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INTRODUCTION

The impact of colour on saciety, particularly at work, has
increased steadily in recent years; thus today numerous
jobs, occupations and professions require some degree of
colour identification. Despite the development of colori-
meters, spectrophotoreters and computer match predic-
tion, the human visual system is unlikely to be replaced
entirely in colour assessment in the manufacturing
industry.

Colour coding is used increasingly to promote safety
and to facilitate identification in the industrial context.
Today national and international organisations coordinate
colour standards with recommendations which attempt to
minimise confusion. Colour signals, a special category of
colour coding, have widespread use to convey informa-
tion to personnel in control of vehicies, whether on land,
at sea or in the air. Colours are associated with specific
instructions, either directly in illuminated displays, or by
association with verbal or symbolic instruction, as on
conventional signboards. The danger associated with
misinterpretation demands that_very special attention
must be given to the choice of colour, particularly in view
of possible confusion by the colour defective.

Furthermore, colour has long been used as an aid to
learning, and extensive use is now made of colour haming
and matching in the teaching of reading and elementary
mathematics. In secondary education colour becomes
important in the teaching of geography, geology, biology,
chemistry, electronics, art and needlework, Does
defective colour vision pose an educational handicap?

These are some of the issues needed to consider the
significance of defective colour vision.

Historical Perspectives

Although colour has played a major role in some industries
for centuries the potential difficulties of colour deficiency
have been largely neglected; nevertheless the
consequences can be significant. The need for colour
control and uriformity was recognised early in the dyeing
of cloth and yarn, one of the early established colour
industries in England; sixteenth century clothiers were
fined if the colour of goods was faulty [1]. Jeffries [2]
reports numerous cases of individuals who were
frequently in doubt about colours in their work,
tradesmen, architects, manufacturers, farmers,
physicians, post office clerks, a boockbinder. These
examples indicate the diversity of occupations and
industries where colour mistakes cause inefficiency,
financial losses and often personal embarrassment. Today,
industrial competition requires colour tolerances to be
small because the customer is discerning. Very high
standards of colour reproduction are demanded for
advertisements.

Some attempts have been made to examine the colour
perception of industrial colour workers [3—6] but only
recently have guidelines been offered and attempts been
made to assess the potential difficulties and abilities of the
colour defective in industry [7]. Pearce [8] and

Macgilliviay [9] emphasised the slowing down of
industry by the colour defective, and Pearce the financial
consequences of industrial errors made by the colour
anomalous worker. Cavanagh [10] mentioned the
possible dangers, but Norman [11] noted that there are
no statistics available of accidents in which the defective
colour vision of an employee may have been responsible.
Although the need to relate standard colour vision tests to
occupational and industrial performance has been
stressed many times in the past, few comparisans have
been attempted.

In 1946 a committee of the Colour Group (GB) surveyed
a number of activities and industries to assess the problem
[12]; its results however had a limited circulation and
failed to attract the attention of those most in need of its
advice. The author’s major study provided an up-to-date
assessment of the significance and consequence of
defective colour vision in industry [7]. Practical
guidelinegs for industry and the professions followed [13].

Although the extent of routine colour vision screening
in industry has improved since the mid 40s inadequate
tests are frequently employed. The examination of bilue
vision is seldom included and few testers are aware of the
importance for screening for acquired defects resulting
from pathological causes or abuse of toxins or drugs.
Since testing is usually confined to the pre-employment
stage there is little opportunity for an examination later in
life [7].

Scope of Concern

Although visual matters are strictly the concern of
ophthalmologists (eye surgeons) and optometrists
(ophthalmic opticians in the UK), many people are called
upon to advise in the case of colour vision defects, parti-
cularly in the occupational context. The ‘school nurse’ is
often the first person to diagnose a colour vision defact in
a child. Although this poses an insignificant handicap to
learning [14-16], the significance of defective colour
vision is often felt at school. Teachers need to be alerted to
the possible problems with coloured teaching material
used among the colour anomalous. Career-guidance per-
sonnel and industrial medical advisers are both called
upon to advise on the possible career restrictions of the
colour defective, and in some instances to advise on the
placement of those with anomalous colour vision.
Generally speaking, established standards have been too
arbitrary, based on neither experience nor thorough
evaluation of the problem. Testing methods have not been
examined and as a result those most closely involved,
whether they be in the technical, personnel or medical
areas, have been unable to offer the appropriate advice
when itis needed [7]. The colour defective individual has
been often misunderstood, and occasionally the victim of
unfair discrimination. Sadly, but understandably, many
employers have been unwilling to risk employing someone
who may be slow, indecisive or inaccurate when required
to assess colours accurately; furthermore the social
consequences of defective colour vision can be serious.
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The humiliation felt by an individual because of a simple
error of colour identification may be considerable. Thus
even those with only a limited degree of faulty colour
perception will often go to great lengths to conceal it.

