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ExECuTIvE summAry

Th�s report descr�bes the find�ngs of the th�rd phase 
of the project sponsored by the Un�ted K�ngdom C�v�l 
Av�at�on Author�ty (CAA) on “M�n�mum Color V�s�on 
Requ�rements for Profess�onal Fl�ght Crew.” Parts I and 
II have already been publ�shed and cover “Use of Color 
S�gnals and Assessment of Color V�s�on Requ�rements,” 
and “V�sual Task Analys�s,” respect�vely. Th�s th�rd part 
of the project, “Recommendat�ons for New Color V�s�on 
Standards,” �nvolved collaborat�on and co-sponsorsh�p 
by the Federal Av�at�on Adm�n�strat�on (FAA). 

M�n�mum color v�s�on requ�rements for profess�onal 
fl�ght crew have been establ�shed by assess�ng the level of 
color v�s�on loss above wh�ch subjects w�th color defic�ency 
no longer perform the most safety-cr�t�cal, color-related 
tasks w�th�n the av�at�on env�ronment w�th the same 
accuracy as normal tr�chromats. The new CAD (Color 
Assessment & D�agnos�s) test prov�des accurate assess-
ment of the appl�cant’s color v�s�on. The results of the 
test establ�sh w�th h�gh spec�fic�ty whether the subject’s 
red-green and yellow-blue color v�s�on performance falls 
w�th�n the normal range and the class and sever�ty of 
color v�s�on loss �n subjects w�th color defic�ency. The 
results of the test also �nd�cate whether the appl�cant’s 
color v�s�on meets the m�n�mum requ�rements for safe 
performance that have emerged as necessary from th�s 
�nvest�gat�on. If the new, exper�ment-based, pass/fa�l 
color l�m�ts were adopted as m�n�mum requ�rements 
for profess�onal fl�ght crew, 36% of deutan subjects and 
30% of protan subjects would be class�fied as safe to fly. 
G�ven the h�gher prevalence of deutan defic�enc�es, these 
find�ngs suggest that 35% of color defic�ent appl�cants 
would be class�fied as safe to fly. 

BACkgrOuNd

The use of color �n av�at�on for cod�ng of s�gnals and 
�nformat�on �s �mportant, hence the need to set adequate 
color v�s�on requ�rements to ensure that fl�ght crew are 
able to d�scr�m�nate and recogn�ze d�fferent colors, both 
on the fl�ght deck and externally. Concern has, however, 
been expressed dur�ng the past few years that the cur-
rent color v�s�on standards, at least w�th�n JAA (Jo�nt 
Av�at�on Author�t�es) member states, are not appropr�ate 
s�nce most tests and pass l�m�ts only screen for normal 
red/green color v�s�on. S�nce the �nc�dence of congen�tal 
yellow/blue defic�ency �s extremely low (see Table 1), the 
absence of red/green defic�ency �s v�rtually equ�valent 
to normal tr�chromacy. Subjects w�th m�n�mal color 
defic�enc�es often fa�l normal tr�chromacy tests, and the 
great major�ty are therefore prevented from becom�ng 

p�lots, although many of these subjects may well be able 
to perform safety-cr�t�cal tasks, as well as normal tr�chro-
mats, when presented w�th the same, suprathreshold color 
s�gnals. In pr�nc�ple, these subjects should be allowed to 
fly. To �nclude some �nd�v�duals w�th m�n�mum color 
defic�ency that may well be safe to fly, some author�t�es 
have e�ther relaxed the pass l�m�ts on tests des�gned to 
screen for normal color v�s�on (e.g., Ish�hara, Dvor�ne) 
or they have �ntroduced less demand�ng tests that ap-
pl�cants w�th m�ld color v�s�on defic�ency can pass. Th�s 
approach does just�ce to some appl�cants but not to others. 
Ex�st�ng, convent�onal color screen�ng tests employed by 
most author�t�es cannot be used to quant�fy accurately 
the sever�ty of color v�s�on loss, and th�s makes �t d�fficult 
to set rel�able pass/fa�l l�m�ts. W�th very few except�ons, 
no red/green color defic�ent appl�cants pass e�ther the 
Ish�hara or the Dvor�ne color screen�ng tests w�th zero 
errors. The same appl�es to anomaloscope matches when 
str�ct cr�ter�a are employed (e.g., when the appl�cant sets 
an appropr�ate red/green m�xture field to match the color 
appearance of a yellow, monochromat�c field, as �n the 
Nagel anomaloscope). In th�s respect, these tests are ex-
cellent, but as has been shown �n several stud�es, ne�ther 
the anomaloscope results (Barbur et al., 2008) nor the 
Dvor�ne/Ish�hara plates (Squ�re et al., 2005) can be used 
to quant�fy rel�ably the sever�ty of color v�s�on loss. 

When the pass l�m�ts are relaxed, the outcome of such 
tests no longer guarantees normal tr�chromat�c perform-
ance �n the most safety-cr�t�cal, color-related tasks. The 
FAA gu�del�nes for av�at�on med�cal exam�ners (www.faa.
gov/about/office_org/headquarters_offices/avs/offices/
aam/ame/gu�de/) �n relat�on to color v�s�on tests, test-
�ng procedures, and pass l�m�ts are d�fferent from those 
pract�ced �n Europe. The JAA member states employ the 
Ish�hara screen�ng test to �dent�fy appl�cants w�th red/green 
defic�ency. No errors on any of the first 15 plates of the 
24-plate Ish�hara set are allowed �n order to pass. Most 
color defic�ent observers (both deutan and protan) fa�l 
th�s str�ngent use of the Ish�hara test, except for a very 
small number of m�n�mum deuteranomalous that pass. 
In add�t�on, ~15% of normal tr�chromats (an est�mate 
based on 202 normal tr�chromats exam�ned at Appl�ed 
V�s�on Research Centre (AVRC)) also fa�l the Ish�hara, 
when one employs the str�ct CAA/JAA pass/fa�l cr�ter�a. 
Secondary tests such as the Holmes-Wr�ght Type A (HW) 
lantern (used �n the Un�ted K�ngdom) are employed, 
and although some color defic�ent observers (mostly 
deuteranomalous subjects, see d�scuss�on sect�on) pass 
these tests, the sever�ty of the�r color v�s�on loss rema�ns 
unknown. One advantage of us�ng the HW lantern as a 
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secondary test �s that normal tr�chromats pass th�s test 
and are therefore not d�sadvantaged when they fa�l the 
Ish�hara test. M�ld deuteranomalous subjects that pass 
the lantern tests cannot be d�st�ngu�shed from normal 
tr�chromats on the bas�s of these tests. These subjects 
(�.e., the deutan appl�cants that pass the HW lantern) are 
therefore allowed to fly. All protan subjects fa�l the HW 
test, but some may have suffic�ent chromat�c sens�t�v�ty 
to carry out safety-cr�t�cal color tasks, as well as normal 
tr�chromats. It �s, therefore, clear that, at least �n the UK 
(wh�ch employs the HW lantern as the secondary test), 
protans are very l�kely to be excluded. 

The current procedures w�th�n JAA are therefore 
unsat�sfactory for at least two reasons. F�rst, there �s no 
guarantee that the deutan subjects that pass secondary 
tests can cope w�th safety-cr�t�cal, color-related tasks s�nce 
the sever�ty of the�r color v�s�on loss rema�ns unquant�-
fied. Second, many color defic�ent subjects that can carry 
out such tasks safely fa�l the lantern tests and w�ll not be 
allowed to fly. There are also other add�t�onal problems. 
The pass/fa�l var�ab�l�ty of d�fferent convent�onal, color 
screen�ng tests �s h�gh (Squ�re et al., 2005). Although 
subjects w�th m�n�mum color defic�ency may somet�mes 
pass these tests, the results prov�de no rel�able �nformat�on 
as to the m�n�mum color v�s�on requ�rements that can be 
cons�dered safe w�th�n the av�at�on env�ronment. 

Another �mportant, pract�cal aspect of regulatory test-
�ng of color v�s�on �s that asp�r�ng p�lots are often h�ghly 
mot�vated to pass a screen�ng test. The context �n wh�ch 
the test �s undertaken �s therefore very d�fferent to the 
cl�n�cal sett�ng. It �s known that, �n order to pass the 
Ish�hara test, or s�m�lar pseudo�sochromat�c tests, color 
defic�ent appl�cants have been known to have learned 
the correct responses, so as to max�m�ze the�r chances 
of pass�ng the test. It �s, for that reason, �mportant to 
el�m�nate any opportun�ty of learn�ng the r�ght answers 
to pass a screen�ng test. When used �n the recommended 
cl�n�cal sett�ngs, most of the popular occupat�onal color 
tests exh�b�t large w�th�n-subject and �nter-subject var�-
ab�l�ty, even w�th�n normal tr�chromats (Squ�re et al., 
2005). The recommended surround, amb�ent v�ew�ng 
cond�t�ons, measurement procedures, and �nterpreta-
t�on of results can vary s�gn�ficantly from country to 
country, even when the same tests are employed. Many 
ICAO member states have d�fferent requ�rements for 
color v�s�on assessment and use d�fferent tests. W�th�n 
the JAA, the HW (Un�ted K�ngdom), the Spectrolux 
(Sw�tzerland), the Beyne (France, Belg�um, and Spa�n) 
lanterns, and the Nagel anomaloscope (Germany) are 
recogn�zed secondary tests. S�nce the correlat�on between 
the outcomes of d�fferent tests �s poor (Squ�re et al., 2005), 
�t �s not uncommon for p�lot appl�cants to fa�l the color 
v�s�on assessment �n one country and to pass �n another. 

Although such occurrences have not passed unnot�ced, no 
adequate solut�ons have emerged to set m�n�mum l�m�ts 
of color v�s�on sens�t�v�ty that can be cons�dered opera-
t�onally “safe” w�th�n spec�fied env�ronments. The lack 
of adequate solut�ons to th�s problem expla�ns why some 
author�t�es unknow�ngly �ns�st on normal tr�chromacy 
(wh�ch �s largely what �s ach�eved when current pass/fa�l 
l�m�ts are employed w�th Ish�hara as the pr�mary test and 
HW lantern as the secondary test). 

The FAA gu�del�nes are more l�beral and allow for the 
use of var�ous pseudo�sochromat�c plates (e.g., Ish�hara, 
Dvor�ne, AOC-HRR, R�chmond 1983-ed�t�on, 15 plates, 
etc.) w�th relaxed pass/fa�l l�m�ts (e.g., the appl�cant has to 
make seven or more errors �n order to fa�l the Ish�hara or 
Dvor�ne tests). Alternat�ve tests such as Farnsworth lantern 
(FALANT), Keystone Orthoscope, etc., can also be used 
as acceptable subst�tutes. As far as the FAA gu�del�nes are 
concerned, the analys�s of results �s restr�cted to the FAA 
approved tests that have been �ncluded �n th�s �nvest�ga-
t�on (�.e., Ish�hara and Dvor�ne). In add�t�on, the Av�at�on 
L�ghts Test (�.e., a mod�fied Farnsworth lantern that was 
developed to screen a�r traffic controllers, see F�g. 7 �n 
full report) was also �ncluded �n th�s �nvest�gat�on. 

NEw dEvElOpmENTs

Advances �n understand�ng human color v�s�on 
(Barbur, 2003) and the development of novel methods 
to measure accurately the loss of chromat�c sens�t�v�ty 
(Barbur et al., 1994) have prompted the CAA to spon-
sor new stud�es to exam�ne how color v�s�on loss can be 
measured accurately and also to establ�sh m�n�mum color 
v�s�on requ�rements for c�v�l av�at�on profess�onal p�lots. 
As a result of the progress made �n these stud�es, �t �s now 
poss�ble to define the var�ab�l�ty that ex�sts w�th�n normal 
color v�s�on and to detect w�th confidence and class�fy 
accurately even the smallest congen�tal color v�s�on defi-
c�enc�es that somet�mes pass undetected �n convent�onal, 
occupat�onal color v�s�on tests. More �mportantly, �t �s 
now poss�ble to ach�eve the a�m of the project, �.e., to 
quantify the severity of color vision loss and to recommend 
minimum color vision requirements by establishing the level 
of color vision loss when color deficient observers can no longer 
perform the most safety-critical, color-related tasks with the 
same accuracy as normal trichromats. 

A number of developments that have emerged from 
the stud�es carr�ed out dur�ng the last few years have made 
�t poss�ble to ach�eve the a�m of th�s project:

A Color Assessment and D�agnos�s (CAD) test that 
employs novel techn�ques to �solate the use of color 
s�gnals and measures accurately both red-green (RG) 
and yellow-blue (YB) chromat�c sens�t�v�ty has been 
developed and val�dated (see F�g. 9).

