmits them as electric impulses which become the images
one sees, after the brain sorts them out.

Light is a form of radiant energy which is transmitted as a trans-
verse wave motion from the source to the receiver and travels through
space in the form of electro-magnetic waves. All electro-magnetic
waves have a common property that they are propagated through space at
the same rate and the only differences are in their wavelengths and
amplitude. The visible spectrum is only a small portion of the energy
emitted by a glowing solid. Seeing results only when radiant energy
within the limits of the visible spectrum enters the eye. It is of
interest to note the extremely limited range associated with vision

(see Figure 1.). Pinder (1959) summarized the most important facts
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concerning light and its relation to vision (see Table 1.).

Industrial Lighting

The past four decades have witnessed a phenomenal increase in the
lighting possibilities. Manufacturers have put forth a wide variety of
lightsources and control materials, and this gives greater flexibility
to the illuminating engineer of today, as compared to the 1930s when
only two light sources were available: The incandescent tungsten-fila-
ment lamp, and the Cooper-Hewitt mercury lamp.

"The purpose of industrial lighting is to provide energy effi-

cient illumination in quality and quantity sufficient for safety and

to enhance wvisibility and productivity within a pleasant environment”,

according to The American National Standards Institute {(1979). In

designing of industrial lighting systems, much emphasis has always
been placed on the supply of sufficient task illumination for safe
human performance with a minimum seeing effort. Recent years however,
have seen the tendency on the part of designers to use light not only
to enhance the safety and productivity but also to create more attrac-

tive work places. The American National Standard Practice for Indus-

trial Lighting (1979), gives a list of twelve recommendations that

are based on human needs and energy concern, to be included in any
industrial lighting design (see Table 2.). The design of a lighting
scheme also depends to a very great extent on the task character-
istics, and visual tasks, unlimited in number may be classified acc-
ording to certain common characteristics of the visual tasks. The

American National Standard Practice for Industrial Lighting (1979),
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TABLE 2

*
ANSPIL recommendations for Design and Use of Lighting

{ Source: ANSI/IES RP-7-1979).

1. Design lighting for expected activity (light for seeing tasks
with less light in sorrounding non-working areas).

2. Design with more effective luminaires and fenestration.

3. Use efficient light sources (higher lumen per-watt output).
4, Use more efficient luminaires.

5. Use thermal-controlled luminaires.

6. Use lighter finish on ceilings, walls, floors, and furnishings.
7. Use efficient lamps.

8. Turn off lights when not needed.

9. Contrcl window brightness.
10. Utilize daylighting when practicable.
11. Keep lighting equipment clean and in good working condition.

12, Post instructions covering operation and maintainence.

* = American National Standard Practice for Industrial Lighting



has given a classification of wvisual tasks such as manufacturing, ins-
pection, engraving, and other industrial activities, and the lighting
techniques to be used for each gpecific activity. Table 2 gives the
lighting technique to be used and the classification, description of
lighting requirements and the luminaire types to be used for wvisual
tasks involving transparent materials.

Visual Inspection Tasks

Harris and Chaney (1969), defined three basic categories of ins-
pection tasks: Those involving scanning, measurement, and monitoring.
In inspection tasks, search or scanning is required when, for some
reason, a fault cannot be located immediately. Bloomfield (1975}, des-
cribed three main types of tasks involving scanning: the inspection of
simple items, multi-part items, or sheets. A multi-part item is gene-
rally a single complex object and in inspection of multi-part items
an inspector has to search for those features of the object that are
faulty. They may be very different in character from each other, and
the inspector looks at these heterogenous features, checking them for

damage, dimensions, and location. The American National Standard Prac-

tice for Industrial Lighting (1979) has ranked inspection tasks from

ordinary to most difficult and recommended illuminance levels on the
tasks {(see Table 4.). They have also recommended illuminance on task
required for glass works of varying visual requirements (see Table 5.).
This study deals with inspection of a multi-part glass object, the
fluorescent tube ends for lamps manufactured by Westinghouse Electric

Corporation.
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TABLE 4

Recommended Illuminance on different types of Inspection tasks

Area and Task Illuminance on Task

Footcandles Lux

——

Inspection

Ordinary 50 540
Difficult 100 1100
Highly Difficult 200 2200
Very Difficult 500 5400

Most Difficult 1000 11000




TABLE 5

Illumination requirements for Glass works

Area and Task Illuminance on Task

Footcandles Lux

Glass works

Mix and furnace rooms, pressing

and lehr, glass blowing machines. 30 320
Grinding, cutting, silvering. 50 540
Fine-grinding, beveling, polishing 100 1100

Inspection, etching, decorating. 200 2200
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Westinghouse Electric Corporation has a facility at Salina,
Kansas, where they make fluorescent lamps. The company manufactures two
types of lamps, a four foot long 40 watt model, and an eight foot long
75 watt "Slimline" model. The glass tubes for the lamps are manufact-
ured at the facility and so are the fluorescent tube ends (reffered to
as "mounts" hereafter).

Westinghouse has been understandably concerned about the quality
of its outgoing product, as well as the percentage of salvageable defec-
tive products. One area where the Quality Evaluation Systems Department
has been concentrating its efforts, is the manufacture and inspection
of the mounts. The 40-watt lamps are produced on two highly automated
production lines (HAP 1 and HAP 2), at the rate of about 2600 lamps
per hour. The "Slimline" model is manufactured at the rate of about
1500 lamps per hour, on two other assembly lines called Unit 3, and
Unit 4 respectively (Peterson, 1980). Each assembly line is supplied
by two different mount manufacturing lines, making two types of
mounts. One is a non-tubular mount which is sealed, and the other is
a tubular mount, with an evacuation tube to remove the air and to
allow for filling of inert gas and mercury before sealing. Basically
the mounts are inspected for the same features.

Manufacturing is done in two shifts. The day shift starts at 6:00
A.M. and lasts till 6:00 P.M., and the night shift begins at 6:00 P.M.
and continues till 6:00 A.M. Further, the shift inspectors work for
three days and are off the next four days, then work for four days and
are off the following three days. The shifts are divided into eight

teams, one team for each mount manufacturing line.
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Each team is made up of four persons who rotate from tubular inspection
to assisting, to non-tubular inspection, to rest break, on a pre-arranged
schedule about every twenty minutes. This shift arrangement necessiates
the involvement of thirty-two individuals just for the inspection of the
40-watt lamps. In addition there are eighteen other individuals asso-
ciated with the manufacture and inspection of the "Slimline" model.

A Review of all the Inspection Stations

Every lamp manufactured at Westinghouse passes through seven
automated and three manual inspection stations, before it is shipped

out to the customer. These are:

1. The "Automount", or the mount sealing machine (automated).
2. The Manual Inspection Station (manual 1, and manual 2).

3. Automated Leaky Tube Station.

4, Automated No Light Station.

5. Automated No Base Inspection Station.

6. Automated Bottom Pan Station.

7. Automated Top Pan Station.

8. Final Manual Packing/Inspection Station.

Of all the inspection stations, the two manual inspection stations
are the most important from "increasing the efficacy" point of view.
The other inspection stations check the mounts during the various phases
of manufacture of the mount and the lamp. The manual inspection station
is the place where a mount is inspected after being fully assembled and
before it is inserted in the lamp tube. At this station the inspectors

face an input conveyor (coming from the mount manufacturing line),
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inspect the mount for defects, and transfer the good mounts on to a
demand conveyor ({(going to the sealing machine). On the "Slimline" model,
inspectors have to supply the demand conveyor with about 75% of the
mounts received by them, storing the remaining mounts in trays that hold
twenty-five mounts each, for future use. This activity requires a mean
inspection and transfer time of about 2.5 seconds per mount. The 40-watt
lines move at a faster rate, and even though the inspectors perform the
very same functions as those performed for the "Slimline" model, the mean
inspection and transfer time works out to about 1.4 seconds per mount,
according to Joshi (1980), and Peterson (1980).

Previous Studies about the Westinghouse Problem

Joshi (1980) looked at the training and inspection procedures at
the Westinghouse facility, and by recommending workplace redesign and
training procedures suggested the possibility of increasing the productivity
by 19%. Peterson (1980), also looked at the same problem of inspector
performance at Westinghouse, and found that the illumination level at the
inspection station was 550 lux. By increasing the illumination level to
1000 lux, Peterson found that the inspection performance improved by 7%.
In another test conducted by Peterson, it was found that the provision of
a constant off-white background at the work-station resulted in better
contrast between the task and the surrounding, and an improvement in in-
spection performance by 4%.

The company lists 40 possible defects of the mounts (see Appendix 1).

Joshi (1980) classified the defects as major, minor and critical defects.
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Peterson (1980) grouped the defects by the components of the mount to
which they belonged, and measured the overall detection rate. He found
the overall detection rate to be 80%. His results are given in Table 6.
He then conducted two tests, in which he changed the lewvel of illumination
and provided the inspectors with an off-white background against which
they were to perform the inspection task. The results of his tests are
given in Table 7. It is interesting to note the nature of the defects
that could be detected more easily as a result of the changes Peterson
made in the existing set-up, and as such a brief description of the mount
and the defects is in order.