Attempts at Guidelines

Strictly controlled colour vision standards have been
enforced in the armed services and transport for many
years [17]. Generally, large public corporations, for
example the Civil Service, have developed colour vision
requirements, but the majority of professional associa-
tions and trade unions have clearly failed to consider the
potential problems of the colour defective. The numerous
bodies concerned with apprentice selection and repre-
sentation of the employee at work have failed to co-
ordinate policies on colour vision standards. Thus in many
of the smaller companies a colour vision test is just never
given to prospective employees and no-one is available to
offer advice. Frequently advice is sought only after an
important error in colour judgement has been made [7].
Past attempts to group into categories work activities in
which it is desirable or vital for operatives to have normal
colour vision have had some value but these must be used
as a general rather than a rigid guideline. Such listings
have been made by the Youth Employment Service (1966)
and the Employment Medical Advisory Service of the
Health and Safety Executive {1977). Early near-
comprehensive lists categorising careers in which
defective colour vision is a minor or major handicap were
compiled [18—19]. Clearly lists could be almost infinite if
all occupations were included, for the significance of
defective colour vision is felt in almost every walk of life.
Tables 1-3 aim to represent the main occupations
involved.

TABLE 1

CareersiJobs/Occupations/Industries Requiring
Perfect Colour Vision

Armed Forces — certain grades
Civil aviation
Colour matcher in dyeing, textiles, paints, inks,
coloured paper, ceramics, cosmetics
Carpet darner/inspector, spinner, weaver, bobbin
winder
Electrical work —
electrician
electronics technician
colour TV mechanic
motor mechanic
telephone installer
Navigation — pilot, fisherman, railways
Police — certain grades
Radio — telegraphy

Occupations/Activities Where Defective Colour
Vision May be an Asset

Camouflage detection

HOW SIGNIFICANT IN PRACTICE?

The ability of colour defectives to carry out routine colour
assessments, and the suitability of employing them in a
wide range of colour activities is of paramount impor-
tance. Thus the severity of a colour vision defect is of far
greater importance industrially than the type of defect.
Detecting and classifying a colour anomaly is far from
adequate for industrial selection —the main concern is
whether a deficiency significantly handicaps the individual
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in his work. The ability of mild anomalous trichromats to
carry out certain colour jobs adequately has been recog-
nised in the past [20-25]. In the two studies where
assessment of practical ability was made, identification of
colour-coded resistors was involved.

TABLE 2

Carears/Jobs/Occupations/Industries Where
Defective Colour Vision is a Handicap and Important
Consequences Might Result from Errors of

Colour Judgement

Air traffic controller

Buyer—textile, yarns, tobacco, food, e.g. fruit, cocoa;
timber

Car body resprayer, retoucher
Cartographer
Ceramics — painter/decorator of pottery
Ceramics—inspector (quality control)
Chemist and chemicals—
laboratory analysis
food chemist
teacher of chemistry
manufacturer of chemicals and
polishes and oils
Colour printer, etcher, retoucher
Colour photographer
Colour TV technician
Coloured pencils/chalks/paints manufacturing
Colourist/colour matcher in paints, paper, pigments, inks,
dyes, wallpaper
Cotton grader
Coroner

Forensic scientist

Market gardener, e.g. fruit
Meat inspector

Qil refining

Paper making

Pharmacist

Plastics
Paint maker and distributor

Restorer of paintings/works of art
Safety officer

Tanner
Tobacco grader

Electronic Components
In a major study in which 55 colour defectives had to
identify the colour codes of 27 resistors and 18 capacitors
of varying sizes, under controlled conditions Voke [7]
found that anomalous trichromats made an average of
7.7% errors {6.8% for deuteranomalous and 8.56% for
protancmalous) suggesting one likely mistake in the iden-
tification of twelve resistors. Dichromats show a much
greater risk: incorrect identification of the colour code of
resistors could occur in 20% of cases (19.7% for
deuteranopes and 19.3% for protanopes) see Tables 4—6
and Figure 1. Using these figures as a guide, dichromats
can be expected to place incorrect values on one out of
every two resistors (total eight bands). Complete failure to
identify the presence of a band was also more frequent for
the dichromats than anomalous trichromats; protanopes
are particularly confused when a red or green band is
painted on a resistor with a brown background.
Twenty-three anomalous trichromats performed signifi-
cantly better than 21 dichromats at wire sorting, naming



TABLE 3

Careers/Jobs/Occupations Where Good Colour Vision is Desirable, but Defective Colour Vision Would Not

Necessarily Cause a Handicap

Accountant

Anaesthetist

Architect

Artist—graphic, commercial, advertising
Auctioneer

Barmaid/Barman
Bacteriologist
Baker

Beautician
Botanist

Brewer

Butcher
Builder/Brick layer

Carpenter

Carpet/lino fitter/planner
Chiropodist

Clothes designer

Cook or chef

Confectioner

Cosmetics director (stage, film, TV)