•
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A study that compared outcome measures �n the most 
common, occupat�onal color v�s�on tests, �n both 
normal tr�chromats and �n a large number of color 
def�c�ent observers, has �mproved our understand�ng 
of current l�m�tat�ons. The f�nd�ngs from th�s study 
also just�fy the need for a test that can be used to ac-
curately measure the subject’s chromat�c sens�t�v�ty 
and the var�ab�l�ty expected w�th�n the color normal 
populat�on (Squ�re et al., 2005).
The establ�shment of color d�scr�m�nat�on l�m�ts for 
normal v�s�on (�.e., the standard normal CAD observer 
based on RG and YB color detect�on thresholds mea-
sured �n ~250 normal tr�chromats) prov�des a template 
for detect�on of abnormal sens�t�v�ty (Rodr�guez-
 Carmona et al., 2005; see F�g. 8). In add�t�on, s�m�lar 
measurements �n over 300 color def�c�ent observers that 
part�c�pated �n several projects related to color v�s�on 
prov�ded the data needed to descr�be the d�fferences �n 
the sever�ty of color v�s�on loss w�th�n deuteranomalous 
and protanomalous observers (see F�g. 12).
Ident�f�cat�on of the most �mportant, safety-cr�t�cal, 
color-related tasks for p�lots, and fa�thful reproduc-
t�on of such tasks �n the laboratory made �t poss�ble to 
establ�sh exper�mentally the safe l�m�ts of color v�s�on 
loss. The v�sual task analys�s carr�ed out as part of th�s 
study �dent�f�ed the Prec�s�on Approach Path Ind�cator 
(PAPI) as the most �mportant, safety-cr�t�cal task that 
rel�es largely on color v�s�on. At some a�rports, color 
s�gnals are also used for al�gn�ng the a�rcraft when ap-
proach�ng the park�ng area, and �n such cases, correct 
color recogn�t�on �s cr�t�cal to the safe accompl�shment 
of th�s task. There are many other tasks that �nvolve 
the use of color s�gnals, but they �nvolve larger st�mul�. 
The v�ew�ng �s under more favorable cond�t�ons of l�ght 
adaptat�on and other cues make the color cod�ng less 
cr�t�cal. In the case of the PAPI l�ghts, �t �s essent�al 
that the p�lot d�st�ngu�shes accurately the number of 
“wh�te” and “red” l�ghts. Moreover, the p�lot needs 
to recogn�ze the four adjacent l�ghts as “wh�te,” when 
too h�gh, and as “red,” when too low. The PAPI l�ghts 
task �s demand�ng s�nce the l�ghts can be very small 
(�.e., subtend a very small v�sual angle at the eye) and 
are often seen aga�nst a dark background (see F�g. 
18) when color d�scr�m�nat�on sens�t�v�ty �s known 
to be poor. 
Color d�scr�m�nat�on l�m�ts (based on the CAD test) 
that can be class�f�ed as safe for p�lots �n c�v�l av�at�on 
have been establ�shed. Th�s was ach�eved by measur-
�ng and relat�ng PAPI task performance and color 
d�scr�m�nat�on sens�t�v�ty as assessed on CAD, s�gnal 
l�ghts, and a number of other color v�s�on tests (see 
descr�pt�on below) �n 40 protanomalous, 77 deuter-
anomalous, and 65 normal tr�chromats. There are other 

•

•

•

•

v�sual tasks that can be classed as safety-cr�t�cal, but 
these generally �nvolve larger and br�ghter l�ghts, and 
are therefore eas�er to carry out. These tasks e�ther rely 
on color d�scr�m�nat�on (such as the red-green park�ng 
l�ghts) or, �n some cases, the tasks benef�t from the use 
of color s�gnals as redundant �nformat�on (such as the 
“green” runway threshold l�ghts). In add�t�on to the 
red-green park�ng and the green runway threshold 
l�ghts, there are also a number of other runway l�ghts: 
the red-wh�te centerl�ne l�ghts, the green-yellow lead-off 
l�ghts, and the red stopway l�ghts. The tasks that �nvolve 
these add�t�onal l�ghts have not been s�mulated �n the 
laboratory, but, as argued �n the ma�n report, they are 
e�ther less demand�ng �n terms of color d�scr�m�na-
t�on, or the color s�gnals are only used to re�nforce the 
funct�onal s�gn�f�cance of the l�ghts. 
Data show�ng correlat�on between PAPI scores and 
CAD sens�t�v�ty thresholds are shown �n F�g. 23 
for normal, deuteranomalous, and protanomalous 
observers.

prINCIpAl CONClusIONs

Subjects w�th red/green congen�tal color def�c�ency 
exh�b�t an almost cont�nuous loss of chromat�c sen-
s�t�v�ty. The loss of sens�t�v�ty (when expressed �n 
Standard Normal (CAD) un�ts (SN un�ts) �s greater 
�n protanomalous than deuteranomalous observers 
(F�g. 12). 
When the amb�ent level of l�ght adaptat�on �s adequate, 
normal ag�ng does not affect s�gn�f�cantly e�ther RG or 
YB thresholds below 60 yrs of age (see F�g. 13).
Analys�s of PAPI results shows that the use of a mod�f�ed 
“wh�te” l�ght results �n s�gn�f�cant, overall �mprove-
ments �n PAPI performance, part�cularly w�th�n 
normal tr�chromats and deuteranomalous observers. 
The mod�f�ed (or color corrected wh�te) �s ach�eved 
s�mply by add�ng a color correct�on f�lter to the stan-
dard wh�te l�ghts produced by the source. The f�lter 
employed �n th�s study decreased the color temperature 
of the standard wh�te (used �n PAPI systems) by 200 
MIREDS (m�cro rec�procal degrees). 
The deuteranomalous subjects �nvest�gated �n th�s 
study w�th CAD thresholds <6 SN un�ts and the 
protanomalous subjects w�th CAD thresholds <12 
SN un�ts perform the PAPI test, as well as normal 
tr�chromats.
43 of the 77 deuteranomalous subjects fa�led the PAPI 
test. 29 out of the rema�n�ng 34 subjects that passed 
the PAPI test had CAD thresholds <6 SN un�ts. 
20 of the 40 protanomalous subjects fa�led the PAPI 
test. 13 out of the rema�n�ng 20 subjects that passed 
the PAPI test had CAD thresholds <12 SN un�ts. 

•

•

•

•

•

•

•
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A small number of deuteranomalous (5) and prot-
anomalous (7) observers w�th thresholds h�gher than 
6 and 12 SN un�ts, respect�vely, passed the PAPI test. 
All these subjects do, however, exh�b�t poor overall 
RG chromat�c sens�t�v�ty �n all the other color tests 
employed �n the study and are therefore l�kely to be 
d�sadvantaged �n many other suprathreshold v�sual 
performance tasks that �nvolve color d�scr�m�nat�on. 
The results suggest that subjects w�th m�n�mum 
color def�c�ency that does not exceed 6 SN un�ts for 
deuteranomalous observers and 12 SN un�ts for prot-
anomalous observers perform the PAPI test as well as 
normal tr�chromats. If these f�nd�ngs were adopted 
as pass/fa�l l�m�ts for p�lots ~35% of color def�c�ent 
appl�cants would be class�f�ed as safe to fly. 
The adm�n�strat�on of the CAD test el�m�nates the 
need to use any other pr�mary or secondary tests. It 
�s proposed that a rap�d, reduced vers�on of the CAD 
test (labelled fast-CAD) �s adm�n�stered f�rst to estab-
l�sh whether the appl�cant passes w�th no errors the 

•

•

•

6 SN l�m�t establ�shed for deutan subjects. Deutans 
represent ~6% of color def�c�ents and 36% of deutan 
subjects pass the recommended CAD l�m�t (see Table 
3). When one �ncludes normal tr�chromats, ~94% of 
all appl�cants w�ll pass the fast-CAD screen�ng test and 
be class�f�ed as safe to fly. Th�s process �s very eff�c�ent 
s�nce the fast-CAD test �s s�mple to carry out and 
takes less than 30 seconds to complete. The def�n�t�ve 
CAD test (wh�ch takes between 6 to 8 m�nutes for RG 
sens�t�v�ty) �s adm�n�stered only when the appl�cant 
fa�ls the fast-CAD screen�ng test. The latter establ�shes 
the class of color def�c�ency �nvolved and whether 
the appl�cant’s threshold �s below the pass/fa�l l�m�t 
establ�shed for protan subjects. In add�t�on, the CAD 
test prov�des the opt�on to test the appl�cants YB color 
v�s�on. Th�s opt�on reveals whether the appl�cant’s YB 
d�scr�m�nat�on sens�t�v�ty falls w�th�n the normal range. 
In v�ew of the �ncreased use of color �n av�at�on, test-
�ng for normal YB thresholds can also be of relevance 
to av�at�on safety. 
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dEfINITIONs

For a relevant l�st of defin�t�ons refer to a prev�ous CAA Paper 2006/04 (CAA 2006a). 
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ALT --------- Av�at�on L�ght Test 
ATC -------- A�r Traffic Control 
ATCS ------- A�r Traffic Control Spec�al�st
AVRC ------ Appl�ed V�s�on Research Centre (C�ty Un�vers�ty)
CAA -------- C�v�l Av�at�on Author�ty
CAD -------- Color Assessment and D�agnos�s test
CIE --------- Comm�ss�on Internat�onale de l’Ecla�rage
CS ---------- Chromat�c Sens�t�v�ty
FAA --------- Federal Av�at�on Adm�n�strat�on
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MiniMuM Color Vision requireMents for Professional flight Crew, 
Part iii: reCoMMendations for new Color Vision standards

1.0 INTrOduCTION

Occupat�onal color v�s�on standards were �ntroduced 
�n av�at�on �n 1919 by The Aeronaut�cal Comm�ss�on of 
the Internat�onal C�v�l A�r Nav�gat�on Author�ty. These 
standards reflected both the needs and the methods ava�l-
able for color v�s�on assessment at the t�me. Concern has 
been expressed dur�ng the last few years that the current 
JAR (Jo�nt Av�at�on Requ�rements) color v�s�on standards 
may be too str�ngent and, at the same t�me, also var�able. 
The tests employed do not always reflect the tasks p�lots 
encounter �n today’s av�at�on env�ronment. An exam�na-
t�on of current standards and techn�ques employed to 
assess color v�s�on requ�rements suggests the need for a 
more un�fied color v�s�on test to prov�de a measure of color 
v�s�on loss that relates d�rectly to the most safety-cr�t�cal, 
color-related tasks w�th�n the av�at�on env�ronment (Cole, 
1993). The current color v�s�on standards and accepted 
JAA (Jo�nt Av�at�on Author�t�es) color v�s�on tests for 
profess�onal fl�ght crew have been rev�ewed by the Un�ted 
K�ngdom C�v�l Av�at�on Author�ty (UK CAA). Th�s re-
port follows other CAA documents publ�shed �n 2006: 
“M�n�mum Color V�s�on Requ�rements for Profess�onal 
Fl�ght Crew: Part 1. The Use of Color S�gnals and the 
Assessment of Color V�s�on Requ�rements �n Av�at�on, 
and Part 2. Task Analys�s.”

1.1.1 The use of Color in Aviation
The use of color �n the av�at�on env�ronment �s 

�mportant s�nce �t makes poss�ble the effic�ent cod�ng 
of s�gnals and �nformat�on and th�s, �n turn, enhances 
v�sual performance, prov�ded the subjects can make use 
of color s�gnals. Humans w�th normal tr�chromat�c color 
v�s�on possess three d�st�nct classes of cone photorecep-
tors. These conta�n short (S), m�ddle (M), and long (L) 
wavelength sens�t�ve photop�gments w�th appropr�ate 
peak absorpt�on wavelengths (λ

max
). Var�ant L- and/or 

M-cone genes can cause s�gn�ficant sh�fts �n λ
max

 and th�s, 
�n turn can cause large changes �n chromat�c sens�t�v�ty. 
In add�t�on to λ

max
 changes, other factors such as the 

amount of p�gment present �n photoreceptors can also 
affect chromat�c sens�t�v�ty. Red/green defic�ency �s the 
most common type and �s caused by e�ther the absence 
of or the abnormal funct�on�ng of L- or M-cones. The 
correspond�ng cond�t�on �s normally descr�bed as protan 
or deutan defic�ency, respect�vely. Color v�s�on defic�ency 
affects approx�mately 8% of men and less than 1% of 
women (see table �n sect�on 4.4).

Av�at�on acc�dents have h�gh soc�al and econom�c 
costs, espec�ally �f the acc�dent �nvolves large passenger 
a�rcraft. R�gorous safety standards have been establ�shed 
over decades to decrease the probab�l�ty of av�at�on ac-
c�dents. An �mportant strategy �n ach�ev�ng h�gh levels 
of safety �n av�at�on �s to bu�ld redundancy �n equ�pment 
and the �nterpretat�on of s�gnals and other �nformat�on 
by p�lots and other personnel. Color �s used extens�vely 
to code �nformat�on �n the av�at�on env�ronment, and 
p�lots are normally expected to have good color d�s-
cr�m�nat�on. Even when other cues are also ava�lable, the 
ab�l�ty to use color �nformat�on �ncreases redundancy, 
and �n some tasks, th�s �mproves cons�derably the level 
of v�sual performance that can be ach�eved. Some acc�-
dents have been l�nked to loss of color v�s�on (Nat�onal 
Transportat�on Safety Board, 2004). There �s also some 
ev�dence to suggest that the l�kel�hood of acc�dents �s 
�ncreased �n p�lots that are color defic�ent (V�ngrys & 
Cole, 1986). Other stud�es have shown that subjects 
w�th color v�s�on defic�enc�es make more errors and are 
slower �n recogn�z�ng av�at�on s�gnals and color coded 
�nstrument d�splays (V�ngrys & Cole, 1986; Cole & 
Maddocks, 1995; Squ�re et al., 2005). There are also a 
small number of tasks �n wh�ch color �nformat�on �s not 
used redundantly; therefore, the correct �nterpretat�on 
of color s�gnals becomes very �mportant.