The non-tubular mount (see Figure 2), differs from the tubular one
(see Figure 3), in only one respect in that it does not have the evacuation
tube. The mount is made up of a glass flare 33.5mm in diameter, through
which two lead wires are passed. The outer lead wires are 5lmm in length
and are connected to the inner lead wires (22 mm in length) by a dual
metal wire called the dumet, which is 3mm in length. The inner lead wires
are curved at the ends and a coil 16.5mm to 17.5mm in length, is clamped
between the ends. The evacuation tube for the tubular mount is 5.58mm in
diameter and is 94mm long. The dumet is welded to the inner and outer lead
wires and the neck of the flare is pressed to enclose the dumet in what is
called the press area of the mount. The mounts are heat treated during
manufacture and if exposed to the flame longer than necessary, or if the
temperature of the flame is higher than required, the dumet develops defects

that are a consequence of over heating. If slightly over heated the dumet



TABLE 6

Summary of defects as found by Peterson

Defect

Tubular
Dumet
Coil
Clamp
Emission

Misc.

Total
Non-Tubular
Dumet
Coil
Clamp
Emission

Misc.

Total

(1)
# from mount

inspection station

(2)

# from lamps

at

"Bottom Pan"

13
65
63
35

144
320

13
53

42

91
206

24

11

27

10
80

18

10

10
53

(3)

% Detected

(1) /(1) +(2)

35%
85%
70%
97%

93%
80%

42%
84%
82%
87%

90%
79%

15
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FIGURE 2 Non-Tubular Mount
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has a red line on it and is called a "red dumet". If it is very much
over heated it turns either deep red, purple or black with a distinct
purplish haze on the press area. This defect is called a "burnt dumet".

Illumination and Visual Performance Research

Before the primary question about the optimum light for seeing
can be answered, a host of supplementary questions about the nature
of the task, its size, color, background etc. demand answers.consi-
derable research effort has been devoted to the question of illumina-
tion, by Weston (1935, 1945), Tinker (1939, 1959, 1963), Blackwell
(1959), Bodman (1962), and Fry (1962). Various evaluation criteria
were used, including visual acuity, heart-rate, and contrast.

Vision according to Pinder (1959), involves four fundamental
elements:

1. The Task that one sees (not controllable).

2. The eyes with which one sees (indirectly controllable).

3. The light which makes it possible for the eyes to funtion (con-
trollable).

4. The surroundings or the background, against which the task or
object is viewed (controllable to a degree).

Light and Color

"Everything seen is subjugated to two fundamentals- brightness
and color", observed Pinder (1959). It is becoming more apparent in
recent years that lighting level is important but vision is also
dependent on other conditions for perception and visibility.

Whenever light strikes an object, some wave-lengths incident on it



TABLE 8

Effect of type of lighting on meats, fruits, and vegetables
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( Source: Plant Engineering Handbook, Mc Graw-Hill Book Company, N.Y.,

1859}).
Test Daylight ‘White Deluxe Filament
Article Fluorescent Fluores- Warm 100 watt
cent White
Fluorescent
Red meats poor fair good preferred
Dressed chicken paor fair geod good
Butter poor good good preferred
Chocolate poor fair fair good
Bread brown crust fair good good good
Oysters opened poor poor fair preferred
Parsley good good fair poor
Carrots good good good good
Tomatoes fair fair fair preferred
Red apples fair fair fair preferred
Onions poor fair fair fair
Green apples good good fair preferred
Bananas fair good good good
Green beans good good fair fair
Corn good preferred good good
Plums (reddish
purple) fair good preferred good
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are absorbed, some are reflected back, and others may be transmitted.
The rays that are reflected back constitute the color that is seen.
The effect of different types of lighting on meats, fruits, and vege-
tables is given in Table 8. Hopkinson and Collins (1970) state that
jaundice, a disease that can be diagnosed by a change in the color

of the skin, is more readily detectable under light with a high blue
content. Friar and Friar (1980) state that "Color differences in red
material are emphasized by sources strong in blue light and in blue
material by light sources strong in red". This is consistent with
Pinder's (1959) observation that "Color appearance of objects depends
not only on the reflectance characteristics of the objects themselves
but also on the color content of the light with which they are illu-
minated".

It was obvious from Peterson's study of 1980, that the level of
illumination and the background contrast had a significant effect on
the performance of the task which is the subject of this study. There-
fore it was decided to search for a lighting scheme that would further
improve the inspection performance for this particular inspection task,
the inspection of mounts at Westinghouse. Efforts were made to find out
if inspecting the mounts under colored light against colored background

would make the task any easier to perform.
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Pilot Study

A pilot study was conducted and the author locked at the mounts
for all possible defects a mount could have. The light and background
combinations under which this was done are shown in Table 9. Subjective
judgements were made about the different color combinations of light
and background. It locked to the author as if the following conditions

were better than the rest in terms of ease of fault detection and comfort.

Color of Light Source Color of Background
Blue Dark Blue
Blue Pale Blue
Green Pale Green

The condition of green light and dark green background was better
for the dumet defects, but was not very helpful in detecting the clamp
and knot defects. The yellow light and yellow background condition was
not useful in detecting the emission defects. The red light and red
background, and the pink light and pink background condition hampered
the identification of mounts with dumet defects. It should be mentioned
at this point that this pilot study was not conducted under controlled
conditions of illumination, time or any other variable that can affect
inspection performance.

As a verification of the subjective judgements of the author, four
volunteer subjects were shown eight selected defects. Only mounts

having the following eight defects were shown to the subjects.



TABLE 2

Conditions of lighting and background for "Pilot Study”.
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COLOR OF LIGHT

COLOR OF BACKGROUND

RED.
GREEN.
GREEN.
BLUE.
BLUE.
?ELLOW.
PINK.
AMBER.

WHITE FLUORESCENT.
{COOL WHITE).

RED.

GREEN (DARK).
GREEN (PALE).
BLUE (DARK).
BLUE (PALE).
YELLOW;

PINK.

AMBER.

WHITE.




Red dumet

Burnt dumet

Emission (the chemical coating for the coil} into Clamp
Coil out of Clamp

Double Coil

Triple Leadwires

Discontinuous coating of Emission on Coil

Heavy Blob of Emission on Coil

The reasons for choosing the eight specific defects were as follows
Defects of the dumet have a good potential as far as the increase in the
rate of detection is concerned, as shown by Peterson's experiment. The
defects of the clamp and coil were also shown by Peterson, to be
susceptible to changes in illumination and contrast-background. Triple
leadwires and double coil defects were included as representatives of
the move obvious defects, that are detected more easily. The heavy
blob of emission is missed by many operators, as was evidenced by the
author's visit to the Westinghouse plant. In a tray containing twenty-
five mounts, as many as nine mounts exhibited this defect, classified
as critical by Joshi (1980). The tray was picked up by the author out
of the many that were stored on the racks for future use after having
been inspected.

all the four subjects ranked the warm colored light sources viz.
Red, Pink, Amber, and Yellow, and their respective backgrounds as poor
conditions of illumination for the task. There were tendencies to

favor the Blue light - Blue background conditions.

24
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The subjects were then shown the mounts again under the following
conditions, and asked to rank them.
1. Blue light-Dark blue background.
2. Blue light-Pale blue background.
3. Green light-Pale green background.
4. Green light-Pale blue background.

0f the four subjects two subjects ranked the blue light-pale blue
background as the most comfortable followed by the blue light-pale green
background, green light-pale blue background, green light-pale green
background, and blue light-dark blue background, in that order. Of the
remaining two subjects, one ranked the green light-pale green background
as the most comfortable condition, followed by the blue light-pale blue
background, green light-pale blue background, and blue light-dark blue
background conditions. The fourth and last subject ranked the green light-
pale blue background as the most comfortable condition, followed by the
blue light-pale blue background, green light-pale green background, and

blue light-dark blue conditions.
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PROBLEM

Most of the research on illumination and visual performance has
involved abstract two-dimensional wisual tasks, and there have not
been many studies where the quality as well as the guantity of light
were used as independent variables affecting performance of an indus-
trial type of inspection task. The purpose of the present research
was to determine the relationship if any, between the coleor of light,
the color of the background that provided contrast and performance of
a specific industrial task.

Specifically the following hypotheses were made:

(1) Where color discrimination is important, a particular
combination of colored light and colored background will
increase inspector efficacy.

(2) Blue light will be better for detection of the dumet

defectsg, which are red in color.
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METHOD

In this study fourteen subjects performed an inspection task under
nine different lighting and background conditions. The objective was to
find a relationship between the quality of lighting as pertaining to the
colors of light and background, and performance.

Subjects

All the subjects were students of Kansas State University. Of the
total of fourteen subjects, Ifour were females. Four of the subjects used
corrective lenses, and none of them had any type of color vision deficiency.
This information was provided by the subjects before they were allowed to
sign up as subjects for the study.

Task

The task involved looking at fluorescent lamp mounts and identifying
defective ones from among them. The types of defects looked for were:
1. Red Dumet (See Figure 4.)

2. Burnt Dumet (See Figure 5.)

3. Heavy blob of emission on coil (See Figure 6.)

4. Discontinuous coating of emission on coll (See Figure 7.)
5. Emission into clamp (See Figure 8.)

6. Double coil (See Figure 9.)

7. Coil out of Clamp (See Figure 10.)

8. Triple lead wires (See Figure ll.)
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FIGURE 4 Mount showing Red Dumet




FIGURE 5 Mount showing Burnt Dumet
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FIGURE 6 Mount showing Blob of Emission on Coil
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FIGURE 8 Mount showing Emission into Clamp
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FIGURE 9 Mount showing Double Coil
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FIGURE 10 Mount Showing Coil out of Clamp
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FIGURE 11 Mount showing Triple Lead Wires
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0Of the eight types of defects selected for the task, the defects
numbered one through five required color discrimination for their detection.
Defects numbered seven and eight were included as representatives of the
more obvious defects that are identifiable with relative ease as compared
to other defects. It was hypothesized that where color discrimination was
necessary, performance would vary with the variation in the color of the
light used to wview the task and the background against which it was viewed.