Dental surgeon and technician
Draughtsman

Dressmaker

Driver instructor

Driver in public services, e.g. bus

Engineer (various)

Farmer
Fishmonger
Florist
Forester
Furrier

Gardener and landscape gardener

Geologist

Gemologist e.g. setting stones, diamond grader
Grocer

Hairdresser
Horticulturist

lNluminating engineer
Interior decorator/designer/planner

Jeweller

Librarian
Lighting director (stage, film, TV)

Manicurist
Metallurgist
Milliner
Miner

Nurse

Optometrist/ ophthalmologist
Osteopath

Painter

Pharmacist assistant (counter service)
Physician

Physiotherapist

Post Office counter assistant

Potter

Salesman/woman (fabrics, drapery, yarns, wool,

carpets)
garments/footwear
china and glass
linen
cosmetics/ toiletries
jewellery
confectioner
stationer
storekeeper

Shoe repairer

Surgeon

Tailor
Telephone switchboard operator
Theatre/stage props manager

Veterinary surgeon

Waiter
Window dresser

Zoologist

and pairing tasks, with no errors made by the anomalous
trichromats in assigning colour names. Protanopes most
frequently confuse green and orange colours when they
appear in a double twisted form with another colour.
Deuteranopes showed confusions between green and
brown, green and red, ocrange and brown, orange and
green, red and brown, grey and green, yellow and orange.
When only single wires were involved all groups paired
blue wires with violet. In addition the red and green, red
and brown, orange and green confusions were typical for
dichromats, see Tables 4—6.

In a mare recent study on the effects of colour vision
defects in electronics Verriest and Uvijls [26] concluded
that those with defects other than ‘near normal’ should be
dissuaded from becoming radio and TV repairers, Inexperi-
enced subjects who had previously been assessed on a
range of clinical colour vision tests were asked to name the
bands of old and new resistors totaling 72 bands from ten
given colour names. As found by Voke [7], anomalous
trichromats performed better than dichromats and
deutans better than protans. Old resistors gave more
difficulty than new ones. Protans missed more colours
completely than deutans, and this problem was less

frequently encountered for new resistors than old ones.
The most frequent bands not seen were red on dark brown
in the case of protans. The most frequent misnaming by
the protans were:

violet named as blue

brown named as green

red named as brown

green named as brown
By the deutans the most common misnamings were:

grey named as green

violet named as blue

red named as brown

brown named as green

yellow named as orange

The study confirmed Voke's results that the HRR and
D15 tests have good predictor value but the Nagel
anomaloscope has none,

Subsidiary experiments showed that performance was
worse in aged people compared with young observers
and, as Voke found performance was slightly worse for
resistors than capacitors. For the colour anomalous
observers, matching of colours by means of a resistor
colour code or rule or card did not give better results than
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colour naming. Improved performance by colour
defectives was possible if objective methods were used
and heip sought from colleagues. Searching for a nominal
value on the available apparatus also assisted.

In many colour activities/occupations surveyed by the
author it was recognised that those with a mild colour
vision defect can often learn to compensate for the defect.
Nevertheless, industry is seldom prepared to accept indi-
viduals for employment in colour spheres—the risk is
considered to be too great; only when an individual is
exceptionally well qualified in other respects will this
question be reassessed. While it is unreasonable to deny
the colour defective employment in specialist colour areas
if he is able to show adequate competence at the job, it is
still in the interests of both employer and employee to have
full details of a colour vision abnormality so that both can
be prepared for the possibility of errors. In large
companies where work is indirectly checked at many
stages of production, a skilled colour defective with a mild
defect may perform adequately in a team often with help
from colleagues. More usually, however, where potential
employees are not screened, a colour defective will try to
conceal his anomaly, which may pass unnoticed, perhaps
for several years.

Farnsworth [21] was aware of the capability of aircraft
personnel with mild defects to carry out flying duties
adequately, and devised his dichotomous D15 test to
separate the ‘safe’ from the ‘unsafe’ defective. The
desirability of aliowing mildly colour anomaious persons
restricted flying activities has been more recently
reaffirmed [27].