1.1.2 Current Color vision requirements and As-
sessment methods in Aviation

The Internat�onal C�v�l Av�at�on Organ�sat�on (ICAO) 
requ�res member nat�ons to ma�nta�n a color v�s�on stand-
ard to ensure p�lots can recogn�ze correctly the colors of 
s�gnal l�ghts used �n av�at�on: “The applicant shall be re-
quired to demonstrate the ability to perceive readily those colors 
the perception of which is necessary for the safe performance 
of duties” (ICAO, 2001b). Many ICAO member states 
have d�fferent requ�rements for color v�s�on assessment 
and employ d�fferent tests as the standard.

In Europe, there �s agreement among the 38 members 
of the JAA to apply the same standards, at least �n terms 
of pr�mary tests. The current JAA color v�s�on requ�re-
ments (Sect�on 1; JAR-FCL 3, 2002) use the Ish�hara 
pseudo-�sochromat�c test (sect�on 1.3.1 of th�s report) 
as a screen�ng test for color v�s�on. The JAA use the first 
15 plates of the 24-plate vers�on of the Ish�hara pseudo-
�sochromat�c test, w�th no errors as the pass cr�ter�a. If 
the appl�cant fa�ls th�s test then e�ther a lantern test or 
the Nagel anomaloscope test �s used. The three lanterns 
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recommended by the JAA are the Holmes-Wr�ght Type 
A (Un�ted K�ngdom), the Spectrolux (Sw�tzerland), and 
the Beyne (France, Belg�um and Spa�n). The subjects pass 
when they make no errors on the correspond�ng lantern 
test. For the Nagel anomaloscope (sect�on 1.3.3 of th�s 
report), “This test is considered passed if the color match is 
trichromatic and the matching range is 4 scale units or less…” 
(See Append�x 14 to subpart B; JAR-FCL 3, 2000). The 
tests currently employed by JAA member states and the 
correspond�ng pass/fa�l cr�ter�a are fully descr�bed �n the 
report by the CAA (C�v�l Av�at�on Author�ty, 2006a).

In the U.S.A., the Federal Av�at�on Adm�n�strat�on 
(FAA) gu�del�nes are more l�beral, and the approved 
pr�mary tests �nclude Ish�hara, Dvor�ne, AOC-HRR, 
R�chmond, etc. The pass l�m�ts are also more relaxed 
wh�ch favors some appl�cants w�th m�ld color defic�ency. 
Other tests �nclude the Farnsworth Lantern, Keystone 
Orthoscope, etc. In except�onal cases, th�s can then be 
followed by the more pract�cal S�gnal L�ght Gun Test 
(SLGT), usually carr�ed out �n an a�rport tower. Th�s 
approach does just�ce to some appl�cants but not to 
others (see sect�on 4). The d�sadvantage of th�s more 
l�beral approach �s that when the pass l�m�ts are relaxed, 
the pass/fa�l outcome of the screen�ng tests no longer 
guarantees normal performance �n the most safety-cr�t�cal, 
color-related tasks.

Follow-up color v�s�on tests may be carr�ed out for re-
newal of Class 1 med�cal cert�ficates. W�th�n the JAA, the 
Ish�hara plates wh�ch screen only for red/green defic�ency 
are normally used for th�s assessment. Any yellow-blue 
loss (e�ther congen�tal or acqu�red) w�ll not therefore be 
p�cked up by th�s test (sect�on 1.6 of th�s report). S�nce 
changes �n chromat�c sens�t�v�ty are often �nd�cat�ve of 
early-stage system�c (e.g., d�abetes) or ocular d�seases 
(e.g., glaucoma, age-related macular degenerat�on), �t 
�s recommended that both red-green and yellow-blue 
color sens�t�v�ty should be assessed w�th every med�cal 
exam�nat�on and any s�gn�ficant changes noted. The data 
can then be used to detect when the progress�on of any 
�nherent cond�t�on y�elds color thresholds that fall outs�de 
the range establ�shed for normal v�s�on.

1.1.3 problems Identified with Current Assessment 
methods and procedures

Current color v�s�on requ�rements vary from country 
to country, even w�th�n the JAA member states. The cor-
relat�on between the outcomes of d�fferent tests �s poor; 
therefore, �t �s not uncommon for p�lot appl�cants to fa�l 
the color v�s�on assessment �n one country and to pass 
�n another (Squ�re et al., 2005). Th�s �s not completely 
unexpected g�ven the large �nter-subject var�ab�l�ty, the 
d�fferent factors that can contr�bute to loss of chromat�c 
sens�t�v�ty, and the d�fferent character�st�cs of the var�ous 

color v�s�on tests. The lack of standard�zat�on often causes 
confus�on among appl�cants and prov�des the opportun�ty 
to attempt several tests �n order to pass one of the many 
color v�s�on standards.

1.1.4 A New Approach Based on recent Advances 
in Color vision Testing

Advances �n the understand�ng of human color v�s�on 
(Barbur, 2003) and the development of novel methods to 
measure accurately the loss of chromat�c sens�t�v�ty (Barbur 
et al., 1994) have prompted the UK CAA and the FAA 
to sponsor new stud�es to exam�ne how color v�s�on loss 
can be measured accurately and to establ�sh m�n�mum 
color v�s�on requ�rements for profess�onal p�lots. As part 
of the CAA funded study, the current accepted JAA color 
v�s�on requ�rements for profess�onal fl�ght crew have been 
rev�ewed and the var�ab�l�ty assoc�ated w�th the most 
common occupat�onal color v�s�on tests assessed, both 
�n normal tr�chromats and �n subjects w�th red/green 
color defic�ency. The a�m of the current project was to 
establ�sh m�n�mum l�m�ts of color v�s�on sens�t�v�ty that 
can be cons�dered to be operat�onally “safe” w�th�n the 
av�at�on env�ronment. Th�s jo�nt report follows other 
CAA documents publ�shed �n 2006 (CAA 2006/04): 
“M�n�mum Color V�s�on Requ�rements for Profess�onal 
Fl�ght Crew: Part 1. The Use of Color S�gnals and the 
Assessment of Color V�s�on Requ�rements �n Av�at�on, 
and Part 2, Task Analys�s.”

1.1.5 A New Color vision Test
Ideal color v�s�on assessment requ�res a test that (�) 

prov�des true �solat�on of color s�gnals and quant�fies 
the sever�ty of color v�s�on loss, (��) �s based on data that 
descr�be the stat�st�cal l�m�ts of color d�scr�m�nat�on �n 
“normal” tr�chromats, so as to be able to d�fferent�ate 
m�n�mal color v�s�on loss due to congen�tal and acqu�red 
defic�enc�es from fluctuat�ons expected w�th�n normal 
tr�chromats, (���) has enough sens�t�v�ty to detect “m�n�-
mal” defic�enc�es and to class�fy accurately the class of 
defic�ency �nvolved, and (�v) can be used to detect and 
mon�tor “s�gn�ficant changes” �n color sens�t�v�ty over 
t�me. The Color Assessment and D�agnos�s (CAD) test 
has been developed and �mproved over several years to 
fulfill these requ�rements (Sect�on 1.4 of th�s report).

1.2 Identification of the most safety-Critical and 
demanding Color vision Tasks

An �mportant aspect of th�s study was to �nvest�gate 
whether subjects w�th m�n�mal color v�s�on loss were 
able to carry out the most demand�ng, safety-cr�t�cal, 
color-related tasks w�th the same accuracy as normal 
tr�chromats. If the find�ngs �nd�cate that “normal” color 
v�s�on �s not requ�red to carry out such tasks, �t then 
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becomes �mportant to establ�sh the l�m�ts of color v�s�on 
loss that can st�ll be cons�dered safe w�th�n the av�at�on 
env�ronment.

The approach adopted �n th�s �nvest�gat�on was to 
relate the accurate assessment of color v�s�on loss to the 
subject’s ab�l�ty to carry out the safety-cr�t�cal, color-based 
tasks w�th�n a spec�fied env�ronment when the use of cues 
other than color was m�n�m�zed. A v�sual task analys�s 
was carr�ed out (CAA, 2006a) to �dent�fy and character�ze 
the most �mportant safety-cr�t�cal, color-related tasks for 
fl�ght crew. The PAPI and the park�ng s�gnal l�ghts were 
found to be the most safety-cr�t�cal, color-related tasks 
when no redundant �nformat�on �s ava�lable to carry out 
the task. An earl�er study by Cole and Maddocks (1995) 
also �dent�fied the PAPI l�ghts as the most safety-cr�t�cal, 
color-related task. The PAPI l�ghts prov�ded the p�lot 
w�th accurate gl�de slope �nformat�on on final approach 
to land�ng us�ng four l�ghts, each of wh�ch can be e�ther 
red or wh�te. Two wh�tes and two reds �nd�cate correct 

approach path, too many reds �nd�cate that the approach 
he�ght �s too low, and too many wh�tes �nd�cate that the 
approach he�ght �s too h�gh. The geometry of the PAPI 
s�gnal system �s shown �n F�g. 1a (see also F�g. 2a).

An alternat�ve system, the VASI (V�sual Approach 
Slope Ind�cator), �s somet�mes used �n North Amer�ca and 
Austral�a. The VASI �s more expens�ve and requ�res more 
space. There are several vers�ons of the VASI system, but 
the ma�n task of the p�lot rema�ns the d�scr�m�nat�on of 
hor�zontal bars of well defined red and wh�te l�ghts (see 
F�g.1b). The more favorable geometry and the greater 
angular separat�on of the l�ghts make the VASI color 
d�scr�m�nat�on task less demand�ng than the PAPI. In the 
T-VASI vers�on of the system, the chang�ng geometry of 
the l�ghts prov�des the requ�red approach slope �nforma-
t�on, hence the color cod�ng �s used redundantly. The PAPI 
l�ghts system �s v�sually more demand�ng. The angular 
subtense of each of the four red/wh�te l�ghts corresponds 
to the smallest ret�nal �mage that can be produced by the 
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Figure 1a: The Precision Approach 
Path Indicator (PAPI) signal lights 
are used to inform pilots of the 
correct glide path for landing. This is 
an efficient system since it consists 
only of four lights, each of ~ 8” 
diameters, spaced 9m apart. The 
angular subtense of the lights 
remains relatively unchanged 
beyond ~ 800m, but the retinal 
illuminance of the lights decreases. 
The output of the lamps can be 
adjusted using 6 preset lamp current 
settings. The disadvantage is that 
the correlated color temperature of 
the lamp changes significantly and 
this affects mostly the color of the 
“white” lights (see section 2).   

Figure 1b: The
Visual Approach 
Slope Indicator 
(VASI) and the more 
sophisticated T-
VASI systems. The 
correct angle of 
approach is 
indicated as red over 
white. The T-VASI 
requires more space 
and is more 
expensive, but the use of color provides only redundant information.
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opt�cs of the eye, and the red/wh�te color cod�ng �s used 
non-redundantly. Th�s project has, therefore, focused on 
the PAPI l�ghts as the most safety-cr�t�cal, color-coded 
task for p�lots.

1.2.1 Other uses of signal lights within the Avia-
tion Environment

There are many other color s�gnals that are used �n 
the av�at�on env�ronment to enhance consp�cu�ty, code 
�nformat�on, and group objects of �nterest together. These 
s�tuat�ons are less safety-cr�t�cal, �nvolve the use of larger 
st�mul� under more favorable cond�t�ons of l�ght adapta-
t�on, and the same �nformat�on �s also ava�lable �n some 
other ways (e.g., text or aud�ble s�gnals). The PAPI s�gnal 
system, on the other hand, offers no redundancy – at 
n�ght there �s no other un�que cue �n add�t�on to color 
d�scr�m�nat�on to help the p�lot recogn�ze the red and 
wh�te l�ght s�gnals rel�ably to v�sually determ�ne whether 
the a�rcraft �s on the correct approach path for land�ng.

a. Parking Lights
Park�ng the a�rcraft requ�res the correct al�gnment of 

the a�rcraft w�th the l�ne of approach. The p�lot �s a�ded 
�n th�s task by the red-green park�ng l�ghts. Both l�ghts 
are seen as green when the a�rcraft �s pos�t�oned correctly 
for approach. A red-green comb�nat�on (see photograph 
of park�ng l�ghts �n F�g. 2b) s�gnals that the a�rcraft has 
to veer slowly (towards the green l�ght) to ensure that the 
p�lot sees two green l�ghts.