Experimental Design

The mounts were inspected under a total of nine conditions. Of the
nine conditions, six were experimental and three were control conditions.
In the control conditions, the subjects inspected the mounts against a
white background under white light. The experimental conditions were a
combination of lights and three different colors and two different colored
backgrounds. The subjects had six minutes to do the task in all but one
condition, where they had seventy seconds. In this condition an effort
was made to gimulate the actual working conditions at Westinghouse, where
the time to inspect works out to about one and four-tenths of a second per
mount. The time of six minutes for the other eight conditions was selected
by the author after repeated inspections. In his judgement, it was suffi-
cient time to lock for the defects and also call them out for this experi-
ment. Figure 12 lists the conditions used in this study.

The conditions were assigned to the subjects on a random basis using
the random order generated by the computer. The order of conditions is

given in Appendix 2.



Condition Light Background Time/Tray

1. Red Blue 3 minutes
2. Red Green 3 minutes
3. Blue Blue 3 minutes
4, Blue Green 3 minutes
5 Green Blue 3 minutes
6. Green Green 3 minutes
7. White-

Flucorescent White 3 minutes
B. White-

Fluorescent White 35 seconds
9. White-

Incandescent White 3 minutes

FIGURE 12, The Nine experimental conditions
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Procedure

After having read the informed consent form (See Figure 13.) the
subjects were given written instructions about the task {(See Figure 14.},
and upon their acknowledgment of understanding it thoroughly they were
given a practice trial to familiarize them with it. The subjects loocked
at fifty mounts in each condition, presented to them in two trays of
twenty-£five mounts each. The second tray was given to them after they
were finished with the first. Each mounting slot in the tray was num-
bered, and upon identification of a defectiwve mount the subject called
out the number of the slot bearing the defective mount. The subjects
were also required to name the defect viz. "Red dumet", "Coil out of
Clamp" etc. This information was recorded on the data collection form
(See Figure 15.) by the experimentor, and also on a cassette recorder.
After performing the task under each condition the subject was asked to
rate the condition for the relative perception of effort required to do
the task under that condition, on the Borg scale (See Figure 16.).

Apparatus and Physical Set-up

To provide fluorescent white light four cool white F40W Mainlighter
lamps made by General Electric were used. For the experimental conditions
where colored light was required, one hundred and fifty watt reflector
lamps in Blue, Green, and Red colors, made by Sylvania were used. For the
condition where incandescent white light was required, one hundred and
fifty watt reflector lamp "Movielight Eal", also made by Sylvania was used.
Colored matte-boards were joined together to form a trapezoidal section to
provide the background. The trapezoidal shape ensured that the subjects had

no other color in their field of vision except the one under test.



INFORMED CONSENT FORM
I have read the instructions, and after reassuring myself that
there are no risks or hazards involved, I hereby agree to be a subject

in the research entitled "Lighting for a Visual Inspection Task".

S.No. Signature Age Sex Date

FIGURE 13 Informed consent form
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INSTRUCTIONS FOR SUBJECTS

This research is being done to find out the relationship between
lighting conditions and visual performance. You are asked to look at the
fluorescent lamp "mounts" and inspect the same for defectives; The task
will be performed nine different times under different lighting and back-
ground conditions. There are eight possible defects that a mount can have.

You will be familiarized with all possible defects and a practice trial
will be given. If you have any questions I will be glad to answer them.

After completing the task under each condition, rank the condition
according to the scale provided. While ranking please consider how easy or
hard it was to perform the task under the condition in consideration. There
are no hazards or risks involved in the experiment. I hope that you will
complete the experiment. However you are free to leave anytime you wish.

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

Please start immediately after the experimenter asks you to, and stop
when you are asked to. When you identify a defective mount, call out the
number of the slot in the tray from where you picked up the defective mount.
Also identify the type of defect. You have three minutes to lock at the
mounts in each tray. However in one of the conditions you will have less time.
You will be told about this at the appropriate time.

Thank you for your co-operation. Now, if you are ready, let's begin the

practice trial.

FIGURE 14 Instructions for subjects
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The eight possible defects are as follows:

Red Dumet

The fluorescent mount is classified as a defective if the small wires
{3mm in length) connecting the outer lead wires to the inner lead wires,

inside the press area, are red at least half its length.

Burnt Dumet

The mount is defective if the dumet mentioned in 1, above, is either
black, deep purple or reddish purple. The press area also gets a
purplish haze when this defect is present.

Heavy blob of emission on coil

Emission is the whitish coating seen on the coil. The mount is defective
if there is a heavy blob of emission on the coil.

Discontinuous coating of emission on coil

For the mount to be accepted, it should have an even and continuous
coating of emission on the coil. If the coating is discontinuous the
mount is to be rejected as defective.

Emission into clamp

If the emission on the coil continues throughout the length of the coil

and into the clamp, on one or both ends of the coil, the mount is to be

rejected as defective.

FIGURE l4 Instructions for subjects (cont.)
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6. Coil out of clamp

If the coil is not properly fastened in the clamp or if it is out of
the clamp, the mount is to be rejected as defective.

7. Double Coil

If the mount has more than one coil fastened in the clamp, the mount
is defective.

8. Triple lead wires

If the mount has three or more lead wires, the mount is defective.

FIGURE 14 Instructions for subjects (cont.)
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FIGURE 16 Borg Perceived Exertion Scale
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The subjects sat on a chair seventeen inches high, facing a table
twenty-nine inches high on which the task Qas performed. The fluorescent
lamps were fixed and were at a height of thirty four and one-half inches,

the fixture being fixed to the table twenty four inches on the right hand
side of the subject. The reflector lamps were used with adjustable lamp
holders on two stands which were positioned eighteen inches on the left

hand side of the subject in line with his body. The height at which the
lamp holders were positioned was varied to provide 1000 lux on the task.

This level of illumination was kept constant for each of the nine conditions.

The physical set-up of the experiment is shown in Figure 17.
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RESULTS

The data (See Appendix 2) obtained from this study were analyzed
using an IBM computer. A Statistical Analysis Systems package was used
to do the analyses of variance.

A one way analysis of variance was done to determine if the trea-
tment effects were significant at the alpha level of 0.05. A two way
analysis of variance was done for the six experimental conditions to
see if the interaction between the colors of light and the colors of
the backgrounds had any significant effect on performance. A Duncan's
multiple range test was done to separate the means.

Treatment effects were found to be significant at the alpha level
of 0.05 for "Total Hits", "Red Dumet Hits", and "The relative Perception
of Effort".

In the one way analysis, the analysis of variance was done for the
dependent variables "Total Hits", "Total False Alarms", and the "Relative
Perception of Effort" on the Borg scale. Analysis of variance was also
done on the "Hits" and "False Alarms", for each of the eight defects
individually.

Table 10 shows the summary of the analysis of variance for "Total
Hits". The treatment effects were found to be significant at the alpha
level of 0.05. Table 1l gives the Duncan's multiple range test for this
analysis. Treatment #3, the blue light-blue background condition had the
highest mean, with an average detection rate of 76%

Table 12 the summary for the analysis of variance for "Total False
Alarms". The treatment effects were found to be not significant.

Table 13 gives the summary of the analysis of variance for "Red Dumet

Hits". The treatment effects were significant at the alpha level of 0.05.
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Table 14 gives the Duncan's multiple range test for this analysis.

Table 15 gives the summary of the analysis of wariance for "Red Dumet
False Alarms". The treatment effects were found to be stastically not
significant at the alpha level of 0.05.

Tables 16 through 29 give the summaries of the analyses of wvariance
for "Hits" and "False Alarms" respectively, for the defects "Burnt Dumet",
"Emission into Clamp", "Coil out of Clamp", "Double Coil", "Triple Lead
Wires", "Discontinuous Coating of Emission on Coil”, and "Blob of emission
on Coil:. The even numbered Tables give the results for "Hits" and the
odd numbered Tables give the results for the "False Alarms". Treatment
effects for neither the "Hits", nor the "False Alarms" for any of these
defect types were found to be stastically significant.

Table 30 shows the results of the two way analysis of variance for
the dependent variable "Red Dumet Hits". It was found that the color of

the light had a stastically significant effect on performance but neither

the color of the background nor the interaction between the color of the
light and the color of background had any significant effect. Table 31
gives the Duncan's multiple range test for this analysis. Table 32 shows
that neither the color of the lights, the colors of the backgrounds, nor
the interaction between them had any significant effect on the performance
for the dependent variable "Red Dumet False Alarms". Table 33 gives the
means for the "Red Dumet Hits", and the "Red Dumet False Alarms", for the
six experimental treatment combinations of Red, Blue, and Green lights,

and Blue and Green colored background.
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Tables 34 through 47 give the summaries of the two way analyses
of variance for the "Hits" and "False Alarms”, for the defects "Burnt
Dumet", "Emission into Clamp", "Coil out of Clamp", "Double Coil",
"Triple Lead Wires", "Discontinuous Coating of Emission on Coil", and
"Blob of Emission on Coil". Treatment effects for none of these depen-
dent variables were found to be stastically significant, at the 0.05
alpha level. o

Table 48 gives the summary of the analysis of variance for the
dependent variable "Relative Perception of Effort" on the Borg scale.
The effect of the treatments was found to be stagg?cally significant

for this variable at the alpha level of 0.05. Table 49 gives the

Duncan's multiple range test for this analysis.
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DISCUSSION

As in any research devoted to improving the efficacy of an exis-
ting industrial task, the main objective of this study was to devise
a lighting scheme for the manual inspection work-station at Westing-
house, that would increase productivity by reducing shrinkage and
thus bring down the unit cost of the lamps.