TABLE 4

Resistor Colour Confusions Made by Deuteranopes
{16 Observers)

TABLES

Colours Most Frequently Misnamed by Deutans
in Resistor and Capacitor Trials

Deuteranopes
Resistors Capacitors
Violet Violet
Brown Brown
Red Grey
Grey Red
Green

Deuteranomalous Trichromats

Resistors Capacitors
Violet . Violet
Brown J Brown
Grey Red |
Red Orange I

N.B. Colours grouped show similar percentages of errors

TABLE 6

Common Errors Made in Pairing Single Wires

Single wires—maost common confusions in pairing

© c af > - Deuteranomalous  Deuteranopes  Protanopes
S8 2|slCl 2|58 el2]8|o , ; .
-§ a|2]2iBiC|T|El2|Si=10 Blue/violet Blue/violet Blue/violet
@ O|lO|xc|O(>|0|m|>B|O Blue/brown Red/green Orange/green
White [100 Red/brown
Black 100
Grey 63/ 2|6 85|14
B ( Brown 1 48(13] 1 35
% | Red 1 27|53 912 20
2 Orange 1(3(82(MN 18 — / 7
3 | Yellow 100 2
2 - 16
5 [Green al2[7] |26 g /
8 | Blue 100 S 14 / /
- >
Violet 8 1]51]40 g ud % /
Silver 100 £
8 10— D ]
Gold 100 & o 0/ p
c 19-7% - j
Colours as named '4% 57 / //ﬁ 3%
3]
Percentages given are to the nearest % c? 6 — / / oA / /
Colours completely missed by Deuteranopes (%} e +4 DA ¢ o/~ ]
Brown notseen on Brown 3 |~ -8:5%
Red notseen on Red 4 5 | 6- 8%
Red not seen on Brown 3
Green not seen on Brown g ] P /

Grey notseen on Brown

The percentages in Table 4 do not add up to 100 because
some colour bands were missed altogether
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Performance of all observers

Figure 1 — Errors made in identifying electrical resistors



Printing and Paper Making

The author visited a paper mill where one worker had been
able to conceal his anomalous colour perception for four
years until an important error occurred. Undoubtedly, even
a mild defect will limit the confidence of most colour
workers. In another case a deuteranope asked to be
moved from the subjective elements of quality controlto a
more scientifically-based job because he could not cope
with wood-grain patterns of formica laminates.

The author's own study of the ability of colour
anomalous observers to grade colour reflection prints
suggests that anomalous trichromats are significantly less
handicapped than dichromats at such a task, as they
appear to be for mostindustrial colour jobs. The 22 deuter-
anomalous observers made fewer than half the errors
made by the nine deuteranopes. A series of 30 prints of an
identical scene, but each with a differing colour bias, were
sorted and appropriate placements made.

INDUSTRIAL SIGNIFICANCE

The industrial consequences of defective colour vision,
whether inherited or acquired, can be considerabie. A
mistake in the weaving of a carpet, unripe tomatoes
picked too early, a day’s production of colour-coded
resistors that had to be discarded, green fruit gums in
place of red ones: these costly mishaps occurred recently
in British industry. All had a common cause —a single
employee with faulty colour vision.

In this section, a selection of major industries and
activities relying on colour judgement are examined to
show their reliance on visual colour assessment and the
extent of routine colour vision testing as assessed in the
mid 70’s. The significance of a defect in colour vision
rapidly becomes evident,

Printing and Paper Making

Despite instrumental methods for the colour analysis of
plain paper, and electronic scanning techniques to assess
the quality of colour printing, visual colour judgement is
important. The unaided eye can generally detect visual
differences which are smaller than those measured by
instrumental methods, particularly in the near-white and
desaturated tints which are especially important for paper
manufacture.

Paper Making

Colour matchers in the paper industry have cne of the
most exacting industrially-based visual colour tasks;
under controlled illumination conditions (which are set out
in BS 950 Parts | and |1), paper makers must detect minute
colour additions to paper and advise on the changes
required if the production sample does not fall within the
accepted tolerance. Such decisions can be taken in
isolation, although laboratory staff (analytical chemists
and quality control inspectors) and consumer represen-
tatives may be involved.

Testing

Despite the obvious need for adequate colour perception
among many operatives, manufacturing industry has
been slow to introduce clinical testing and apply colour
vision standards. Of eleven companies surveyed by the
author, four did not administer a colour vision test. Only
when errors in colour judgement arise have management
personnel been prepared to consider the need for a
systematic approach. In some cases, colour defectives are
actually responsible for the most important colour
decisions in the whole operation; often they were engaged
before colour screening was introduced. Despite
successful efforts to standardise the illuminant for colour

work, the visual characteristics of the colour matcher
himself have been neglected. The author found two
deuteranomalous observers among twenty colour
matchers in a paper mill where colour vision screening was
not practised, confirming Richter's observation [5] that
little seif-screening occurs in industry.

Printing

Although instrumentation is rapidly replacing many skilled
visual tasks, colour corrections are still made in ink mixing,
compositing, engraving, etching printing and retouching.
In the printing of postage stamps, wallpaper and coiour
guides, great care is needed to maintain uniformity of
colour. Work is often not checked by other employees and
isolated errors could have significant consequences. Even
the mild anomalous trichromat would be seriously handi-
capped. In one of the largest UK printing companies,
about 1500 employees regularly make visual colour
assessments {7]. In paper or printing firms of average
size, numbers of staff involved in such activity would be
nearer 150 in production and 50 in laboratory work.