Th�s �s a color-related, safety-cr�t�cal task s�mply 
because no other redundant cues are ava�lable; however, 
the l�ghts are br�ght, the color d�fference between the 
l�ghts �s large, and the l�ghts subtend a large v�sual angle 
at the eye. Consequently, the color d�scr�m�nat�on task 
�s less demand�ng, and �t �s expected that observers w�th 
m�n�mum color v�s�on defic�ency may be able to carry out 

th�s task w�th the same accuracy as normal tr�chromats. 
Th�s task was not �nvest�gated �n th�s study.

b. Runway and Taxiway Lights
The l�ght�ng of runways and tax�ways �nvolves the use 

of color s�gnals, but the use of color for cod�ng �s often 
redundant. The correct �nformat�on �s also prov�ded by 
the geometry of the l�ghts. Runway l�ght�ng �s used for 
land�ng and take-off. On approach, the l�ght�ng of the 
runway prov�des essent�al �nformat�on that y�elds outl�ne 
v�ews of the geometry of the runway. On touch-down, 
the l�ghts form un�que geometr�c l�nes and shapes that 
convey spec�fic �nformat�on. A part�cular runway may 
have some or all of the follow�ng l�ghts:

Runway Edge Lights are wh�te (or amber) and run the 
length of the runway on each s�de.
Runway Threshold Lights are green and �nd�cate the 
start�ng po�nt for the ava�lable land�ng d�stance.
Runway End Lights are red and del�neate the extrem�ty 
of the runway that �s ava�lable for maneuver�ng.
Runway Centerline Lights start wh�te, become red-wh�te 
�nterm�ttent and then red only, towards the end of 
ava�lable runway for take-off.
Touchdown Zone L�ghts cons�st of rows of wh�te 
l�ght bars (w�th three �n each row) on e�ther s�de of 
the centerl�ne over the f�rst 914 m of the runway (or 
to the m�dpo�nt, wh�chever �s less).
Stopway Lights are four un�d�rect�onal red l�ghts equally 
spaced across the w�dth to mark the end of any stopway 
assoc�ated w�th a runway used at n�ght.

Runway edge l�ghts prov�de perspect�ve cues on 
approach and are less demand�ng than the PAPI l�ght 
system; runway l�ght�ng becomes v�s�ble from several 
kms and often a�ds the p�lot’s v�sual search to locate the 

•

•

•

•

•

•

Figure 2a: Photograph of PAPI lights viewed from ground level. Photograph taken at 
Sussex Flight Centre, Shoreham Airport (December 2006). 
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PAPI l�ghts. The color of the runway threshold l�ghts �s 
largely redundant because these green l�ghts cannot be 
confused w�th any other s�m�lar l�ghts �n terms of locat�on, 
geometry, and shape, but the green color may re�nforce 
the�r funct�on. Touchdown zone l�ght�ng �s added �n 
order to �mprove texture and perspect�ve and to g�ve 
the fl�ght crew an �nd�cat�on of the area w�th�n wh�ch 
a land�ng must be �n�t�ated. The geometry and locat�on 
of the runway end l�ghts �n relat�on to other l�ghts �s, 
aga�n, suffic�ent to �nd�cate the�r funct�on. The color of 
the runway centerl�ne l�ghts changes from “wh�te” on 
touchdown to alternat�ng “wh�te-red” l�ghts and then to 
“red” l�ghts when the a�rcraft advances towards the end 
of the runway. The color of the l�ghts �nd�cates the pos�-
t�on of the a�rcraft on the runway, and th�s �nformat�on 
�s �mportant �n some s�tuat�ons (e.g., when take-off has 
to be abandoned, espec�ally �n cond�t�ons of poor v�s�b�l-
�ty). Runway s�gnal l�ghts tend to be larger and br�ghter 
than PAPI l�ghts, and th�s makes the d�scr�m�nat�on of 
color d�fferences less demand�ng. It has therefore been 
assumed that �f the appl�cants can d�scr�m�nate the red 
and wh�te PAPI l�ghts from 5 kms, they should be able 
to eas�ly d�scr�m�nate the red and wh�te l�ghts on the 
runway centerl�ne.

For n�ght operat�ons, tax�ways at most a�rports are 
equ�pped w�th l�ghts that may �nclude some or all of 
the follow�ng:

Taxiway Edge Lighting �s blue to outl�ne the edges 
of tax�ways dur�ng per�ods of darkness or restr�cted 
v�s�b�l�ty.
Taxiway Centerline Lighting �s green and prov�des 
centerl�ne gu�dance on tax�ways and aprons and when 
enter�ng or vacat�ng a runway.
Stop-bar Lights are a s�ngle row of red, flush, or sem�-
flush �nset l�ghts �nstalled laterally across the ent�re 

•

•

•

tax�way show�ng red towards the �ntended d�rect�on 
of approach. Follow�ng the controller’s clearance to 
proceed, the stop-bar �s turned off, and the centerl�ne 
lead-on l�ghts are turned on.
Runway Guard Lights are e�ther a pa�r of elevated flash-
�ng amber l�ghts �nstalled on e�ther s�de of the tax�way, 
or a row of �n-pavement yellow l�ghts �nstalled across 
the ent�re tax�way, at the runway hold�ng pos�t�on 
mark�ng at tax�way/runway �ntersect�ons.

Tax�way l�ghts are seen from much shorter d�stances 
when the a�rcraft moves slowly on the ground. The 
d�scr�m�nat�on by the p�lot of the center tax�way l�ne as 
green and the edge as blue �s not an essent�al requ�rement 
to carry out the task safely, but the use of appropr�ate 
colors may well emphas�se the funct�on of the l�ghts. 
Therefore, there �s l�ttle doubt that an acceptable level 
of color d�scr�m�nat�on �s needed wh�ch can enhance 
the consp�cu�ty of l�ght s�gnals, even when color �s used 
redundantly and the tasks are less demand�ng or safety 
cr�t�cal. The stop-bar and runway guard l�ghts both play 
an �mportant role �n prevent�ng runway �ncurs�ons. In 
add�t�on, the flash�ng aspect of the guard l�ghts adds 
consp�cu�ty to these s�gnals but may also d�stract the 
p�lot from �nterpret�ng other s�gnals. The most common 
causes of runway �ncurs�ons do not �nvolve the �ncorrect 
�nterpretat�on of color s�gnals s�nce color �s used redun-
dantly and s�mply adds to the consp�cu�ty of the l�ghts. 
Other factors such as lack of commun�cat�on between 
controller and p�lot, lack of fam�l�ar�ty w�th a�rport layout, 
t�redness, lack of attent�on, and poor cockp�t procedures 
for ma�nta�n�ng or�entat�on �n low v�s�b�l�ty cond�t�ons 
(ICAO NAM/CAR/SAM Runway Safety/Incursion Confer-
ence, Mexico City, October 2002) can all contr�bute to 
runway �ncurs�ons.

•

Figure 2b: Photograph of the red and green parking lights 
that are used at airports to indicate to the pilot the correct line 
of approach for parking the aircraft at the stand. The pilot 
sees two green lights when the aircraft is positioned correctly 
for approach. A red-green combination (as shown in the 
photograph) signals that the aircraft has to veer slowly right 
(towards the green light) whereas a green on the left and a 
red on the right signals the need to veer slightly to the left 
(again towards the green light). This task description 
illustrates clearly that the pilot has to be able to discriminate 
between the red and green lights. The angular subtense of
the parking lights is much larger than the PAPI and the retinal 
illuminance generated is also higher. This color discrimination 
task is therefore likely to be less demanding.  
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1.2.2 Analysis of the pApI lights Task
The PAPI task �s a s�mple, effic�ent, red-wh�te, two-

color code (and the wh�te and red l�ghts generate both red-
green and yellow-blue color s�gnals �n the eye). Red/green 
color defic�ent observers w�ll cont�nue to have full use of 
the�r yellow-blue channel, although the propert�es of th�s 
channel w�ll d�ffer between deutan and protan subjects. 
The PAPI system �s effic�ent s�nce �t takes a small amount 
of space, and the s�ze of the �mage of each l�ght generated 
on the ret�na rema�ns largely unchanged as the v�ew�ng 
d�stance �ncreases beyond ~0.8 km (although the l�ghts 
become less br�ght as the v�ew�ng d�stance �s �ncreased). 
The geometry of the l�ghts carr�es no �nformat�on and 
hence the need to use colored s�gnals. It has been sug-
gested that d�chromats (who exh�b�t severe red/green color 
v�s�on loss) may be able to correctly �nterpret d�fferences 
between two colors, at least under some cond�t�ons (Heath 
& Schm�dt, 1959). In add�t�on, color defic�ent observers 
can usually recogn�ze red s�gnals w�th few errors (V�ngrys 
& Cole, 1993; for a rev�ew, see Cole, 2004). It �s l�kely 
that some subjects w�th severe color defic�ency may be 
able to carry out the PAPI task w�th no errors, but �t �s 
essent�al to ensure that the subjects recogn�ze and name 
all four l�ghts as red when too low and as wh�te when too 
h�gh. Any s�mulat�on of the PAPI test must �nclude all 
cond�t�ons and must also ensure that the use of br�ght-
ness d�fference cues �s m�n�m�zed. On the other hand, the 
recogn�t�on of the red and wh�te PAPI l�ghts �s not always 
an easy task. Atmospher�c scatter and the use of reduced 
lamp current sett�ngs at n�ght to d�m the l�ghts can sh�ft 
the wh�te s�gnal toward the yellow reg�on of the spectrum 
locus (see F�g. 17). Th�s often causes problems for color 
normal observers and may cause even greater problems 
for color defic�ent observers. In the case of large passenger 
a�rcraft, the PAPI l�ghts are seen from large d�stances (>5 
kms) at n�ght when both the angular subtense of each 
l�ght and the angular separat�on between adjacent l�ghts 
�s very small. Adjacent l�ghts tend to overlap v�sually, and 
th�s �s part�cularly troublesome at n�ght when the pup�l 
s�ze �s large. Subjects w�th large, h�gher-order aberrat�ons 
and �ncreased l�ght scatter �n the eye w�ll be d�sadvantaged 
at n�ght. Although most subjects w�ll have h�gh v�sual 
acu�ty (<1 m�n arc) under photop�c cond�t�ons, subjects 
w�th large h�gher order aberrat�ons and scattered l�ght may 
have very poor v�sual acu�ty under mesop�c cond�t�ons 
when the pup�l s�ze �s large. V�sual acu�ty at low l�ght 
levels �n the mesop�c range �s not normally assessed for 
cert�ficat�on purposes. Part�al overlap of adjacent l�ghts 
makes the task of d�scr�m�nat�ng the number of red 
and wh�te l�ghts even more d�fficult. These add�t�onal 
factors expla�n why the PAPI task (wh�ch �nvolves only 
two colors) �s cons�dered to be more cr�t�cal than other 
color based tasks.

1.2.3 disability discrimination
There are further cons�derat�ons that just�fy the need 

to establ�sh safe, m�n�mum requ�rements for color d�s-
cr�m�nat�on (when appropr�ate) and to avo�d the eas�er 
alternat�ve (from a regulatory v�ewpo�nt) of requ�r�ng 
every appl�cant to have normal color v�s�on. The recent 
UK D�sab�l�ty D�scr�m�nat�on Act (2004) has, to a cer-
ta�n extent, exposed weaknesses �n the current standards 
and procedures. Compan�es need to just�fy refusal to 
employ an appl�cant on the bas�s of h�s/her defect�ve 
color v�s�on, and th�s requ�res sc�ent�fic ev�dence to 
demonstrate conv�nc�ngly that the appl�cant w�ll not be 
able to carry out necessary occupat�onal tasks that �nvolve 
color v�s�on w�th the accuracy and effic�ency expected of 
normal tr�chromats. In v�ew of these arguments, we have 
developed a PAPI s�mulator and a PAPI S�gnal L�ghts test 
that can be used under controlled laboratory cond�t�ons. 
The s�mulators reproduce both the photometr�c and 
the angular subtense of the real l�ghts under demand�ng 
v�ew�ng cond�t�ons when the l�ghts are v�ewed aga�nst a 
dark background. The a�m was to correlate the measured 
loss of chromat�c sens�t�v�ty on the CAD test w�th the 
subject’s performance on the most safety-cr�t�cal, color-
related task �dent�fied �n the av�at�on env�ronment. 
S�nce other color-related tasks (such as see�ng the color 
of the park�ng l�ghts or the d�scr�m�nat�on of runway, 
centerl�ne, and red and wh�te l�ghts) are less demand�ng, 
�t �s assumed that the p�lot w�ll also be able to correctly 
perform these tasks. In pr�nc�ple, th�s approach should 
make �t poss�ble to recommend pass/fa�l l�m�ts based on 
the observer’s ab�l�ty to carry out the most safety-cr�t�cal 
and demand�ng PAPI task.