It was observed that a remarkable improvement in the detection
of "Red Dumet" defects was possible if the mounts were to be inspec-
ted under a blue light. The cost structure of the mounts shows that
it is more expensive to accept a defective mount than to reject a
good one, according to Joshi (1980). Therefore "Hits", are the more
important criterion on which the results of this study should be
judged.

"Hits" in this study have been defined as:
The number of defective mounts identified/the total number of defec-
tive mounts.

"False Alarms" are defined as:
The number of good mounts called defective/the total number of good
mounts.

The overall hit-rate was highest for treatment #3 (The Blue light-
Blue background condition), with the "Hits" averaged over all the subjects
being 76%. For treatment #6 (The Green light-Green background condition),
the overall "Hits" averaged over all the subjects were 69%, a difference

of seven percentage points or 10%.
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Under treatment #4 (The Blue light-Green background condition), the
overall "Hits" averaged over the subjects were 67%, nine percentage
points less than under treatment #3 or a decrement of 13%. The dif-
ference between treatment #3 and the remaining other treatments was
substantial and Table 1l gives the difference in percentage points.

From Table 11 it can be seen that treatment #3 had an edge over
treatment #8 of 46 percentage points or 153%., Treatment #8 was a
simulation of the actual working conditions at Westinghouse. Joshi
(1980), after a laboratory test with actual inspectors from the
Westinghouse plant reported that under the existing conditions, the
percentage of total hits was about forty. 1In the light of this ob-
servation, the simulation of the actual working performance in this
study was pretty accurate.

The time factor seems to be a major reason for the improved per-
formance under conditions other than the contreol condition 1. To
eliminate the effects of the extra time the subjects had under the ex-
perimental conditions, a second control condition (Treatment #7) was
used. In this condition, the light and background of control condition
1 (i.e. white fluorescent light-white background) were used but the
subjects had as much time as in all the other experimental conditions
(i.e. three minutes to inspect a tray of twenty five mounts). The
percentage of "Hits" averaged over all the subjects for this condition
was 58%, which was eighteen percentage points or 31% less than that ob-
tained under treatment #3. Table 50 shows the percentage of "Hits" for

each of the defect types and the overall hits, for treatments 3, 7, and
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As can be seen from Table 50, a very substantial improvement of 71 per-

centage points or 1420% resulted in the detection of "Red Dumet" defect
under treatment #3, as compared with the control condition 1 (Treatment
#8). Treatment #3 also had an advéntaqe of 41 percentage points or
117% over control condition 2 (Treatment #7). This clearly demonstrates
that the color of the light with which the task was illuminated had a
consistent with the cbservation of Pinder (1959) that "The color appear-
ance of objects depends not only on the reflectance characteristics of
the objects themselves but also on the color content of the light with
which they are illuminated”. This also validates the observation made
by Friar and Friar (1980), that a light source strong in blue light
emphasizes the color difference in red material and accentuates the red.
This study showed that the blue light-blue background condition definitely
helped in the detection of red dumet defects, but there was no indication
whatsoever that it hindered the detection of any other type of defect.

It was observed that none of the nine conditions neither the ex-
perimental conditions nor the control conditions had a statistically
significant influence on the "False Alarms”. Table 51 gives the com-
parison between treatments 3, 7, and 8 for the total false alarms, and
false alarms for each defect individually.

It would seem from Table 51 that the condition of treatment 3 is
slightly inferior to treatments 7 and 8, as far as the false alarms are

concerned.
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However the difference is negligible, and can be ignored, since the
primary objective of inspection in a situation like the one at Westing-
house is to prevent the acceptance of defective items, and the rejection
of good items is relegated to a place in importance.

The third and last criterion in this study was the relative percep-
tion of effort, on the Borg scale. Table 48 gives the summary of the
analysis of variance. Treatment effects were statistically significant.
Table 42 gives the ratings averaged over all the fourteen subjects.
Treatment 7 was perceived to be the condition that required the least
effort. It received a mean rating of 10.07, which would place it bet-
ween "Very easy" and "Fairly easy" on the Borg scale. Treatment 3 was
given a mean rating of 10.43, and this also would be between "Very -
easy"” and "Fairly easy" on the Borg scale. In fact as is evident from
Table 49, there was not much difference in the perception of effort

required for any treatment but treatment #8, where very little time was

95

allowed for inspection. As expected the subjects perceived this condition

to be between "Somewhat hard" and "Hard" on the Borg scale.

The mean rating for this condition was 14.43.
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Further Research

According to ANSI classification, the inspection task at Westing-
house can be classified as a "Highly Difficult" task. This study proved
that performance of the task under blue light and the provision of a pale
blue background substantially improves the detection of the "Red Dumet"
defects, with no deterioration in the detection of any other type of
defect. Westinghouse could undertake a study at their plant to see if
the provision of a pale blue background and blue light at the manual ins-
pection station improves the performance, when work is done at the pace
that is customary for their plant. It would be interesting to see if the
results obtained with the blue light source could be duplicated using
blue colored glasses and white light. If this could be done, there would

be no need to replace the existing lighting installations.
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Practical Implications

The results wvalidate the hypothesis that blue light will be better for
detection of dumet defects that are red in color. It was in the detection
or red dumet defects that the most substantial improvement was achieved.
One conclusion that can be made is that the increased inspection time
allowed to the subjects was responsible for their better performance. The
author spent two days at the Westinghouse plant observing the inspection
performance. It was fairly clear that the inspectors were not making a
conscientious effort to look at all types of defects possible, but were
content with rejecting the more obvious defects like mounts with double
coils, mounts with single or triple lead wires etc.

The time at their disposal (1.4 seconds/mount) for inspection and
transfer of mounts precludes the possibility of looking for more subtle
defects like red dumets, blob of emission on coil, etc. It is in the
detection of these types of finer defects that the lighting scheme
recommended after this study would help.

In a test conducted in 1980, Peterson found that the percentage of
detection of dumet defects for tubular mounts was 35%. By providing an
off-white background, Peterson reported a detection rate of 37%, an in-
crease of two percentage points or 6% approximately. For non-tubular
mounts, Peterson reported an increase from 42% to 63%, an improvement of
21 percentage points or 50%, by increasing the illumination level to 1000
lux from 550 lux.

Since the time for inspection of mounts was the same for treatments
3 and 7, a comparative analysis of the performance under these two

conditions was done. It was found that the percentage of "Total Hits"
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increased from 58% under treatment 7, to 76% under treatment 3, an
improvement of 18 percentage points or 31%. The percentage of "hits"
for "Red Dumets", similiarly, increased from 35% to 76%, an improvement
of 41 percentage points or 117%. Assuming that this improvement
observed in the laboratory could be translated to the industrial
situation, the effective saving could be calculated. The following

assumptions are made, for lack of actual information:

1. Assume 2% of the incoming mounts to the inspection are defective.

2. Assume the inspectors miss detecting 25% of the defective mounts.
{under the existing lighting scheme at Westinghouse, inspectors
actually miss about 60% of the defective mounts, as indicated by
the studies of Joshi (1980) and Peterson (1980). With student
subjects, in this study the rate of detection under the simulation
of the actual working condition, it was found the subjects failed
to detect 70% of the defective mounts. Therefore it should be
noted that this is a very conservative estimation of the real
situation).

3. Assume the cost of a rejected lamp is one dollar. This includes

the cost of materials and overhead.

Production rate for HAP 1 and HAP 2 is 2600 lamps/hour. It takes
two mounts to make one lamp. Therefore minimum number of lamps inspected
and forwarded from there on is
2600 x 2 = 5200 mounts/hour. For the entire shift, the total number
of mounts is 5200 x 12 = 62400/line.

With a 2% defect rate there are 62400 x 0.02 = 1248 defective mounts -

per shift per line.
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Inspectors fail to detect 25% of the defective mounts, i.e.,
1248 x 0.25 = 312 mounts/shift/line. At one dollar per lamp being
the cost of rejection of a lamp, total cost of rejection is

312 x 1 312 dollars/shift/line. Thus for two lines the cost is

312 x 2 624 dollars/shift.

With an improvement of 31% in detection, the saving per shift amounts to
624 x 0.31 = 193.44 dollars/shift. For 12 shifts/week and 50 weeks a year
the total annual savings for HAP 1 and HAP 2 are
193.44 x 12 x 50 = 116064 dollars.