Testing

Although the majority of major establishments use the
Ishihara test, this method is not liked by employers in the
industry. Few have any real understanding of the
appropriate interpretation; thus failure of a single plate can
constitute grounds for refusal of employment. Many small
companies do not screen employees even though they
admit that some individuals have difficulty with colours.
The establishment of a general national policy on colour
vision testing for the printing and allied industries is clearly
needed.

Paint and Printing Ink

Although colour decisions in the laboratory or quality
control departments are seldom taken in isolation, the
colour matching tasks are of a critical nature and are
unlikely to be replaced by objective methods in the near
future.

In the motor industry paint sprayers must maintain
colour control of external body parts and interior
furnishings. Since stocks of coloured materials are held in
different locations a product such as a car seat-cover,
manufactured from three separate sections sewn
together, could be made from materials representing three
different dyeings. Although paints for body work are
frequently obtained from paint manufacturers who hold
master samples, checking of paint on arrival is made at the
motor company. Motor mechanics and assemblers are
additionally required to exercise some colour judgement in
the connection of wires in automobiles; these are some of
the most difficult cables even for colour normals because
the wires are thin and typically involve thin “traces’ of a
different colour as set out in British Standard Automobile
series 7, 1968. Clearly defective colour vision is of major
significance in these activities.

Testing

Colour vision testing is widespread among printing ink
manufacturers but is not universal in the paint industry.
Motor manufacturers appear to limit testing {Ishihara test
only) to electricians and vehicle drivers. The setting of
rigid standards for the colour vision requirements of
personnel should be discouraged; nevertheless it is
strongly recommended that buyers, laboratory personnel
who formulate paint and ink recipes on the basis of visual
colour matching, and quality control personnel, should be
free from all colour anomalies for the consequences of a
mistake in colour identification can be severe.
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Textile Dyeing and Marketing

Colour is of such paramount importance in the textile
coloration industry that there can be few jobs where the
visual discrimination of colour is not critical to the
production process. The handicap of defect could be
major; while objective assessment of colour differences is
popular among the larger manufacturers, the final
assessment of acceptability is a visual detection, by the
customer, and the observer’s appreciation must remain of
paramount concern. Colour judgements are usually made
visually under a standard illuminant as set out in BS 950
Part |, often by a dyer working in isclation.

in view of the multiple variations in substrate and
viewing conditions [7], the job of colour matcher,
colourist or dyer in the textile world is one of the most
exacting. It demands near-perfect colour perception and
the maximum degree of sensitivity to colour differences.
Many production workers, often more than 500 in larger
factories, are involved in less-critical aspects of colour
recognition. In one textile dyeing firm, 80% of employees
were required to show a general awareness of colour
differences and at least 16% needed considerable skill in
colour matching. Dye formulations arrived at by colourists
working in the laboratory are evaluated initially in the
experimental dyehouse. Shade matchings are then estab-
lished in bulk production by dyehouse management, with
the support of quality control staff and production super-
visors. In a large organisation buyers, general managers,
works/production managers, sales managers, salesmen,
chief cotourists and chemists, warehouse, labhoratory and
dyehouse staff, printers, research and quality control
personnel, are all in positions of responsibility for colour.
The matching of stockings in pairs, and the detection of
faults, calls for a high degree of colour sensitivity, since
visual assessment is used exclusively.

In the carpet industry, weavers working independently
are given full responsibility for the selection of thousands
of yarn bobbins, representing up to 32 different hues per
loom. At least 200 of the 350 employees in one factory
took decisions regarding colour which could not be
checked. Most operatives in the carpet industry regularly
deal with colour; up to 5000 workers in a large company
may do so.

The insertion of one or two threads by hand in faulty
carpets demands excellent colour matching ability.
Dispatch staff must select finished goods from warehouse
stores, often from written instructions referring to a
particular type and colour of carpet. Special care is
required when designs are produced in many different
colours and the responsibility is considerable since goods
are often cut at this stage.

Clearly, visual colour assessment plays a part in almost
every aspect of the manufacture and sales of cloth, yarn,
and knitted and woven goods. The financial conse-
quences of mistaken identification could be considerable.

Testing

For many years, the major textile dyeing firms have
recognised the need to restrict employment to colour
normals, although no central policy operates in the
industry. Smaller manufacturers report occasional
important errors resulting from defective colour visicn, in
addition to the frequent disagreements in shade matching
between normal observers. Managers typically favour a
job-related colour vision test. The 100 hue test and the
Davidson-Hemminger colour rule {for colour normals) are
both popular. Trade tests are sometimes devised, such as
modification of Holmgren’'s wool test. As in the paper
printing industry, textile dyers and printers generally show
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dissatisfaction with the Ishihara test on account of its
severity. Widespread screening is highly recommended
for all employees associated with textile coloration,
Limitations should be placed on those who show even
slight colour vision defects; this is particularly important in
carpet manufacturing where colours must be selected for
weaving. Examination should include an assessment of
blue function by means of tritan screening, which at
present is largely neglected.