1.3 Brief description of the most Common Occu-
pational Color vision Tests

For a full descr�pt�on of color v�s�on tests used �n av�a-
t�on, please refer to CAA Paper 2006/04 (2006a), and for 
a l�st of tests accepted by the FAA, see the FAA Gu�de for 
Av�at�on Med�cal Exam�ners (2008). The follow�ng color 
v�s�on tests w�ll be descr�bed here s�nce they have been 
used along w�th the CAD test �n th�s study. These are 
the Ish�hara and Dvor�ne pseudo�sochromat�c plate tests, 
Nagel anomaloscope, and the Av�at�on L�ghts Test (ALT). 
Measures of color d�scr�m�nat�on performance computed 
from the results of these tests w�ll be exam�ned and com-
pared w�th the subject’s scores on the PAPI s�mulator. The 
same PAPI s�mulator was also used to produce a more 
demand�ng s�gnal l�ghts test that requ�red the subject to 
name one of s�x d�fferent colored l�ghts, as descr�bed �n 
sect�on 2 of th�s report. The latter w�ll be referred to as 
the PSL (PAPI S�gnal L�ghts) test.
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1.3.1 Ishihara plate Test
The Ish�hara pseudo�sochromat�c plate test cons�sts 

of a ser�es of numbers outl�ned by d�fferent colored dots 
as shown �n F�g. 3. Th�s �s the most w�dely accepted 
screen�ng test for red/green color defic�ency and uses cam-
ouflage to explo�t the color confus�ons of color defic�ent 
observers (Sloan & Habel, 1956; Belcher et al., 1958; 
Frey, 1958; B�rch, 1997). The Ish�hara test cons�sts of 
s�ngle or double-d�g�t numbers that have to be �dent�fied 
verbally and pathways for trac�ng for those who cannot 
read numbers. The 24-plate test vers�on cons�sts of the 
follow�ng: plate 1 for demonstrat�on of v�sual task, plates 
2-15 for screen�ng, plates 16-17 for protan/deutan clas-
s�ficat�on. The Ish�hara test employs a range of des�gns 
such as transformat�on, van�sh�ng, or h�dden d�g�t. In the 
van�sh�ng type plate (F�g. 3, m�ddle) a figure �s seen by 
color normals but not by color defic�ents; the reverse of 
th�s, the h�dden figure des�gn, �s harder to des�gn and not 
always so effect�ve. More complex patterns are conta�ned �n 
transformat�on plates (F�g. 3, left), w�th careful placement 
of the color dots g�v�ng an apparent transformat�on of the 
perce�ved figure; normal tr�chromats see one figure, and 
color defic�ent people see a d�fferent figure �n the same 
des�gn. Pos�t�ve ev�dence of color defic�ency �s g�ven by 
transformat�on des�gns, whereas van�sh�ng des�gns g�ve 
negat�ve ev�dence. In the class�ficat�on plate des�gn (F�g. 
3, r�ght), protans only see the number on the r�ght s�de of 
each plate and deutans only see the number on the left. 
The test �s l�m�ted to red/green defic�ency and cannot be 
used to assess loss of yellow-blue sens�t�v�ty.

The test �s v�ewed at about two-th�rds of one meter 
(arm’s length) d�stance us�ng a Macbeth easel lamp for 
�llum�nat�on. The first 25 plates of the 38-plate test vers�on 
were used �n th�s �nvest�gat�on. The book �s placed �n the 
tray beneath the lamp and the �llum�nat�on, equ�valent 
to CIE Standard Illum�nant C (represent�ng average day-

l�ght), �s �nc�dent at an angle of 45° to the plate surface. 
The �llum�nant used �s �mportant because the selected 
reflectances of the patches on the plates have been chosen 
w�th reference to th�s �llum�nant. The exam�ner �nstructs 
the person be�ng tested to report the number they can 
see as the pages are turned and warns the subject that 
on some occas�ons they may not see a number. The first 
�ntroductory plate �s used to demonstrate the v�sual 
task. Th�s plate �s des�gned so that anyone, �nclud�ng 
color defic�ent subjects, should see th�s number. W�th a 
v�ew�ng t�me of about 4 seconds allowed for each plate, 
undue hes�tat�on on the part of the subject �s the first 
�nd�cat�on of color defic�ency.

1.3.2 dvorine plate Test
The Dvor�ne test �s based on pseudo�sochromat�c 

pr�nc�ples and �s s�m�lar to the Ish�hara test. It has 15 
numeral plates, cons�st�ng of 1 �n�t�al plate that dem-
onstrates the v�sual task, 12 plates for screen�ng, and 2 
plates for protan/deutan class�ficat�on (see F�g. 4). These 
plates are of the van�sh�ng type. The font of the numerals 
�s sl�ghtly d�fferent to the Ish�hara plates and �s bel�eved 
to be eas�er to read.The Dvor�ne test �s adm�n�stered 
�n a s�m�lar manner to the Ish�hara test. The plates are 
pos�t�oned at arm’s length, perpend�cular to the l�ne of 
s�ght, under dayl�ght �llum�nat�on or a Macbeth easel 
lamp. The subject �s �nstructed to read the numerals (all 
plates have a numeral).

Pseudo�sochromat�c plate tests prov�de a s�mple, read-
�ly ava�lable, �nexpens�ve, and easy to adm�n�ster screener 
mostly for red/green defic�enc�es. However, plate tests 
tend to be relat�vely easy to learn, and th�s encourages 
cheat�ng. The spectral qual�ty of the l�ght source �llum�nat-
�ng the plates �s also �mportant. Plates may be degraded 
by fingerpr�nts, dust, and excess�ve l�ght exposure. In 
general, subjects w�th m�n�mal color v�s�on loss tend to 

Figure 3: Ishihara pseudoisochromatic plates; left, transformation design; middle, vanishing 
design; right, protan/deutan classification plate. Please note that these may not be 
reproduced accurately as the printed color and the viewing illuminant will be different. 
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show greater var�ab�l�ty on repeated tests by compar�son 
w�th normal tr�chromats and on some occas�ons can even 
pass these tests (Squ�re et al., 2005).

1.3.3 Nagel Anomaloscope
The Nagel anomaloscope (F�g. 5) �s based on color 

match�ng and �s the standard cl�n�cal reference test for 
�dent�fy�ng and d�agnos�ng red/green color defic�ency 
recommended by the Nat�onal Research Counc�l - Na-
t�onal Academy of Sc�ences (NRC-NAS) Comm�ttee on 
V�s�on (1981). Th�s �nstrument produces a d�sc st�mulus 
that cons�sts of two half fields and �s v�ewed �n an opt�cal 
system. The top half of th�s d�sc �s �llum�nated by a m�x-
ture of spectrally narrow red and green wavelengths, and 
the lower half �s �llum�nated by spectrally narrow yellow 
l�ght. Two control knobs are used, one to alter the red-
green color m�xture rat�o of the top field, and the other 
to alter the lum�nance of the yellow lower field (see F�g. 
5). The test �s adm�n�stered �n two stages. Usually only 

Figure 4: Dvorine pseudoisochromatic plates; left and right, vanishing design; 
middle, protan/deutan classification plate. Please note that the color of the plates 
may not be reproduced accurately in this document or in print since the printed 
reflectances and the viewing illuminant will be different. 

Figure 5: Photograph of the Nagel anomaloscope (Model I, Schmidt and 
Haensch, Germany) and illustration of the Nagel anomaloscope split field. The 
percentage mixture of red to green in the top half and the luminance of the 
yellow bottom field can be changed until a match of the two fields can be 
perceived.

Red
670 nm

Green
546 nm

Yellow
589 nm 2 degrees

one eye (�.e., the dom�nant eye) �s fully tested and the 
other eye �s then checked to ensure the same defic�ency. 
Th�s confirms that the loss of color v�s�on �s congen�tal. 
Follow�ng fam�l�ar�zat�on w�th the �nstrument controls, 
the subject �s then asked to alter both the control knobs 
unt�l the two halves of the c�rcle match completely �n both 
color and br�ghtness. The subject �s not asked to name 
the colors. A few matches are made, w�th the exam�ner 
“spo�l�ng” the match after each sett�ng. About ten seconds 
are allowed for each match and then, to m�n�m�ze the 
effect of chromat�c after �mages, the subject looks away 
from the �nstrument �nto the d�mly l�t room for a few 
seconds before the procedure �s repeated. The second 
stage of the test �s to determ�ne the l�m�ts of the match�ng 
range. The �n�t�al matches made by the subject are used 
as a gu�de by the exam�ner to set the red/green m�xture 
rat�o near to the est�mated l�m�ts of the range. The sub-
ject must alter the lum�nance of the lower yellow half of 
the field and see �f an exact “match” �n both color and 
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br�ghtness can be made w�th the set red/green m�xture �n 
the upper half. The rat�o of the red/green m�xture field 
�s altered systemat�cally by the exam�ner unt�l the l�m�ts 
of the match�ng range are found. The match�ng range 
�s recorded from the match�ng l�m�ts on the red/green 
m�xture scale and the m�dpo�nt calculated.

Ideally, the red/green “match” parameters should pro-
v�de enough �nformat�on to determ�ne whether a person 
has normal or defect�ve red/green color v�s�on, whether 
color defic�ency �s deutan or protan, and whether the 
subject �s a d�chromat (absence of a cone-type) or anoma-
lous tr�chromat (anomalous cone-type). The s�ze of the 
red-green match�ng range �s often taken as an �nd�cator 
of chromat�c sens�t�v�ty loss. The red-green d�scr�m�na-
t�on �ndex (RGI), a parameter relat�ng to the match�ng 
range, has been �ntroduced �n th�s study and prov�des an 
�nd�cat�on of the subject’s ab�l�ty to d�scr�m�nate red-green 
color d�fferences:

RGI=1– , where r
subject

 �s the subject’s mean 
match�ng range.

 r
subject 
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Figure 6: Scatter plot of matching midpoints versus RGI for 231 observers; 70 subjects 
formed a cluster that is separated from all other subjects by having a midpoint around 40 
and a high RGI. The abbreviations in the legend refer to deuteranomalous (DA), 
protanomalous (PA), and normal trichromat (N) subjects. The value of the luminance 
setting on the yellow scale provides additional information to separate deutan and protan 
color deficient observers. The data show clearly that according to the Nagel test, many 
deutan and protan subjects have RG chromatic sensitivity that is indistinguishable from the 
range of values measured in normal trichromats. 

The RGI ranges from a value very close to 1 for normal 
sens�t�v�ty, to 0 for a d�chromat that accepts any red/green 
m�xture sett�ng as a match to the yellow field. A more 
appropr�ate measure of red/green sens�t�v�ty based on the 
Nagel �s obta�ned s�mply by d�v�d�ng the mean normal 
match�ng range (r

mean
) obta�ned by averag�ng results for 

a large number of normal tr�chromats by the subject’s 
range (r

subject
). The mean normal match�ng range for the 

Nagel anomaloscope used �n th�s study �s approx�mately 
4 scale un�ts. Hence, the new measure of chromat�c 
sens�t�v�ty becomes:

Nagel sens�t�v�ty = 

A scatter plot of Nagel m�dpo�nts on the red-green 
scale versus RGI allows one to separate a clear cluster of 
subjects w�th m�dpo�nts between 36 and 44 un�ts on the 
red/green m�xture scale, wh�ch are l�kely to be normal 
tr�chromats (see F�g. 6). D�chromats w�ll accept the full 
range of red/green m�xtures as a match w�th the yellow 
field (�.e. RGI=0), as they have only one photop�gment 

r
mean

r
subject
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�n the spectral range prov�ded by the �nstrument. Deuter-
anopes are d�st�ngu�shed from protanopes as the �ntens�ty 
of the yellow they set for both ends of the red/green scale 
�s fa�rly s�m�lar, whereas protanopes set the lum�nance of 
the yellow very low to make a match at the red end of the 
scale and much h�gher at the green end. Th�s �s because 
protans tend to see red as fa�rly dark, as they have reduced 
long wavelength sens�t�v�ty. If a color match w�th�n the 
normal range �s not ach�eved, the subject �s classed as an 
anomalous tr�chromat. Two separate d�str�but�ons are 
formed e�ther s�de of the normal range, as protanoma-
lous tr�chromats requ�re s�gn�ficantly more red l�ght �n 
the�r color m�xture, and deuteranomalous tr�chromats 
requ�re more green (see F�g. 6). The RGI or match-
�ng range prov�des some measure of the sever�ty of the 
color d�scr�m�nat�on defic�t on the Nagel anomaloscope, 
although �t �s well known that the correlat�on between 
the s�ze of the match�ng range and the subject’s ab�l�ty 
to d�scr�m�nate colors under more natural cond�t�ons �s 
generally poor (Wr�ght, 1946).

The pr�nc�pal advantage of the anomaloscope �s that, 
unl�ke the prev�ous tests, the parameters of the yellow 
match can be used to class�fy accurately the type of color 
defic�ency �nvolved.

1.3.4 Aviation lights Test (AlT)
The Av�at�on L�ghts Test �s a mod�fied Farnsworth 

Lantern (M�lburn & Mertens, 2004) des�gned to meet 
the FAA’s s�gnal color (USDOT-FAA, 1988) and In-
ternat�onal C�v�l Av�at�on Organ�zat�on (ICAO, 1988) 
spec�ficat�ons for the red, green, and wh�te s�gnal l�ght 
colors on a�rcraft. The chromat�c�ty coord�nates of the 
ALT are shown plotted �n F�g. 11. Or�g�nally the test was 
employed for secondary screen�ng of a�r traffic control 
spec�al�st appl�cants.

N�ne vert�cally separated pa�rs of colored l�ghts (see 
F�g. 7) are presented to the exam�nee, who �s seated 8 ft 

(~2.4 m) away from the lantern. The constant vert�cal 
separat�on of the 2 apertures �s 13 mm, or 18.3 m�nutes 
of arc at the recommended v�ew�ng d�stance. Each pa�r 
of l�ghts subtends a v�sual angle of 3 m�n arc. There are 
three colors: red, green, and wh�te. Each ser�es of n�ne 
pa�rs was presented three t�mes �n random order, mak�ng 
a total of 27 presentat�ons.