Rate of production for UNIT 3 and UNIT 4 is 1500 lamps/hour. There-
fore the minimum number of mounts inspected and put on the line is
1500 x 2 = 3000 per hour. For an eight hour shift, the total number of
mounts on the production line is 3000 x 8 = 24000 mounts/line.
With a 2% defect rate there are 24000 x 0.02 = 480 defective mounts
per shift per line.
Inspectors fail to detect 25% of the defective mounts, i.e.
480 x 0.02 = 120 mounts/shift/line. At one dollar per lamp rejection
cost, dollar value lost is 120 x 1 = 120 dollars/shift/line. For two lines
the dollar value lost per shift is 120 x 2 = 240 dollars/shift.
With an improvement of 31% in detection, the saving/shift amounts to
240 x 0.31 = 74.4 dollars. For l0 shifts/week and 50 weeks a year, the
annual savings on UNIT 3 and UNIT 4 are 74.4 x 10 % 50 = 37200 dollars.
The combined savings for HAP 1, HAP 2, UNIT 3, and UNIT 4 are
116064 + 37200 = 153264 dollars.

These calculations are based on the improvement in performance
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resulting from the use of a blue light source to illuminate the task and
the use of a pale blue background to provide the contrast, as compared
with the white fluorescent light and a white background. The time to
perform the task in both the conditions was three minutes for a tray

of 25 mounts which works out to be 7.2 seconds per mount. The time
allowed for inspection at Westinghouse is 1.4 seconds per mount. The
difference in times should be noted. Though the subjects in this study
were given three minutes /tray, not all the subjects used that much time
for the task. Even though no record of the time taken by the subjects
individually to perform the task was kept, it was observed that mostly
subjects finished the task much soon than the given three minutes.
Perhaps the engineers at Westinghouse could do a time study at their
plant and in the light of this research could re-evaluate the time
allowed their inspectors and come up with a satisfactory compromise

between production and quality goals.
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CONCLUSIONS

From the results of this study, following conclusions can be

made about the wvisual inspection task performed in this experiment.

1. Blue colored light is definitely better than light of any other
color for the detection of "Red Dumet" defects.

2. Blue colored light does not hinder the detection of any other type
of defect included in this experiment.

3. The color of the light does not have a bearing on the "False alarms".

4. Even though the color of the contrast background did not have a
statistically significant effect on performance, of the three
colors, White, Pale Green, and Pale Blue used in this experiment
Pale Blue seems to be the best aid for efficient performance.

5. The time presently allowed inspectors at Westinghouse, is not

sufficient for them to do a good job of inspection.
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APPENDIX 1

CLASSIFICATION OF DEFECTS (MOUNTING)

CLASS 1
101 - High air line
102 - Exposed inner knot
103 - Broken or cracked glass
104 - Wrong Coil
105 - ©No blow hole
106 - Coil out of clamp
107 - Bubbled dumet
108 - Red dumet
109 = Multiple coils or wires
110 -~ Misplaced wire
111 - 0il or grease
112 - Damaged coils
113 - No coil
114 - Burned dumet
115 - Wire or glass adhered to mount
116 = Coil broken
CLASS 2
201 - Emission on wires
202 - Emission length
203 - Scissor clamp
204 - Off center flare
*205 - Crooked or Off-center tube
*206 - Poor dumet seal
*207 - Coil out of clamp pocket
*208 - Coil loose in clamp
CLASS 3
301 - FEmission coverage poor
302 - Blow hole small
303 - Blow hole shape poor
304 - Coil off center
305 - Ridged flare
306 - Out of round flare
*307 - Burned dumet
309 - Foreign material on mount
CLASS 4
401 - Clamp thickness wrong
402 - Clamp spacing before stretch wrong
403 - Clamp spacing after stretch wrong
404 - Hook depth wrong
405 - Emission weight wrong
406 - Strain excessive
407 - Flat thickness wrong

408 - Re-entrant angle poor
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MOUNTING Q.E.S. INSPECTION CRITERIA

DEFECT IDENTIFICATION

DEFECT #101 - HIGH AIR LINE

A line of air extending all the way through the press along a dumet wire.

DEFECT #102 - EXPOSED INNER KNOT

An outer lead weld knot partially or completely outside of glass.

DEFECT #103 - BROKEN OR CRACKED GLASS

Any broken, cracked or chipped glass in the press, flare or exhaust
tube. Half moon chips on the flare edge are not criticizable.

DEFECT #104 -~ WRONG COILS

Any coil other than specified.

DEFECT #105 - NO BLOW HOLE

No blow hole on tubular mounts.

DEFECT #106 = COIL OUT OF CLAMP

Criticize any coil completely out of the clamp.

DEFECT #107 - BUBBLED DUMET

A continuously connected line of bubbles along the entire length of a
sealed dumet section.

DEFECT #108 - RED DUMET

A dark red or purple line along the entire length of a sealed dumet
section. Refer to standard.

*DEFECT #1092 - MULTIPLE COILS OR WIRES

More than one coil or two wires on the mount.

DEFECT #110 = MISPLACED WIRE

A wire cbviously out of position in the press.



‘DEFECT #111 - O©OIL OR GREASE ON MOUNT

Any oily or greasy substance on flare, press, wires or coil.

DEFECT #112 - DAMAGED COILS

Any obviously distorted or skeleton coils.

DEFECT #113 - NO COIL

The absence of a coil.

DEFECT #114 - BURNED DUMET

Dumet burned along its entire length.

DEFECT #115 - WIRE OR GLASS ADHERED TO MOUNT

Criticize a mount with any extranious metal or glass adhering to
any part of it's glass surface.

DEFECT #116 ~ COIL BROKEN

Criticize any coil with a broken primary winding.

DEFECT #201l - EMISSION ON WIRES

Any emission on the clamp or outer lead wire.

DEFECT #202 - EMISSION LENGTH

Any coated coil which falls outside the following limit:
1 to 2 mm from clamp - 40 Watt.

3 to 14 mm - Slimline

DEFECT #203 - SCISSOR CLAMP

Any clamp scigsored more than % the width of the flattened wire.

DEFECT #204 - OFF CENTER FLARE

The flare is out of alignment with the exhaust tube and wires.
Limit to be established.

*DEFECT #205 - CROOKED OR OFF-CENTER TUBE

The flare and wires are in alignment. The exhaust tube is out of

alignment. Limit to be established.
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DEFECT #206 - POOR DUMET SEAL

Criticize any mount with less than 2 mm good dumet seal. Good dumet is
that which is not burned, excessively red, bubbled or otherwise defective.

DEFECT #207 = COIL OUT OF CLAMP POCKET

Any coil secured past the center point of clamp.

DEFECT #301 - EMISSION COVERAGE POOR

A gap in emission coverage of more than 1 sqg. mm. Refer to defect #405.

DEFECT #302 - BLOW HOLE SMALL

Limit: #% the inside diameter of the exhaust tube. Note: see defect #105.

DEFECT #303 - BLOW HOLE SHAPE POCR

Limit to be established.

DEFECT #304 - COIL OFF CENTER

Criticize any coil end which does not extend beyond the clamp.

DEFECT #305 - RIDGED FLARE

Criticize any obvious ridges which may prevent sealing.

*DEFECT #306 - OUT OF ROUND FLARE

Criticize any flare which is out of round more than 1.0 mm.

*DEFECT #307 - BURNED DUMET

A dark or brown spot on the dumet caused by overheating. Criticize any
in excess of 1.5 mm in length. Refer to defect #114 and #206.

DEFECT #309 - FOREIGN MATERTAL ON MOUNT

Criticize any foreign substance on any part of a mount. Disregard the
white film which is sometimes on the flare as a result of SOZ'
Note: See defect #111 when 0il or grease is present.

*DEFECT #401 - CLAMP THICKNESS WRONG

Criticize any clamp thickness outside of specification.
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DEFECT #402 - CLAMP SPACING BEFORE STRETCH WRONG

Criticize any mount outside of specification.

DEFECT #403 - CLAMP SPACING AFTER STRETCH WRONG

Criticize any mount outside of specification.

DEFECT #404 - HOOK DEPTH WRONG

Criticize any mount outside of specification.

DEFECT #405 - EMISSION WEIGHT WRONG

Criticize emission weight outside of specification.

DEFECT #406 - STRAIN EXCESSIVE

Criticize any strain in excess of that shown in pictures at
polariscope.

DEFECT #407 - FLAT THICKNESS WRONG

Criticize any flat thickness outside of specification.