Few companies are aware of the effects of ageing on
colour discrimination, although differences of opinion
often arise between old and young observers asked to
examine a metameric pair of samples. There is a tendency
for older people to match samples with a red bias.
McLaren [28] has designed a simple test for detecting
such differences but doubts the practical significance of
age changes. In his experience colour matching by older
observers is no less reliable than for young observers, but
this might be disputed. Presumably experience offsets the
physiological effects to some extent. Warburton [29]
argued that since the age differences can be compared to
putting a yellow filter in front of the eye, their effect in
practical situations is akin to varying the colour
temperature of the source possibility over a colour
temperature range of up to 4000 K.

Ceramics

Visual colour matching is a most important feature in the
manufacture and marketing of tiles and bathroom
fitments. Instrument analysis and colour correction may
take over, at least in the sanitaryware field, in the near
future. Tolerances for deep-coloured sanitaryware are
generally wider than for paler hues—but all colour
matching tasks require very critical visual appraisal. The
screening of employees for colour vision defects is
important.

Testing

The importance of good colour vision in operatives is
recognised by many sanitaryware manufacturers
although tile manufacturers are less aware of this
requirement. In companies providing no colour vision
screening, individuals can have the sole responsibility on
colour matching issues.

Metallurgy

The extraction, refining and manufacturing of minerals
frequently involves superficial colour recognition. In
chemical, colorimetric and microscopic analysis and
colour coding, particularly of pipelines, identification
could be difficult for colour defective individuals.
Nevertheless, in general only for electrical activities in the
industry is a colour vision defect regarded by employers as
a serious handicap. It is highly desirable that routine
widespread screening for anomalous colour vision should
be introduced.

Jewellery

The grading and appraisal of gems relies heavily on a very
careful visual colour judgement. Colour can play a signifi-
cant role in determining the price of gemstones especially
diamonds. Since gemstone colours typically fall within the
confusion range of red—green defectives, even the mildest
defect poses a severe handicap, particularly with small
and pale stones.

Testing
In view of this strong dependence on visual colour
assessment, it is highly surprising that colour vision



testing among those engaged in the diamond trade is
seldom carried out, in London’s Hatton Gardens. A sensi-
tive test of colour discrimination such as the Farnsworth—
Munsell 100 Hue test is most suitable for key personnel.

Medical Analysis

In the medical, pharmaceutical or chemical laboratory a
colour change must often be recognised accurately for
diagnostic, analytical or identification purposes. Similar
problems are confronted by all those with faulty colour
vision who undertake chemical analysis, based on the
visual determination of end-points in titrations and the
effects of reagents, in industrial or educational spheres.
Chemical procedure reagents which cause significant
problems to the colour defective include screened Methyl
Orange use, assessment of water hardness, the razurine
and Methylene Blue tests and the examination of the
antibiotic content of milk using the TTC indicator,
Instrumental colour analysis will undoubtedly repiace
many human judgements in these industries except
cosmetics. Diabetics with acquired blue defects can
encounter difficulty in testing their urine against colour-
coded charts.

SIGNIFICANCE IN DAILY LIFE

The demands of colour judgement in daily life are
numerous; only a few can be mentioned. During every
shopping expedition colour assessment is made and even
the colour of packaging is subconsciously important to the
consumer, for he tends to associate a faded carton with
old stock. Manufacturers are well aware that bright, vivid
colours attract buyers,

The colours associated with the ripening of a wide range
of fruit and vegetables {bananas, lemons, oranges, dates,
melons, tomatoes and soft fruit, which when ripened is
red) cause particular difficulties to red—green defectives.
Even choosing flowers or fish by colour can be awkward
for some. Colour defective women report difficulties in
selecting suitable colours for make-up, and matching
threads to textiles.

At home the setting up of a colour TV correctly is almost
an impossible task for even the mild anomalous trich-
romat. Precise colour discrimination is important to
recognise the presence of pus in infected wounds and
even the presence of blood, for example in vomit. In the
aesthetic arts, as a hobby or profession, defective colour
vision is likely to be a considerable handicap.

COLOUR SIGNALS
Traditionally, red has been associated with danger and
green with safety. It is unfortunate that these colours
cause the greatest difficulty to all classes of red—green
defectives. The possibility that colour vision defects might
be the cause of rail and sea disasters stimulated the
development of colour vision tests. Fortunately today
stringent colour vision requirements for recognition are
generally enforced for operators of moving vehicles on
land, sea or in the air, in view of the dangers [13].
Although colour is the dominant feature for recognition
of traffic signals, other cues such as position of signal,
brightness differences between colours, movement of
other traffic and shape can provide secondary indications.
Switzerland has made use of shape-coded traffic signals
and in Canada the red traffic signal is larger than the amber
and green ones [30]. During the Second World War the
need to separate the ‘safe’ from the ‘unsafe’ defective was
realised in the USA, particularly by Farnsworth, on
account of the loss of some 8% of possible recruits to the
service on the grounds of anomalous colour vision.