Before the ALT test �s carr�ed out, the subject �s shown 
each of the three test l�ght colors. L�ght pa�rs numbered 1 
and 2 are shown (see F�g. 7a) wh�le say�ng: “th�s �s green 
over red” and “th�s �s wh�te over green,” respect�vely. The 
exam�nee has to name correctly the colors of the l�ghts 
shown (w�th a pass cr�ter�on of not more than one error) 
�n all 27 presentat�ons. If the color of e�ther or both l�ghts 
�n a pa�r was �dent�fied �ncorrectly, th�s was counted as 
one error. The ALT �s adm�n�stered �n a very d�m room 
that approx�mates the l�ght level of the a�r traffic control 
(ATC) tower cab at n�ght.

1.4 The CAd Test
The Color Assessment D�agnos�s (CAD) test has been 

descr�bed �n an earl�er CAA report (CAA, 2006a). The 
CAD test �s �mplemented on a cal�brated v�sual d�splay 
and cons�sts of colored st�mul� of prec�se chromat�c�ty 
and saturat�on that are presented mov�ng along each of 
the d�agonal d�rect�ons of a square foreground reg�on 
made up of dynam�c lum�nance contrast (LC) no�se. The 
subject’s task �s to report the d�rect�on of mot�on of the 
color-defined st�mulus by press�ng one of four appropr�ate 
buttons. Randomly �nterleaved sta�rcase procedures are 
used to adjust the strength of the color s�gnals �nvolved 
accord�ng to the subject’s responses to determ�ne the 
thresholds for color detect�on �n each d�rect�on of �nterest 
to establ�sh rel�able est�mates of red-green and yellow-blue 
color thresholds. The CAD test has a number of advan-
tages over convent�onal tests, both �n terms of �solat�on 
of color s�gnals, as well as sens�t�v�ty and accuracy:   

 (a)  (b) 

Figure 7: (a) Schematic representation of the different pairs of lights presented in the 
Aviation Lights Test (ALT). The lantern can show 9 different combinations (as shown) three 
times giving a total of 27 presentations, (b) Photograph of the ALT lantern. 

1 2 3 4 5 6 7 8 9
G/R W/G G/W G/G R/G W/R W/W R/W R/R
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Isolation of Color signals
It �s very �mportant to �solate the use of color s�gnals 

by mask�ng any lum�nance contrast cues. Although the 
colored st�mul� generated are �solum�nant for the standard 
CIE observer, the large var�at�on �n L:M spat�al dens�ty 
rat�o w�th�n normal tr�chromats (�.e., 0.6 to 13; Carroll et 
al., 2002) and the var�at�on �n cone spectral respons�v�ty 
funct�ons �n color defic�ent observers �ntroduce var�at�ons 
�n the perce�ved lum�nance contrast of most colored 
st�mul�. Th�s �s s�mply because the result�ng lum�nance 
effic�ency funct�on V(λ) �s l�kely to vary both among nor-
mal tr�chromats and w�th�n color defic�ent observers. The 
CAD test employs dynam�c LC no�se, and th�s effect�vely 
masks the detect�on of any res�dual lum�nance contrast 
s�gnals that may be present �n the colored test target. The 
mean lum�nance of the foreground rema�ns unchanged, 
both spat�ally as well as �n t�me, and equal to that of the 
surround background field. The techn�que �solates the 
use of color s�gnals and ensures that the subject cannot 
make use of any res�dual LC s�gnals. The dynam�c LC 
no�se does not affect the threshold for detect�on of color 
s�gnals but effect�vely masks the detect�on of lum�nance 
contrast s�gnals (Barbur et al., 1994; Barbur, 2004).

measurement of Chromatic detection Thresholds
An effic�ent, four-alternat�ve, forced-cho�ce proce-

dure �s used to measure subject’s chromat�c detect�on 
thresholds �n a number of carefully selected d�rect�ons 
�n the CIE – (x,y) chromat�c�ty chart. Thresholds are 
measured along 16 �nterleaved d�rect�ons �n color space. 
These are grouped together to test red-green (RG) and 
yellow-blue (YB) color sens�t�v�ty. Threshold ell�pses are 

•

•

computed and plotted us�ng the standard CIE 1931 
chromat�c�ty chart. The use of 16 randomly �nterleaved 
color d�rect�ons makes the techn�que stat�st�cally robust 
and el�m�nates any other poss�ble cues, so the subject has 
to rely ent�rely on the use of color s�gnals. The output of 
the CAD test also accurately d�agnoses the class of color 
defic�ency �nvolved. If the latter �s not needed, one only 
needs to test two color d�rect�ons to screen for red/green 
color defic�ency.

The statistical limits of Chromatic sensitivity 
within “Normal” Trichromats
Chromat�c d�scr�m�nat�on thresholds have been 

measured �n over 450 observers, �nclud�ng 250 normal 
tr�chromats and 200 color defect�ve observers (F�g. 12). 
F�g. 8 shows the d�str�but�on of YB and RG chromat�c 
thresholds obta�ned �n the 250 normal tr�chromat�c sub-
jects. F�g. 9 shows the stat�st�cal l�m�ts for the “standard 
normal” (SN) observer on the CAD test plotted �n the 
1931 CIE-x,y color chart (Rodr�guez-Carmona et al., 
2005; Rodr�guez-Carmona, 2006). The var�ab�l�ty �n 
both RG and YB thresholds �s shown by the grey shaded 
ell�pse, wh�ch represents the reg�on of the CIE chart where 
we expect to find 95% of normal tr�chromats. The 2.5% 
and 97.5% l�m�ts define the boundar�es of th�s reg�on. 
The med�an chromat�c d�scr�m�nat�on threshold ell�pse 
�s also plotted. The med�an threshold value �s �mportant 
s�nce �t represents the Standard Normal (SN) observer. 
A subject’s thresholds can then be expressed �n SN un�ts, 
and th�s makes �t poss�ble to assess the sever�ty of color 
v�s�on loss (�.e. an observer w�th a RG threshold of 2 SN 
un�ts requ�res tw�ce the color s�gnal strength that �s needed 

•

Figure 8: Frequency distributions of the YB and RG chromatic thresholds 
obtained in 250 observers with ‘normal’ trichromatic vision. The mean, standard 
deviation (SD) and median are shown. 
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by the average standard CAD observer). F�g. 9 �s an ex-
tremely useful representat�on �n that �t prov�des a CAD 
test template for the SN observer. Any subject’s results 
prov�de �nstant d�agnos�s of e�ther normal or defic�ent 
color v�s�on when plotted on th�s template.

detection of Color vision loss That falls Outside 
Normal range
The d�str�but�on of thresholds along the d�rect�ons 

exam�ned prov�des enough �nformat�on to class�fy even 
m�n�mal defic�enc�es that would otherw�se rema�n unde-
tected us�ng convent�onal color v�s�on tests. For example, 
F�g. 10 shows results of two m�n�mal color v�s�on defic�ent 
observers that fall just outs�de the normal range �nd�cated 
by the shaded grey area. The subject on the left (subject 
CC) has a Nagel range of 16-18 and passes the Ish�hara, 
whereas the subject on the r�ght (subject SH) has a Nagel 

•

range of 40-42 un�ts but fa�ls the Ish�hara w�th 2 er-
rors. Although both subjects are class�fied as m�n�mum 
deuteranomalous on the CAD test, the�r class�ficat�on 
on the other two tests �s less clear. The first subject �s 
class�fied as normal on Ish�hara and deuteranomalous 
on the Nagel (but w�th a m�xture range smaller than 
the average normal tr�chromat). The second subject �s 
class�fied as normal on the Nagel, but sl�ghtly red/green 
defic�ent on the Ish�hara.

diagnosis of the Type of deficiency Involved
The CAD test �dent�fies the type of defic�ency �n-

volved by the elongat�on of the subject’s results, e�ther 
along the deuteranop�c (F�g. 11, left) or protanop�c 
(F�g. 11, r�ght) confus�on bands. In the case of ab-
solute m�n�mum deuteranomalous defic�enc�es, the 
d�str�but�on of the thresholds �s as shown �n F�g. 10. 
In the case of m�n�mum protanomalous defic�enc�es, 
the thresholds are much larger and extend suffic�ently 
along �n the protanop�c d�rect�on �nd�cat�ng a d�agnos�s 
of m�n�mum protanomaly w�th no amb�gu�ty. The 
agreement w�th the Nagel for screen�ng and class�fi-
cat�on of the class of congen�tal red/green defic�ency 
�s ~99%.

Quantifying the severity of Color vision loss
The sever�ty of red-green and yellow-blue loss of 

color v�s�on �s proport�onal to the color s�gnal strength 
needed for threshold detect�on. For example, subjects 
�n F�g. 11 show more severe loss (�.e., h�gher thresh-
olds or lower chromat�c sens�t�v�ty) than the subjects 
shown �n F�g. 10. The sever�ty of color v�s�on loss can 
be quant�fied w�th respect to the standard normal 
observer (F�g. 8 and 9). Chromat�c sens�t�v�ty var�es 
greatly w�th�n color defic�ent observers from complete 
absence of red-green d�scr�m�nat�on, �n the case of 
d�chromats, to almost normal sens�t�v�ty �n subjects 

w�th thresholds not much larger than 2 SN un�ts. F�g. 
12 shows the subject’s RG threshold �n SN CAD un�ts 
along the absc�ssa, plotted aga�nst the YB threshold 
along the ord�nate �n 450 observers. The results show 
that the RG thresholds vary almost cont�nuously from 
very close to “normal” to extreme values wh�ch can be 
25 t�mes larger than the standard normal threshold. The 
YB thresholds, on the other hand, vary l�ttle, as expected, 
�n the absence of yellow-blue loss or acqu�red defic�ency. 
Interest�ngly, the RG thresholds show some correlat�on 
w�th YB thresholds �n normal tr�chromats, suggest�ng 
that subjects w�th h�gh RG chromat�c sens�t�v�ty are also 
l�kely to exh�b�t h�gh YB sens�t�v�ty. The loss of sens�t�v�ty 
(when expressed �n Standard Normal (CAD) un�ts (SN 
un�ts) �s greater �n protanomalous than deuteranomalous 
observers (F�g. 12).
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•
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Figure 9: Data showing the 97.5 and 2.5% statistical 
limits that define the “standard” normal CAD test 
observer. The dotted, black ellipse is based on the 
median RG and YB thresholds measured in 250 
observers. The grey shaded area shows the limits of 
variability of 95% of these observers. The 
deuteranopic, protanopic and tritanopic confusion 
bands are displayed in green, red and blue, 
respectively. The background chromaticity (x,y) is 
indicated by the black cross (0.305, 0.323). The 
colored symbols show data measured for a typical 
normal trichromat. 
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Figure 10: Chromatic thresholds for two color vision deficient observers 
with minimal color vision deficiency. The data for the average normal 
trichromat is shown as a black contour.  
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Figure 11: Chromatic thresholds for two color vision deficient observers 
with severe color vision deficiency. The largest chromatic displacements 
away from background chromaticity, as set by the isoluminant condition 
and the limits imposed by the phosphors of the display, are shown as grey 
lines. The extent of color vision loss is related to the elongation along the 
protanopic or the deuteranopic confusion band and suggests that the 
greater the elongation, the lower the level of chromatic sensitivity. 
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Effects of light level and stimulus size
Both the amb�ent l�ght adaptat�on level and the s�ze 

of the colored st�mulus can affect chromat�c sens�t�v-
�ty. In general, as the l�ght level �s reduced and/or the 
st�mulus s�ze �s decreased, the RG and YB thresholds 
�ncrease. The YB thresholds are affected most at lower 
l�ght levels. Both background lum�nance and st�mulus 
s�ze have been opt�m�zed for the CAD test so that no 
s�gn�ficant �mprovement �n chromat�c sens�t�v�ty results 
by �ncreas�ng e�ther the l�ght level or st�mulus s�ze. Any 
small var�at�ons �n e�ther l�ght level or st�mulus s�ze w�ll 
not therefore alter s�gn�ficantly the subject’s RG and YB 
thresholds (Barbur et al., 2006). However, older subjects 
are l�kely to show more rap�d effects as the l�ght level �s 
reduced because the ret�nal �llum�nance �n these subjects 
�s already low as a result of small pup�l s�zes and �ncreased 
pre-receptoral absorpt�on of blue l�ght.

The Effects of Aging on red-green and yellow-Blue 
loss of Chromatic sensitivity
The effect of ag�ng for YB and RG chromat�c thresh-

olds �n normal tr�chromats �s shown �n F�g. 13. These 
results show that up to the age of 60 years there �s l�ttle 
correlat�on between the subject’s age and chromat�c sen-
s�t�v�ty. A small effect can be observed when exam�n�ng 
YB thresholds (but the correlat�on w�th age rema�ns very 
poor) and v�rtually absent �n the case of RG thresholds. 
The age range exam�ned �s representat�ve of the typ�cal 
work�ng l�fe of p�lots. Color v�s�on �s usually assessed �n 
demand�ng occupat�onal env�ronments. Loss of color 

•

•

 v�s�on later �n l�fe �s descr�bed as acqu�red color defic�ency 
and can be caused by a number of factors �nclud�ng both 
system�c d�seases and spec�fic d�seases of the eye (such as 
d�abetes, glaucoma, age-related macular degenerat�on.). 
S�nce loss of chromat�c sens�t�v�ty usually precedes the 
rel�able detect�on of any structural changes us�ng fundus 
�mag�ng, regular screen�ng for acqu�red color v�s�on loss 
may be of great cl�n�cal value. In v�ew of these find�ngs, �t 
makes sense to recommend that �n add�t�on to assess�ng 
color v�s�on at the start of the work�ng career, per�od�c 
re-assessments should also be done as a way of test�ng 
for acqu�red defic�enc�es.