*DEFECT #408 - RE-ENTRANT ANGLE POOR

Criticize a sharp re-entrant angle between the exhaust tube and stem
press, or wire touching side of flare just below entry into the stem

press.



l1os

APPENDIX 2



109

0s21
no-o
99°91
an*o
03°0
R}
©0°D
180"
LY B ]
(G ]
062°0
up*o
n3-3
o0
np°n
02°0
[ 1]
03°3
"]
Py LY
[(]: R ]
00°0
0379
uh*o
639
00" 0
a3
on=o
[ ]
[th R}
¢3°0
£9-0
no"p
03-3
on-o
(0°0
030
«0"0
on°d
SE°Y
s3ive
CE*Y
c2°0
03%)
(%0 (]
9y
an=o
30
(11 1]
¢2°0
[ 4 B
0o
02" 0
oo
000
03°2

ootnol
fE°vef
00°0%
o002
(L1 R
LR V]
w62
19°99
009
no*oy
an=09
(Al ]}
03°6tL
00-0%
ho~ oy
1991
00-%2
oo ool
opTnel
oo-ool
no*ow
1602
0000l
o sl
na“nol
oo nol
00" 08
0o 001
nucool
0o*rol
o000l
o001
oo~onl
go*nol
on-ool
oo ol
0o°-ng
o0*opol
onTny
oo°nz
00-0
U7y
ovse
CE°FE
oz
M nz
1991
nGeeol
(U LR 1]
[l (19
on~ool
00°0g
no ooy
wo=nol
o eol
00°0s%

VU0 ane

TH6Y *C1 A¥VANYE *avaSIng 22122

11
ao°n
oo*o
po~o
D00
RZ %1
000
o000
L1 0 ]
00°0
oo-o
onco
poto
(110 1]
000
po-n
on*o
0o0*o
L84
an-o
o0*0
or-o
go-o
ou*0
on*o
00-0
onc0
0o0*0
00"0
000
to*n
000
00°0
oo*Q
00°0
(111 2]
[+T1 Rt}
oo*0
an*n
oo*n
200
roto
ooto
oo-o
on-o
91"y
000
go "o

o0°0
oo-o
0o*0
an*n
oo-a
no-o
000

Y3510 HISH) vill

an=pni
no- ool
ov* ool
00°0

Jo* oot
Jo~si

2075L

d0-oo0l
00°no1
19°99
00y
3008
J0°0

on=ox
notool
20°0s

26001
J0°st

o0"0e
J0°00)
0009
00" 0%

J0*001
00 °nol
Jocunl
oo*o0l
ELTCE
oo-si

Jg-ony
on-o0s
oo~ ool
Jo*nol
Jo* oot
Jo*nol
J0°0¢
o0-nol
an=os
060-001
oo° 08
Jo*ool
1999
Jo-us
oo-sZ
Jo- ool
19799
oo~ o0l
n-se

oo~ 0ol
o005
00~ 001
00*0ul
no*ool
aa-o0o0l
Jo-pol
00~ 001
Jo-vol

@GUD:°°=QDD°Qﬂoﬂﬂcﬂbb°QDﬂﬁﬂ:aEﬁeﬂDeﬁﬂﬂﬂﬁﬂcﬂﬂﬂﬂﬂ5BQDDGH:

00T0ol O0*0 Oni 000
00031 20°0 obl 00°0
ou*001 DO°0 001 007D
oncas 0Dt eol onto
00°0¢ 0070 00V 0D1°0
on"ng  pu*0 0OL DLTO
3005 J0°0 00l 00D
on*0d1 3J0°e OD1 DO°O
oe"0nd poco oul D06
on*nol so-n oni 00°0N
00001 00"0 00f OUTO
20°0s D0°0 001 02°0
oo*00t In*0 001 0O°D
oo ool 59-0 NOY 00°0
oo*obl on*o onl 0270
opo=ool o0*0 00) 00°0
000§ 000 001 0O°O
fo*00l 00"0 ool 0070
po*ns 00N 001 00°0
0o a0l 30*0 ool 000
on=nll 20°0 ool 00°O
0ec00l 00°0 00N 0OTOQ
00°001 00°0 OOL ON°OD
00°001 00°0 DPO1 00°0
on*nol oo"o 001 NO*D
00°00% oo"0 001 00°0
0o0°00l 00°0 001 0070
o0°001 00°0 OO1 0O°D
oo*00l 00°0 001 00°0
oo-ool J0°0 ool OD°O
00°001 00°0 D 00°0
00°00% DO°0 08 DOD°OD
00°001 DO°0 05 OU°D
on*a0l 00°0 05 00°0
o005 000 0S5 00O°O
00*021 000 0§ 00°0
on®ool 0s o00°0
00°001 001 00°0
00° 001 007 ¥9°¢1
00°0s 001 00°0
ap*odl 00°0 0 0070
ap*0s 2070 001 ND°0
00°001 0070 001 00D"%
ou*o00l 200 DOR OL*O
00°0s SE°Y OUl SE°¥
no*0s 00°0 0%  DOTD
an*optl oo=0 ool oo"0
nn*nol o000 0 no*o
o0*05 00°0 D 000
oo*onl 0o0*0 001 00°0
outonl 0o0°C 00 00°0
ou~ool D00 POI7IITD
0o0°npl D00 0SS  DO°D
£{9°93 00°0 001 0D"D
o000l 00°0 DO 0D°D
0o o0l 00°0 05 0O°Q
HIL Y130 123 viun
Ww3lsSaAs

nol
ngl

ool
(1}
o
ool
ool
801
onl
oot
ool
o8

L Th R}
00°y
(154 ]
GL"%
on*0
YLty
sr°y
on*3
U1 A |
on*a
0=
00°0
on*op
o000
00°0

0
o0°0
000
o0°0
oo°o
00°0
oo°o
0o"0
00°0
00°0
00°0
oo*0
oo*o0
00°0
000
ao*0
00°2
no*o
o0°0
on°o
ou o
o00*0
o0°0
02°0
on*o
an*Q
oo*o
o000
00"0
0o"o
no*o
on-o
on*d
o000
on°o
[1fi 1]
000
00°0
000
00°0

132 vi1213

S1SA1TvVvNHNY

meo

00° 0y
Jo-a

onTny
(110 1]

[T} 3 114] |
J0° 001
20*001
o000l
I 119
o 0s
00°0

20°0

wnT o0l
32°0%
00°0%
00°0

J0°0%
00" 0%
00°0%
00" 0ol
00°0

00°0%
00" 0%
00°0%
00" 0%
oo-ool
00° 001
op*ns
[i1:0d 1 1]
00°0Z
00*0¢
t4 a8 ¥
00°001
20°001
no-ool
22°001
oo*o001
J0* 0%
00°0

on=n¢
00" 04
32°2%
00°0%
on-ool
00°0

111 0d1]

03239
03°0%
no*ool
J0°001
o0° 0ol
on"oo1
Jn-ow
no~ooi
00°09

ERIE]

003
(3T
00°*)
00*d
000
op*a
on"o
00*)
[1TiR ]}
[ ] 5]
003
00D
00°)
00°0
00°)
00°)
00"2
on*o
0o0-0
00°)
00°0
00°)
ao*o
ao*0
002
00°2
00°0
00°2
00*)
00°0
00*)
00°0
oo°0p
00°)
[ TR
00"
00°2
00-0
oot0
Do*0
00°)
00°d
00-3
no=p
00°0
00°0
00°)
[ 11}
b2
000
00*2
ao-0
o002
ou*o
00°9
no*)

viaa

ne
wol
2
(U]
s
o
0
o
o
0%
0s
uol
vol
ool
o
o
ool
ool
o
ool
0%
2
0
o

g 200000BWYOD

(-
=
-

[-N-N-N-E-N-N-N-N-]
= cwn "
- -

oot
onl
00l
(L]
0s
o

J

[T

1Tvd2i11s8)

DT 0
L1 R 1
0d°0
N0l
wo*n
266
SETy
63°1
[Taa 1]
kY
9 EN
no*n
w00
030
09" a
000
00" vy
witwte
060
no*o
(1]} ]
00°0
000
ooto
bo~o
00°0
00°0
000
o000
000
[ ]
00"0
00° 0
00°0
03°0
00" 0
no*o
00°0
00°0
000
ao*n
[T ]
T8}
vo*n
0o0°0
Voo
SE° Yy
ul~ 81
03°0
02" 0
no°o
00°0
00°u
onco
vtz
LI T

vaay

Zitde
ns=71
LA M
0070
¥1°1§
19°9)
[ 1 11
an*o0l
L1 ']
zz2tee
ontae
00" 05
J0°0
04721
oo*001
[ 30 ¥
o0n° o0l
ov-o01
22=ee
15%02
Da*LE
o000
15°82
#2° vl
YRSy
L0 1]
1999
oo*o
15°RE
Ds*LE
oo°‘o
(134 11
oo°si
po-ool
1999
ou‘ue
L2 ]
CE"EE
po"sZ
oo°q
20°sL
on*oo1
vy il
on-se
Yy ey
L1 1)
i5°u2
00°0s
d0-°s¢
20°0%
96°56
98 2y
00~001
arcil
191
L1 he ¥4

HUA

1

i
4]

EEL L]

02491
16914
000" &2
JBE- LN
ooo*u
029°1y
FIA ]
oL
015" ué
0y0o* €l
ouital
000°0
0oo*0
ooo*o
ooo*o
0ou*0
020" %2
001~ 6E
[P AL
oLy EY
boo*o
0o00*0
0Ju-0
0000
oo00"0
poo* o
00070
boo~o
0000
000*0
ooo-o0
J00°0
000" 0
0000
0o0°0
20070
ooo*o
00070
o9 €l
00i-9
2€0°E
0Y¥0*El
000° 21
J00°0
oy0° (Ll
0256
0sSE”Yy
o8l1"al
2000
o000
ooo-o
ooo*o
ono=o
00060
ovt=12
J00°2

vii01

€s*19 2 L 9%
91°es 1 1 ss
69° LS & 9 ¥
zztezz W 9 s
00°9s | 9 <
ns"%s9 9 9 15
sy 6 9 0%
[P & I ] 9 b»
1w*s: & 9 uw
vitay 2 9 1%
Z29*9% 1 9 9
LUAE T S 1]
19°%§ @ S by
15°€s 1 s kY
nDo°vl 9 s 2
65°8% S s Iw
060°%% & s 0%
6s°¢6 € S BE
FL AT S 4 5 BE
(X5 ¥ I | S ILE
Ui o » 9t
£2°1E 8 v SE
0089 1 ¥
00°9s @ ¥y &€
A"38 $ y €
26°9%L % ¥ 1t
10°%1 € ¥ Ct
Z9°8s 2 ¥y b2
[T T | v 8z
00°05 & £ 12
26°62 8 £ 9f
$2°56 £ &2
1'%y 9 £ %2
00°%¥8 S t E2
1744 1 N L 2e
Y108 € £ 12
293y 2 £ 0
96°29 1 £ 61
*1°15 & z wt
3y @ ¢
E6°Sy & Z 91
95°29 9 Z sl
D0"9% § z2 v
0352 ¢ F A |
5¢°5% € z 21
L@~y 2 e 11
vy vy 1 z ol
90°Ll9 & 1 6
orciz @ 1 @
oo"s1 & it
00°s8 ¢ T 9
ntir s 1 s
19°%& &% | .
T3 A ¥ 1 |
o00°%¥2 2 1 ¢
15°€s 1 11
WiIDl 1¥i FHAS SO0