Interest then became intensified in lantern tests, which
had been in use in Europe for many years, and the ability of
the colour defective to recognise coloured signals. Judd
[31] outiined specifications for red, green and blue pilot
lights which the colour anomalous could use. Clearly,
efforts have been made to recognise the danger involving
the one in twelve males who have some problem with
colours.

How Handicapped is the Colour Defective?

Although ‘the majority’ of colour defectives could use
Judd’s code successfully when presented with point
colour sources, some protanopes experienced difficulty
[32]; thus it is recommended that protanopes should be
excluded from tasks involving recognition of signals. The
difficulty was found to vary with the intensity of the
stimulus and correlated with the severity of colour vision
defect. An extension of this study to intermittent colour
signals flashed for duration times of 0.1 s and 0.25 s and
presented to colour normals and Daltonics, included an
investigation of contrast effects—signal recognition in the
presence of neighbouring secondary signal sources [33].
Increasing the signal brightness and/or flash duration did
assist recognition generally by all groups, although some
added confusion did occur~namely colour normals and
some red-green defectives tended to call blue—green
‘blue” more often at higher luminances than low levels and
the colour defectives called yellow—green signals ‘red’
more often at higher luminances than at lfow ones. The
presence of either a white or red distracting light in the
field of view at a lower luminance than the signal colour,
improved slightly the ability of all observers to identify the
signals correctly, being most effective for green recog-
nition. The colour anomalous group were assisted in this
way even more than the colour normal observers. Both
groups of researchers emphasised that a three-colour
code is unsafe for signals of small angular subtense—which
frequently applies to maritime, and to some extent in
aviation situations.

A real-life maritime situation involving naval midship-
men, arnong them 81 red-green defectives, requiring
colour recognition of typical signals at distances of one,
two and three miles {34] indicated a great number of
errors by the colour anomalous group, and large individual
variability. Although on average the mildly anomalous
were more reliable than extreme defectives, there was no
sigfnificant correlation between performance and degree
of defect. Hence there is no possibility of predicting
handicap within any one class of defectives and employ-
ment for signal duties. Consequently the inclusion of
colour defectives for signal duties demands in every case
individual assessment. Other authors have also reached
such a conclusion for aviation signals, especially at night
[35], and for road traffic signal recognition [36].
Although in general those with mild defects are less
handicapped than the medium or severe defectives there
are always isolated cases of even protanopes and deutera-
nopes who pass a signal test correctly. There is
considerable evidence, therefore, that performance in
clinical tests is not a foolproof indication of practical ability
in tasks requiring colour recognition {7]. Kinney et al.
[34] found that white and green signals presented the
greatest problem to the colour anomalous group, with
protans experiencing more difficulty than deutans.

Performance was impaired with increasing distance
from the source (a smaller angular subtense); at two miles,
colour normals could identify correctly 95% of the time,
while the worst performance for the anomalous group was
50% carrect. At three miles only 80% of signals were
correctly recognised by colour normals, the majority of
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errors being failure to see a signal at all. In the anomalous
group, individuals often either confused colours or failed
to perceive them at this distance. Red was incorrectly
recognised on 56% of occasions by moderate deutans
who also failed to see it 17% of the time. Fewer than 20%
of the red lights were reported correctly by any of the
groups of protans and 61% of protans never saw even one
of the most distant red lights. These errors indicate the
considerable scale of the colour recognition problem for
the colour anomalous and confirm that dichromats experi-
ence most problems.

Road Traffic Signals

The presence of the yellow signal (sometimes described as
amber or orange) in conjunction with red and green, cause
difficulty to the red—green anomalous because these three
colours lie along the confusion loci of protanopes and
deuteranopes. A number of experimental studies of colour
signal recognition, often involving simulations, indicate
that all red—green defectives are significantly slower and
make moare errors than normal observers, especially for
low intensity signals at short observation times and
considerable distances [37—40]. Colour defective
observers are much slower and make more errors in
identifying road traffic signal lights [36]. Verriest et al.
[41] extended this cbservation by measuring the mean
minimum distance between the observer and the traffic
signals at which recognition was possible for at least one
normal, one protanomalous, one protanope, one deuter-
anomalous and one deuteranope. When the position cue
was present, as in the usual vertical presentation of the
signals, red, yellow, green, the distance for correct
identification of the red lights was about 55% of the
normal values for protans and 73% for deutans, compared
with 41% of the normal distance for protans and 33% for
deutans when signals were presented singly on a post
giving no position cue to the subjects. Deutans thus rely
very heavily on the position cue for aid in recognition.
Recognition of the yellow signal was at a distance corres-
ponding to 63% of normal for all red—green defectives
when the position cue was present and for the green signal
was 69% of normal value for protans and 61% for
deutans, showing that the green signal presents greater
difficulty te the deutan group.