1.5 summary of Congenital Color vision 
deficiencies

Congen�tal color v�s�on defic�enc�es rema�n unchanged 
throughout l�fe and are largely determ�ned by changes 
�n the spectral respons�v�ty of cone photoreceptors that 
are determ�ned genet�cally. There are a number of other 
factors that can affect chromat�c sens�t�v�ty, such as the 
opt�cal dens�ty of photoreceptors, post-receptoral am-
pl�ficat�on of cone s�gnals, or pre-receptoral filters that 
are spectrally select�ve and reduce the amount of l�ght 
that reaches the cone photoreceptors �n the eye (Alpern 
& Pugh, Jr., 1977; Alpern, 1979; Ne�tz & Jacobs, 1986; 
Barbur, 2003). These factors are all l�kely to contr�bute 
to the var�ab�l�ty measured w�th�n normal and color 
defic�ent observers.

Congen�tal yellow/blue color v�s�on defic�ency �s very 
rare (w�th an �nc�dence of 1 �n 13000 to 65000; Sharpe 
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Figure 12: Graph showing Red-Green (RG) and Yellow-Blue (YB) thresholds 
expressed in CAD Standard Normal units for the population of subjects tested as part 
of this study. The spread of the data along the abscissa illustrates the large variation 
that exists among subjects with deutan- and protan-like deficiencies.  
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et al., 1999) and usually �mpl�es the absence of S-cones. 
Loss of YB sens�t�v�ty w�th age, on the other hand, �s 
very common and �s often assoc�ated w�th tox�c�ty or 
d�sease (see below).

1.6 Acquired Color vision deficiencies
Acqu�red defic�enc�es tend to affect both RG and YB 

color d�scr�m�nat�on, although frequently the YB loss �s 
greater and more apparent. Acqu�red color defic�enc�es are 
most commonly caused by system�c d�seases (e.g., d�abetes, 
mult�ple scleros�s) and other d�seases that are spec�fic to 
the eye (e.g., glaucoma, age-related macular degenerat�on, 
opt�c neur�t�s). Acqu�red defic�ency affects predom�nantly 
older subjects. Acqu�red loss can somet�mes be expressed 
�n subjects w�th congen�tal color defic�enc�es. If congen�tal 
color defic�ency �s present, the �dent�ficat�on of acqu�red 
color defic�ency and the class�ficat�on of the congen�tal 
component are more d�fficult. In such cases, the use of 
larger st�mul� and dynam�c lum�nance contrast no�se that 
ach�eves a h�gh level of lum�nance contrast mask�ng w�th 
saturated colors can reveal both the type of congen�tal 
defic�ency and the acqu�red loss of chromat�c sens�t�v�ty 
(Barbur et al., 1997). There are other d�fferences as well. 
Acqu�red loss of color sens�t�v�ty �s generally non-un�form 
over the ret�na �n the same eye and often affects one eye 
more severely than the other. One can also separate the 
congen�tal and the acqu�red loss by carry�ng out the 
CAD test �n each eye both at the fovea and �n the near 
per�phery of the v�sual field or/and by us�ng more than 
one st�mulus s�ze. The congen�tal component rema�ns 

largely unchanged, whereas the acqu�red component 
var�es w�th st�mulus s�ze, ret�nal locat�on, and eye tested. 
S�nce the yellow-blue sens�t�v�ty �s most affected, the 
CAD �s part�cularly su�table for �nvest�gat�ng acqu�red 
defic�ency s�nce �t tests for both red-green and yellow-
blue loss. F�g. 14 shows examples of acqu�red color v�s�on 
defic�enc�es.

2.0 suBjECTs ANd mEThOds

Summary of tests employed �n th�s study:
Ish�hara plate test
Dvor�ne plate test
Nagel anomaloscope
CAD test
Av�at�on L�ghts Test (ALT)
PAPI s�mulator test
PAPI S�gnal L�ghts test (PSL)

The PAPI and PSL s�mulators were des�gned and con-
structed spec�fically for th�s �nvest�gat�on. A full assessment 
of color v�s�on us�ng all these tests takes between 1.5 to 2 
hours per subject. The order �n wh�ch the d�fferent tests 
were carr�ed out var�ed randomly, and the test�ng took 
place �n three d�fferent rooms, allow�ng the subject to take 
short breaks between tests. We exam�ned 182 subjects �n 
th�s �nvest�gat�on: 65 normal tr�chromats and 117 subjects 
w�th deutan- and protan-l�ke color defic�enc�es. The age 
of the subjects ranged from 15 to 55 years (mean 30.2 
years, med�an 27 years).
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Figure 13: Effect of age on the YB and RG chromatic thresholds for 
normal trichromats under normal daylight conditions. The best-fit line is 
shown for both sets of data. The correlation coefficients (r2) for the YB 
and RG thresholds are 0.06 and 0.005, respectively. 
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2.1 pApI and psl simulator
The PAPI system cons�sts of four l�ghts arranged �n a 

hor�zontal l�ne and �nstalled at r�ght angles to the runway 
w�th the nearest l�ght some 15 m away from the edge. 
The l�ghts are approx�mately 30 cm �n d�ameter w�th an 
�nter-l�ght separat�on of 9 m. The un�t nearest the runway 
�s set h�gher than the requ�red approach angle at 3°30’, 
w�th progress�ve reduct�ons of ~20 m�nutes of arc further 
out field: 3°10’, 2°50’ and 2°30’ (for a 3° approach). Usu-
ally each un�t conta�ns three l�ght projectors (�n case one 
fa�ls). The l�ght system has an �ntens�ty control for day 
and n�ght use, w�th up to s�x lum�nous �ntens�ty sett�ngs: 
100%, 80%, 30%, 10%, 3%, and 1% (CAA, 2004).

The un�ts d�rect a beam of l�ght, red �n the lower 
half and wh�te �n the upper half, towards the approach. 
The d�fferent elevat�on angles g�ve a comb�nat�on of red 
and wh�te for an on-slope s�gnal, all-red �f the a�rcraft �s 
too low, and all-wh�te �f �t �s too h�gh (see F�g. 1). The 
chromat�c�t�es of the l�ghts should follow the ICAO 
spec�ficat�on for Aerodrome Ground L�ght�ng (AGL) 
(see F�g. 15). The l�ght �ntens�ty of the wh�te s�gnal �s 
requ�red to be no less than tw�ce and no more than 6.5 
t�mes as br�ght as the red s�gnal. The recommended 
�ntens�t�es for the wh�te and red l�ght are 85000cd and 
12750cd, respect�vely, at the max�mum of the�r l�ght 
�ntens�ty d�str�but�on (CAA, 2004).
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Figure 14: Examples of subjects with acquired loss of chromatic sensitivity. The data 
shown on the top left graph is from a subject with diabetes; top right shows data from the 
left eye from a subject with Age Related Macular Degeneration (ARMD); and bottom 
graph shows data from a subject with both congenital and acquired color vision loss 
(note the difference between the two eyes). 
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A schemat�c of the laboratory set-up developed to 
s�mulate the PAPI and PSL tests �s shown �n F�g. 16. A 
four-channel opt�cal system was developed us�ng an a�rfield 
halogen lamp (JF6.6A100W/PK30d) as the s�ngle l�ght 
source. The l�ght �s then spl�t up and channeled us�ng two 
beam-spl�tters (BS) to generate four beams. Each beam 
of l�ght passes through two motor�zed filter wheels: color 
(CW) and neutral dens�ty (NDW) wheels. The CW has 
s�x d�fferent filters: red, mod�fied wh�te (~3900K), blue, 
green, yellow, and standard wh�te (~2400K). Each NDW 
has neutral dens�ty filters w�th the follow�ng opt�cal den-
s�ty (OD) values: 0.0, 0.3, 0.6, 1.0, 1.3, and 1.6. Dur�ng 
the cal�brat�on procedure, the lum�nous �ntens�ty of each 
beam was measured w�th each filter �n place to account 
for the actual and not the nom�nal absorpt�on of each 
filter. The angular subtense of each l�ght was 1.36’ at a 
v�ew�ng d�stance of 4 m. Beyond ~0.8 km the angular 
subtense of the real PAPI l�ghts approaches the d�ffrac-
t�on l�m�t of the eye. The s�ze of each l�ght on the ret�na 
rema�ns relat�vely unchanged as the approach d�stance 
�s �ncreased, but the l�ght flux captured from each l�ght 
�s decreased. On approach, the PAPI l�ghts are first seen 

as a small cont�nuous l�ne unt�l the angular separat�on 
between adjacent l�ghts �s resolved by the eye (typ�cally less 
than 2’, tak�ng �nto cons�derat�on pup�l s�ze and opt�cal 
aberrat�ons). In order to reproduce the geometry of the 
real PAPI l�ghts �n the laboratory for a v�ew�ng d�stance of 
4 m, the adjacent l�ghts (center to center) were separated 
by ~6.5 mm. Th�s corresponds to an angular separat�on of 
5.5’ wh�ch translates to an approach d�stance of 5.54 km, 
�n the case of the real PAPI l�ghts. Th�s des�gn therefore 
requ�res the p�lot to locate and recogn�ze the wh�te and 
red PAPI l�ghts from 5.54 km when the s�ze of the �mage 
of each l�ght on the ret�na �s determ�ned by the po�nt-
spread-funct�on (PSF) of the eye. We d�d not choose a 
longer approach d�stance �n order to m�n�m�ze the effects 
that h�gher order aberrat�ons and �ncreased scatter �n the 
eye have on the ret�nal �mages of the l�ghts. When the 
pup�l s�ze �s large, the h�gher order aberrat�ons �n the eye 
can be qu�te large, and th�s causes the PSF to broaden 
and the v�sual acu�ty to decrease. The l�ght d�str�but�on 
�n adjacent PAPI l�ghts can overlap s�gn�ficantly, and 
th�s, �n turn, makes �t more d�fficult for the subject to 
process the color of each l�ght. S�nce a longer approach 
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light.
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d�stance would produce even more overlap, a d�stance 
of 5.54 km, wh�ch �s cons�dered to be safe, was selected 
for the study.

The opt�cal fiber heads form a l�ne located at the center 
of a black plate, wh�ch prov�des a dark un�form surround 
(see F�g. 16). The whole system �s encased and vent�lated 
by two fans to prevent overheat�ng and to reach a steady 
state temperature wh�ch �s needed for stable lamp op-
erat�on. The �ntens�t�es of the red and wh�te l�ghts were 
adjusted us�ng ND filters so that the s�mulated PAPI 
l�ghts appeared as �ntense as the real PAPI when v�ewed 
�n the dark from a d�stance of 5.54 km. These calculat�ons 
assumed that �n the absence of s�gn�ficant amb�ent l�ght, 
the pup�l of the eye would �n general be large (~6 mm). 
In add�t�on, the �ntens�t�es of the colored l�ghts var�ed 
randomly by ±0.3 OD w�th respect to the nom�nal values 
to el�m�nate the detect�on of br�ghtness cues.

The effect of the d�fferent �ntens�ty sett�ngs and ND 
filters was �nvest�gated to establ�sh the extent to wh�ch 

the chromat�c�t�es of the wh�te and red l�ghts changed 
w�th lamp current sett�ng and/or the use of ND filters 
(see F�g. 17). The results show that the ND filters caused 
only small changes �n the chromat�c�ty coord�nates of 
the wh�te, and even less for the red l�ght. Changes �n 
lamp current caused larger changes �n the chromat�c�ty 
of the wh�te l�ght, but �n sp�te of these changes the wh�te 
rema�ned w�th�n the “var�able wh�te” area �nd�cated on 
the CIE d�agram, as appropr�ate for AGL (see F�g. 15 and 
17). In the case of real PAPI l�ghts, other factors, such as 
atmospher�c absorpt�on, can also affect the chromat�c�ty 
of the wh�te, w�th very l�ttle effect on the red.