2 XIaNEddv



110

SE°%  HZ°¥L O0NC0 004l D 001 20°0 NDI DD*0 DD wetD 96 030 Y Gety gutwy9 Ul 49T S5°SSs & KT £11
6F°%  2@°?% 00°0 00°GLY 0 0t 000 nol 00°0 061 000 021 BI*0 301 03°0 19°91 Ol wE°y 9268 € €0 111
00°0 19°99% ¢6*%2  00°001 g o0l 2070 0ol DO°D  OS o000 021 %2°% 0O 00°0 O0O°D ®1 9Y°0€ €«°88 2 €1 011
an°0  0o°nol 62°v1 N0*0s 0 0% O00°0 0OY O00°D 0OF 00°0 0% 00°0 3 Becul ve*sy €1 15°92 29°@s ¥ £1 &0l
00*n  19°%9 0QO0°EZ 00°D71 0 o0) 0O°0 00T 00" 231 ©0°0 0 00°C DOV ¢S5°1) 0O0°0DY & 19°5€ 05°28 & Z1 @01
Ey*0f SB°2¢ De"ll DO°LZ o6 ng 0O0 ONY 0O°0 Y OO0 D 02°0 D  DO®O EECEE €1 fBTLY £072¢ B 2V 101
00°0  00°001 06°19 00°0II 9 031 20°0 DS ©00°0 0OV 000 O 00°0 D 03°0 ONS°)E 6 E£ICEY BT°Y? 4 21 901
DN*0 0008 )% €Y 00°001 0 0% 00°0 001 ©00°0 O 000 2 90°0 200 ¥c°% 000Dl 0 ZBTIlY L1741 9 21 sOI
f6°6€ 00°001 1S°82 o000l 0 O O0D°0 001 OO0 DO1 O0O0°0 O O00°0 O DO°*6l OD°001 €1 G6b°08 %u°%2 & &1 %ol
0071 o0°st ©0°2s 00°0d1 0 0% po*G 001 ©00°D D 00°0 0O D000 3S OD*0 00*00k 1) 00°89 03°8E & 21 €01
DI6E 00°001 69°8 19799 0 00l 00°D OO ©0O0°0 OO1 OCG°0 © OD°O0 3% Q0°0 O00°00) €1 Zb=LY we-uBp € 21 201
LH*Z% 00°n01 00Kl 0OD°201 0 © J0°0 001 O00°0 001 OO0 © OD°O0 235 000 11°1E 1V 08°19 118 2 21 101
849°8  0GCONT ¢8°1% O00"0DI D 0s 20°0 pOl 0O0°0 O 00°0 0 JD"0 35 00"0 v¥ %y S1 25°9% £2°6% | 21 o0l
30°0  00°0%Y 000  19°99 0 001 $€°*y 0OYT OOD*0 OGS 00°D 0% O0O0°0 2% O00°0 00°D 07 %E°Y &4°0% & 11 &6
860  00°0 . 000  00°DS% 0 O0S 31°% 001 00°0 02) ©0O°'0C O 03°0 ) OD°0 O0D*O 11 &4°% ©00°sZ2 ® 11 806
pn*D  EE°FE  00°0  0D°LDT D o001 D00 00l 00°0 0O O0OD°*3 0% S8°€ 0Ol 00°0 0O°O 6 18°€ Q1°%s L 1T 18
02°0  NN*0Z 00°D  On°0Y 0 0% J0°0 0% S%°% O0OG) 0O0°C O0) 000 D OD°0 O00°0Ss & S5°% 02705 % 11 98
DO0°D  DO*DS 000 19799 0 00} DO°O ODY O0D°*3 OO o000 OS5 O0D°0C D OO0 s8ETEE 11 00°D 42°¢y & 11 Se
00°0 DO°S2 00D  €C°EE 3 021 30°0 NIV t1°y 001 ON°D DS ON"0O D OD°D S%°ss Ol 1°% $3°1%6 9 1 sb
00”0  0G°09 000 0D°09 0 00 30°0 001 &S°¥ 021 00D 0S¢ 00°0 3 00°0 @6°uE 6 55"y 15°8f € 1l €s

) 00°0 EE€°tE 000 0O°DS 0 0O ©00°0 05 O00°C OOV OD"0 OGL 0D*0 D DI*D 9d*Zy  Z1 0D°D ¥»°ey 2 11 26
00°0 19°91 00°0 0O0°DS 0 0% 00°0 001 000 OOt 00°0 oO0eCl 03°C 3 01°92 00°0OV 11 E%"DE 95°¢Yv 1 1 1e
21°s  0D*0Z 000 00°0Y o 001 00°0 00! ©0O0°0 OO 00°0C DS OD°0 1S &%"% 00°0% & $9°C] 26°ES5. & O1 08
00°0 00°02 00°0 002D D 001 DO°O DOT S%&°% ©OF 00D°2 0 OD°0 JOI 00°0 O©O0°0 91 »5°%Rk O1°s€ 8 01 68
072°0 19°93 00°0  ON°DS 0 0O 920°0 0S 00°0 O©OO1 ON'0 0OV 90°0 3% 00U %5°s% 1§ 00°0 QU89 L 01 w8
000  19°99 000 19°99 0 o001 39°0 001 00°0 0O} OU°D 06 SB°E 0O) 69°¢ 0S°{H 11 %5°11 EE°F8 9 O1 (L@
SE° 15"8¢ 00°0 00°0S 0 0% 00°0C 001 00°0 06 02°0 06 02°0 351 6E-LY 00000 111 25°@) ¢L°e9 € 01 98
00*0  J0°0% 00°0  19°99 0 001 00°0 001 O0O0°D 0 000 O ©00°0 201 DL"d &§6°%% 11 O%¥°"L 65°¢s & O s@
sf*y  CE°fE &E°y 00°S¢ 0 001 20°0 0021 ©0O°0 ©0321 00°2 O 00°0 DOI 0i°3 0©0°001 1 o©%°21 O1°% & 01 %
0°0 00°Ds 00°0 00°S2 D 0s 00°0 0O1 MO0 OOG1 00°0 O 00°0 DS 00"y Z5*BZ €1 00°Y 00°%¥y & O1 €8
00°0  19°9% 000  00°DS 0 0O 00°0 0% 0O°0 001 00°0 001 0D°0 0% JD*0 €¢°t€ & OD°D €4°85 1 01 2®
o0  00°09 01°8 00°001 0 0%t SE°% DOI DO°0 OOI O00°2 0S5 000 2 0J°2 &E°€E Ol GS1°€0 62°6S & & 18
D00  ND°SL  OWCEZ 19799 0 001 00°D DOT O00°0 © 00°0 0 000D 000 00°0D 41 0B°EZ E0°I1E & &6 00
Do°0 D052 ©0°Y  00°0O01 3 0% 00°0 00! 00°0 001 00°0 © 00°0 ) J0°0 25°H2 8 00°% 00°8% | 6 bl
on*n 0o 0e  2%°% o000l [ I po*0 pof o000 ODI ©O°D DS 000 O on=n 999 & 02 el 23°S9 9 & LT}
pn°n  €f"€E  €S°11  00°001 0 001 00°0 001 D0O°0 OO 200 05 00O°0 0 00°0 O05°If ¥l ts*ll1 0O°DS & & a1
J0°0  SB*Z% 00°0 0O°DS 0 05 SE°% 00L O0O°0 DS OO0 0% 200 J0L 000 OQD°OOU 21 SE°% 219°99 ¥ & 9
200 00°0D1 OR"D  0NO°DJ1 3 0% 20°0 NS ©0°0 OnNl O0°0 0% OO0 3 0% 1 vO*nOYl WD 0LV 0Bl € & &)
ou°e  NO°0% 00°0 00°09 0 05 30°0 DOl OI°6 0O0) 00°0 ©0OQ 32°0 3 23°0D o5°21 01 Di°Bb E£%°9% Z & %I
91°% 00°001 €F°8  00°0O0% 0 o0l 91°% 001 00°0 OO1 OO0 0% 00°0 D3 O0O°0 GRE“FL Z1 D2°9F PE"S? 1 6 £l
00°0 fE"EE  0D°0 00°0s 0 001 D0°0 O 00°0 ©O1 000 05 O00°0 200 00°0 €%°12 11 DO°D &2°65 & ® 2t
30°7 EE°EE OD"0D  ELEE 0 @01 2070 OO DO°O 0§ 00"0 @0 D00 D9°0 0%°21 6 00°D €EL°EC B @ IL
000  00°N0Y 00°0 19°99 0 031 J0°0 00Ol 000 ©OO1 ©O0°0 0% O00°0 0 OG0 24°12 11 0D°0 BE°%9 2 [ 7]
a0°0 00TDY N0 00°09 n 0g 000 001 000 NO1 00°0 031 03°0 3 JIH°0 OD°OS 11 00°0 1L*09 9% B &9
00"0 HZ*Y1 0MD°0 QO°S2 9 0% 03°0 00l 00°0 0% 003 0S¢ ON*0 D ON°0 O0°0OT €1 00°0 S5°%% & @ 09
00*0 0052 000 00°S) 2 0« 00°0 DO1 o00°0 O 00°0 0S D02°0 3 OO0 (s*A¢ s DO°0 O02°0%Y & @ 9
00D  00°*S) 00°0 0O0°%4 0 05 00°0 001 00°0 0% O00°0 @ OD°0 O 0O0°C 4S@°Z% It DD°D 9I°%s € ¥ 99
on"Q  —No°0% C0°0  00°2% 0 001 DO*0 0O1 OO0*0D O0S 00°0 O0O1 D0°0 2% O0°0 €€°(C ¢§ ODL"D <°B% ¢ B 59
30°0  NO*09 000 19799 0 A0Y 00O 0IY 0O0°0 O 00°0 0$ O00G°0 1 00D 11°11 ¥l 00°3 L0y 1 g 9
no*n €E€°CE %511 00071 o 00l 00°0 0D ©O0°0 OO0 000 06 SB"€ 001 BO°D W0°sZ &  @F°s) 0s°29 & 1 E£Y
Z5°h  00°0  00°0 00°DS 0 0 00°0O0s o000 9 L=y 0% 393°0 3 20D O00O°D el Bzl 6L°¢l B L 29
D00 0004 00°0 00°0D% 0 0% %% 001 O0°0 0% 003 3¢ 000 J0) 00°D fs°uwc W SE°Y s3°1S 4 1 19
ou 0 19°99 ©00"0 0G°6! o 001 00°C OOl 00°0 O0OF OO0 06 O00°0 301 02°D Q2°SU i1 odp"0 @%°i8 9 2 09
20°0 0D*0Z OO0 ONT09 0 031 200 o0l O0O0°0 ODI DSu*0 0DI DO"O DOl 0D°0 OVO°NS & DOD°0 BZ"%9 & L &S
00°0  ND*D9 000 LYTYY 0 onk 000 00l Q00 0%  00°0 001 UE°0 DUE 00°0 (C$°2F 21 000 189 8} :14
°p B0T§E 000 0D 3JI 3 0% 000 081 0O0*13 031 00°0 D31 33°0 231 33D witis 11 po-0 02°00 & ¢ 15
VDT MO WADSEA MOS IO VAL ML V0 HDO V4I0D HIJD ¥adll HII3 vI0U K0 ¥ ihd HOW Jdud V4101 HIOL 131 FuUNS SO0