From these resuits it is evident that the main danger in
traffic signal recognition lies in the protan group who are
particularly handicapped in recognising the red signal.
This is accounted for firstly by the typical confusion of red
and white/neutral by the protanope whose pseudoiso-
chromatic confusion loci lie directly along the
red—white—blue green axis, and secondly by the abnormal
brightness response of the protans to reds which cause
them to appear very dark. The ‘optimum’ intensity of red
signals, (which would allow recognition with a minimum
time lag), was investigated for both colour normals and
protans in an Australian study. Cole and Brown [40]
concluded that protanopes require four times the intensity
needed by normal observers. In their opinion the red signal
at the optimum luminance for normal drivers is likely to be
seen by protanopes but their response or reaction time to
it may be longer.

Road Signs and Lights

Both protan and deutan defectives have impaired
recognition for road signs such as red stop sighals and car
lights such as red rear brake lights [41]. Protans have
particular difficulty at night detecting a red rear light on a
bicycle. Red reflectors on a variety of vehicles gave
considerable difficulty also to protans. The deutan
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performance was overall as good as and, in some condi-
tions better than that for normal observers. Experience
though, does assist the red—green defective.

Traffic Accident Frequency Among the Colour
Anomalous

The author is personally acquainted with one protanope
whose failure to notice a red traffic signal caused a fatal
road accident, but statistical studies [41—-45] have not
revealed a significantly higher frequency of traffic acci-
dents amongst the colour anomalous. Specific handicaps
of colour deficiency have been confirmed, however.
Protans suffered a higher proportion of accidents
associated with failure to notice red lights (43%) than did
other drivers (26% ), whilst deutans were twice as likely to
err at traffic lights (4.5% of all accidents) than colour-
normal drivers (2.1%). Lighting conditions showed no
significant influence on the accident liability of protans,
but wet weather abnormally increased their accident risk.
A psychological compensation by the colour anomalous
to exercise more vigilance in driving may explain why their
overall accident rate is not unduly high.

CONCLUSIONS AND RECOMMENDATIONS

Clearly the significance of defective colour vision is wide-
ranging. In this review it has been possible to consider only
two general categories in depth — the consequences in the
major colour industries and in communications, through
the use of colour coding in transport. Both are areas of
major importance and in both it has been necessary to
learn of the significance and consequences the hard way.
The first losses of life in accidents by rail and at sea as a
result of defective colour vision [2,46] occurred, by
coincidence, within a year of each other, around 1869.
The lesson was quickly learned, and colour vision tests for
employees concerned with the recognition of coloured
signals had been introduced in many European countries
within five years,

Nevertheless, the early test procedures used by the
Navy [47] proved inadequate and inappropriate, resulting
in frequent cases of dispute and confusion. Although
colour vision tests used in the Armed services have been
reviewed and updated at intervals, a medical officer
closely involved with colour vision screening of potential
recruits, during discussion at a 1975 meeting of the Royal
Society of Medicine, stressed the need for a further
review. The present author supports that view. Transport
authorities and the Armed services have consistently
updated their approach, but this is not generally true for
UK manufacturing industries. Though colour vision
testing is now more widespread than thirty years ago, with
a greater appreciation in most colour industries of the
potential consequences of colour vision defects, testing is
almost always limited to simple screening for red—green
defects. This shows little regard for the wide range of
acquired disturbances in colour vision, which are
potentially far more dangerous in every respect than the
inherited class of defects.

This review has indicated, in particular, the need for a
realistic approach, suited to the needs and requirements
of the individual occupations and tasks within a particular
industry or profession. In many cases simple screening
tests cannot provide sufficient information to assess a
potential handicap; only by the careful use of a diagnostic
test to indicate the severity of the defect can helpful advice
accompany a diagnosis. Furthermore the use of trade
tests, which simulate the job in question, can prove help-
ful to supplement a clinical assessment, providing care is
taken to ensure that the conditions are similar to those



typically encountered in practice, e.g. dirty cables or
resistors and poor illumination.

Confusion surrounds the question of whose responsi-
bility it is to take decisions and give advice on the
suitability of employing a colour defective person and of
carrying out appropriate tests and establishing standards.
This lack of guidance is found also in schools where school
nurses, who are largely responsible for the colour vision
examination of children, and careers officers are ill-
equipped to advise on the possible career restrictions
resulting from faulty colour vision. Readers are referred to
other sources for guidance and further discussion on
these important issues [7,14].
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