z TUST SFE ANVANYE *aviSingy Q123122 W 3LSs ASs ST SAITVNY T¥Y211LSHh LW LS



111

9991
oo°o
on*o
GARE Y |
20°0
oo*o
SL°Y
00°0
0o o
a0°0
out o
19*31
oo
bo*o

00"0s
00"02
00°s2
€y U
00°s2
L9°99
00°29
00°09
00"09
o0°0Y
000
00*0y
000
00708

Y4107 HEN@

1861

‘el

AHVNNVI

(U U]
00°0
vo-o
8Z*nl
no=n
nn=g
00°0
no*0
octg
00°0
018
onco
s8°t
o0*y

V43511

oo°03a1¥
00"001
oo0-col
00°St
0n°g§
oo*nni
oo-not
19°99
o0 0Y
19°32
19°99
oo nol
ou-onl
00°001

CR-R-R-E-E-E-R-E-E-R-E-N-N-

ool
0%
0s
0s
nsg
ool
ool
ool
ool
0s
0%
onm
Dol
J01

WISI? vA'lL HYY

SAVOS INL 12:77

H

3

32°0
00°0
00°0
po~o
00" 0
032°0
00°0
33°0
0d°0
SE°y
Joco
1=
o0*0
2370

VI

15

ool
0ol
oot
(11} ]
(1112 ]
nol
ool
001
ool
({4] ]
ool
ool
onl
ool

"0

A S

oo*n
20°0
00°0
J0°2
[ TR 1]
00°0
50°9
000
ov-o
000
00°0
o0°0
00°u
090

V202 10D

001
os
0s
ool
ool
o0l
ool
ool
001
0
(U]
onl
0ol
L]

S1 54

EE"w
GE"Y
000
HY
sC*y
00°0
0o0°D
o0*0
Jjoto
oot o
a0°n
Jo-o
oo*o
070

vidid

1V NV

0 o0 0 000 %% %y
25 00 0 0d*¢1 o000
0 0°0 05 O0°0 S1°LS
00l 0°0 0 56 19797
ong 0°0 0 SEY 0s°1L
oot 0°0 0 6?=1 00°001
a01 2’0 0 62°%1 BH"WE
2% L°8 05 SE"Y 2Z2Z
as 370 NS #3761 00°S¢
1] 0°0 ool 0O~0 0070
0 0"0 0 o000 o0n°D
HL 0°0 021 DD*O 00D
a4 0°0 001 DO*0 OD"S2Z
J 2*0 03 Optp 0D°O
HID VAJ0 I8 Vi3 noH
TvI21 LS LvESs

0y o0°0
%1 00°0
B 00°2
01 00°%e
01 ESTEN
Z1 00°%Z
6 23"
1 L%TEY
¢l DE*iz
L] sE°Yy
61 59°9
] (9 R T4
1 s8¢
] Do"%
JauHd V4121

LA A8 1)
EE"EL
LSTES
Do=%L
00°09
00"=%9
0s° 98
Z9°us
L=l
(13411
[4- 2 T4
11 A8 29
[ 4 811
00° 2s

PO EBC=NMmE D=

¥l
%1
%1
41
1
¥l
%1
L]
51
£l
£l
il
£l
11

921
571
21
(74 ]
t£4)
121
0z1
ell
o
11
911
sit
%11
(4] ]

HLOL ¥l rens sA0



112
REFERENCES

Bloomfield, J. R. Theoritical approaches to wvisual search. In C. G.

Drury and J. G. Fox (Eds.) Human reliability in quality control. London:

Taylor and Francis, 1975.

Friar, J., and Friar, M., Industrial lighting systems. New York: McGraw-

Hill, 1980.

Harris, D. H., and Chaney, F. B., Human factors in quality assurance.

New York: John Wiley and sons, 1969.

Hopkinson, R. G., and Collins, J. B., The ergonomics of lighting. London:

Macdonald, 1970.

Illuminating Engineering Society of North America. American National

Standard Practice for Industrial Lighting, ANSI/IES RP-7-1979.

Joshi, A. S., Improving inspection performance. Unpublished Master's
thesis. Kansas State University, 1980.

Peterson, G. P., Improvement of inspection performance. Unpublished
Master's thesis. Kansas State University, 1980.

Pinder, XK., Industrial-plant power distribution and lighting. 1In W.

Staniar (Ed.) Plant engineering handbook. New York: McGraw Hill 1959.




LIGHTING FOR A VISUAL INSPECTION TASK

by

SUDHAKAR MISRA

B.Tech. (MECH.), Jawaharlal Nehru Technological University, Hyderabad,
India, 1977

AN ABSTRACT OF A MASTER'S THESIS
submitted in partial fulfillment of the

requirements for the degree

MASTER OF SCIENCE

Department of Industrial Engineering
KANSAS STATE UNIVERSITY
Manhattan, Kansas

l9sl



ABSTRACT

Experiments were performed to determine the relationship between the
colors of light and background, and performance of a "highly difficult"
visual inspection task: the inspection of fluorescent lamp ends called
mounts. The experiments were conducted under nine different conditions
of lighting and background: blue light- pale blue background, blue light-
pale green background, green light- pale blue background, green light-
pale green background, red light- pale blue background, red light- pale
green background, cool white fluorescent light- white background, incan-
descent white light- white background, and the control condition where
the actual industrial working conditions were simulated. The time allo-
wed for inspection in all but the control condition was three minutes
per tray of twenty-five mounts. In the condition where the industrial
conditions were simulated, the inspection time allowed was thirty-five
seconds per tray of twenty-five mounts. Eight important defects of the
mounts were selected for the study. The study was performed under a
task illumination lewvel of 1000 lux, which was constant under all the
conditions.

Three performance measures were chosen to evaluate the effect of
the independent variables. These were "hits", "false alarms™, and the
relative ranking of each condition by the subjects on the "Borg" scale,
for "relative perception of effort".

The treatment effects were stastically significant for the "total
hits", "red dumet hits" and the "relative perception of effort". Under

the blue light- blue background condition, there as an improvement of



153% in hit-rate for total hits, over the white light- white background
condition (control condition 1), and an improvement of 1420% in the
hit-rate for "red dumet" defects.

Cverall the results of this study show that the blue light- blue
background condition helps in the detection of red dumet defects, with-
out adversely affecting the performance for detection of any other type

of defect.