2.2 Testing procedure
The four hor�zontal l�ghts are presented for 3 seconds 

and the subject’s task �s to s�mply report the number of 
red l�ghts �n the d�splay. There are five poss�ble comb�na-
t�ons of red and wh�te l�ghts that are presented randomly 
(F�g. 18, left). When carry�ng out the PAPI s�mulator test, 

Figure 16: Schematic representation of PAPI simulator designed and constructed for this 
study. Light emerging from each arm of the lamp house is divided into two channels via beam 
splitters (BS) to produce four independent channels. Each channel has a color wheel (CW) 
and a neutral density wheel (NDW) which are controlled by the computer. After passing 
through appropriate filters, the light from each channel is focused into an optical fiber head 
which are attached to the viewing panel so as to simulate the PAPI lights. 
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Figure 18: Schematic representation of the Precision 
Approach Path Indicator (PAPI) simulator test (left) and 
PAPI Signal Lights (PSL) test (right). The PAPI test 
presents 5 different conditions (as shown) twelve times 
giving a total of 60 presentations. The PSL presents 6 
different conditions (as shown) twelve times giving a total 
of 72 presentations. The intensities of the colored lights 
varied randomly by ±0.3 OD with respect to the nominal 
values to eliminate the detection of brightness cues. 
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observers were �nstructed to report the number of red l�ghts 
us�ng the follow�ng names: one, two, three, four, or zero 
(to avo�d confus�ng “none” w�th “one”). Pr�or to the test, 
observers were allowed to dark adapt to the low mesop�c 
surround and then were presented w�th a pract�ce run. A 
low power lamp was placed beh�nd the test equ�pment to 
prov�de low mesop�c cond�t�ons of amb�ent �llum�nat�on. 
The black, �mmed�ate surround around the PAPI l�ghts, 
was dark (�.e., mean lum�nance ~0.005 cd/m2). Subjects 
were encouraged to respond only after an aud�tory cue 
s�gnaled the end of the 3-second v�ew�ng per�od. The 
PAPI test was carr�ed out tw�ce, once w�th the standard 
wh�te (~2400K) and once w�th a mod�fied wh�te l�ght 
(h�gher color temperature of ~3900K).

The PSL uses s�m�lar parameters to the PAPI 
l�ghts test. In th�s test s�x poss�ble colors are presented 
(standard wh�te, mod�fied wh�te, red, green, blue, and 
yellow). The chromat�c propert�es of the l�ghts l�e 
w�th�n the boundar�es for the recommended s�gnal 
l�ghts for AGL (CAA, 2004) as shown �n F�g. 15. The 
PSL addresses the �ssue of correct color nam�ng when 
all l�ghts have the same chromat�c�ty, as opposed to 
the ab�l�ty to d�st�ngu�sh and categor�ze some of the 
four l�ghts as red and the others as wh�te on the bas�s 
of some perce�ved d�fferences between the l�ghts. The 
PSL tests whether the appl�cant can recogn�ze and 
name reds as “red” and wh�tes as “wh�te’ for the same 
cond�t�ons and geometry as the PAPI l�ghts, but when 
all the l�ghts are of the same color. The cond�t�ons when 
all four PAPI l�ghts have the same color to �nd�cate 
“far too low” (all reds) or “far too h�gh” (all wh�tes) 
are clearly very �mportant. Observers were �nstructed 
to report the color of the l�ghts as e�ther: red, green, 
yellow, blue, or wh�te.

There were two wh�tes: the standard wh�te, as pro-
duced by the lamp, and a mod�fied wh�te, produced by 
ra�s�ng the color temperature of the standard wh�te by 
200 MIREDS. Th�s �s ach�eved by us�ng a color cor-
rect�on filter that mod�fies the spectral content of the 
tungsten l�ght to make �t more l�ke dayl�ght. Pr�or to 
the test, observers were presented w�th a pract�ce run. 
All the colors were shown to the subject and named by 
the exam�ner dur�ng the pract�ce run, and the subject 
was allowed to rev�ew any of the l�ghts and to ask the 
exam�ner to confirm the color. The results for the PAPI 
and PSL are recorded as the percent correct.

3.0 rEsulTs

The color v�s�on of each subject was exam�ned us-
�ng five d�fferent color v�s�on tests, as well as the PAPI 
and PSL s�mulator tests. Results from each of the five 
tests were then exam�ned, �n relat�on to the subject’s 

performance on the PAPI, to establ�sh wh�ch test y�elds 
the best pred�ct�on of performance �n the PAPI task. 
Performance on the PAPI task �s computed as number of 
correct reports out of a total of 60 presentat�ons.

The results summar�zed �n F�g. 19 show that normal 
tr�chromats can also make errors, both on the PAPI and 
the Ish�hara tests (�.e., five subjects produce one error, 
one subject produces two errors, and one other subject 
produces three errors on the PAPI). The rest of the normal 
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Figure 19: The number of plates read correctly expressed 
as a percentage on the Ishihara test (24 plates) is 
compared to performance on the PAPI simulator test 
separately for normals, deutan and protan color vision 
observers. The x-axis for the top graph has been 
expanded to show clearer the errors made by normals.
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subjects score 100% correct on the PAPI test. Results for 
deutan color defic�ent observers reveal that all subjects 
w�th scores >70% (�.e., 16 or more correct plates out of 
24 on the Ish�hara 24-plate test) pass the PAPI w�th a 
score of 100% correct. Results for protan observers show 
that four subjects w�th scores greater than 40% pass the 
PAPI test. Overall, the results reveal very poor correlat�on 
between the subjects’ performance on the Ish�hara and 
the PAPI test scores. Many of the subjects that pass the 
PAPI task can score anyth�ng from 0 to 95% correct on 
the Ish�hara test.

Compar�sons of data from the Dvor�ne plate test w�th 
the PAPI s�mulator show s�m�lar results to those obta�ned 
w�th the Ish�hara test (F�g. 20). Three normals obta�n less 
than 100% on the Dvor�ne test (but pass the PAPI w�th 
no errors). Deutan and protan color defic�ent subjects 
need more than 65 and 50%, respect�vely, on the Dvor�ne 
plate test to ach�eve 100% on PAPI. S�nce the pred�ct�on 
of the class of defic�ency (protan or deutan) �nvolved �s 
poor w�th both Ish�hara and Dvor�ne tests, �t �s d�fficult 
to know wh�ch of the two l�m�ts one should apply to any 
color defic�ent subject.

F�g. 21 plots the PAPI scores aga�nst the subjects’ 
performance on the ALT test. All normals secure 100% 
score on the ALT, but not on the PAPI test. Results for 
deutanobservers show that out of 77 subjects tested, 
only 18 passed the ALT (w�th a pass cr�ter�on of one 
or no errors). Fourteen of the 18 subjects that passed 
the ALT also passed the PAPI. Results for protans 
show that all 40 subjects tested had fa�led the ALT 
test and that only one subject ach�eved a score h�gher 
than 80%, although just over 50% of protans passed 
the PAPI.

F�g. 22 compares PAPI scores w�th a measure of RG 
sens�t�v�ty based on the Nagel anomaloscope range. 
Only a few deutan and protan observers pass the 
PAPI w�th Nagel sens�t�v�ty >0.6 (deutan) and >0.4 
(protan). The Nagel anomaloscope test �s excellent 
at d�st�ngu�sh�ng between deutan- and protan- l�ke 
defic�enc�es, but fa�ls to quant�fy rel�ably the sever�ty 
of color v�s�on loss, and does not test for yellow/blue 
defic�ency.

PAPI test scores �n F�g. 23 are plotted aga�nst the 
correspond�ng CAD based measure of RG sens�t�v�ty. 
The top sect�on shows the performance �n normal 
tr�chromats. Most normal tr�chromats perform 100% 
correct �n the �dent�ficat�on of the red and wh�te l�ghts. 
However, 7 out of the 65 normal subjects made some 
errors. Th�s could be due to lack of attent�on and/or 
reduced v�sual acu�ty at low l�ght levels caused by 
�ncreased h�gher order aberrat�ons when the pup�l 
s�ze �s large. The errors were found to be d�str�buted 
w�th equal probab�l�ty among the five cond�t�ons. The 
blue dotted l�ne �n F�g. 23 shows the 95% confidence 
�nterval. The lower sect�ons compare the performance 
on the PAPI test w�th the correspond�ng CAD meas-
ure of RG sens�t�v�ty for subjects w�th deutan- and 
protan-l�ke defic�enc�es. The sens�t�v�ty l�m�ts beyond 
wh�ch deutans and protans perform the PAPI test, as 
well as normal tr�chromats, are 0.17 (RG threshold ~6 
SN un�ts) and 0.085 (RG threshold ~12 SN un�ts), 
respect�vely. These l�m�ts are �nd�cated by dotted 
vert�cal l�nes �n F�g. 23.
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Figure 20: PAPI percent correct scores plotted as a 
function of the number of plates read correctly on the 
Dvorine test (expressed as a percentage) for normals, 
deutan and protan observers. 
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Figure 21: The number of presentations identified 
correctly on the Aviation Light Test (ALT) from a total of 
27 presentations is compared to performance on the 
PAPI simulator test separately for normals, deutan and 
protan color vision observers.
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Figure 22: PAPI test scores plotted against an index of 
red-green chromatic sensitivity based on the Nagel 
anomaloscope range. Results are again shown 
separately for normals, deutan and protan observers. 
Numbers next to some symbols indicate number of 
subjects with overlapping data points.  
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Figure 23: Graphs showing performance of normal, 
deutans and protan observers on the PAPI (standard 
white) versus CAD test sensitivity (1/threshold). Note the 
scale of the x-axis is different for the three graphs for 
clarity of presentation. 
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F�g. 24 shows the benefit of replac�ng the standard 
wh�te l�ght �n the PAPI test w�th the color-corrected 
(CC) wh�te. H�gher PAPI performance scores were 
obta�ned w�th the CC wh�te �n all subject groups. All 
but one normal tr�chromat scored 100% correct on the 
PAPI test when us�ng the CC wh�te. F�g. 24 shows the 
overall �mprovement observed �n the deutan group. All 
deutans obta�n 80% correct or h�gher, and many score 
100% correct w�th the CC wh�te. The �mprovement �s, 
however, very small among protanomalous observers, 
part�cularly among subjects w�th severe defic�ency (�.e. 
those w�th RG sens�t�v�ty less than 0.05 un�ts). The 
�mprovements were stat�st�cally s�gn�ficant �n normal 
tr�chromats (p=0.019) and deutans (p=0.000). Protans 
also showed sl�ghtly h�gher PAPI performance scores 
w�th the CC wh�te, but the �mprovement fa�led to reach 
stat�st�cal s�gn�ficance (p=0.224).

The PSL test was �ntroduced to exam�ne the cond�t�on 
when all four PAPI l�ghts have the same color. In th�s 

cond�t�on the subjects can no longer make use of per-
ce�ved d�fferences between two adjacent colors presented 
s�multaneously w�thout be�ng able to name the correct 
color. The results �n F�g. 25 show that subjects do not 
often confuse reds w�th wh�tes or wh�tes w�th reds. Four 
protan subjects w�th severe loss of chromat�c sens�t�v�ty 
(�.e., CAD RG sens�t�v�ty less than 0.05 un�ts) make W=R 
and R=W errors, and s�x deutan subjects w�th CAD RG 
sens�t�v�ty less than 0.15 un�ts make errors on W=R.

3.1 Computing an Index of Overall Chromatic 
 sensitivity

The threshold s�gnal needed to just see the colored 
st�mulus �s expressed by d�rect compar�son w�th the med�an 
threshold for normal tr�chromats. Th�s approach has the 
advantage that a threshold <1 �nd�cates color d�scr�m�na-
t�on better than the standard normal tr�chromat, whereas 
values >1 �nd�cate prec�sely the �ncrease �n threshold s�gnal 
w�th respect to the normal observer. Sens�t�v�ty �s usually 
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Figure 24: Graphs showing comparisons between standard and modified white (color-
corrected white) versus the CAD test sensitivity values. 
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defined as the rec�procal of the s�gnal strength needed to 
just see the st�mulus. The normal�zed CAD threshold falls 
w�th�n the range ~0.7 (�.e., better than normal sens�t�v�ty) 
to a max�mum of 23.7 (a value l�m�ted by the phosphor 
l�m�ts of the d�splay). Therefore, �t �s reasonable to use the 
rec�procal of the CAD threshold as a measure of chromat�c 
sens�t�v�ty, wh�ch ranges from just above 1 for subjects 
w�th better than normal sens�t�v�ty, to ~0.04 for subjects 
w�th very sl�ght or absent chromat�c sens�t�v�ty. In the 
case of the most common occupat�onal color v�s�on tests, 
loss of chromat�c sens�t�v�ty �s more d�fficult to quant�fy 
because the tests do not measure the smallest color s�gnal 
strength needed to detect the st�mulus. Instead, most oc-
cupat�onal tests y�eld scores of correct responses that are 
�nd�cat�ve of the subject’s overall chromat�c sens�t�v�ty. In 
sp�te of these l�m�tat�ons, �t �s of great �nterest to der�ve 
an �ndex of mean chromat�c sens�t�v�ty based on the 
subject’s performance �n several color v�s�on tests. W�th 
th�s a�m �n m�nd, we used the parameters of each test to 
der�ve the best measure of average chromat�c sens�t�v�ty, 
wh�ch ranges from around 1 for normal tr�chromats, to 
close to zero for subjects w�th very l�m�ted or complete 
absence of color d�scr�m�nat�on:

Ish�hara:  Fract�on of plates named correctly
Dvor�ne:  Fract�on of plates named correctly
ALT: Fract�on of st�mulus pa�rs named correctly
Nagel: See defin�t�on of RGI (�.e., red-green  

d�scr�m�nat�on �ndex)
CAD:  Rec�procal of threshold s�gnal when meas-

ured �n standard normal CAD un�ts

Us�ng th�s approach, we were able to quant�fy the 
subject’s average chromat�c sens�t�v�ty der�ved from 
the above tests �n wh�ch we take the best ava�lable 
measure of the subject’s overall ab�l�ty to cope w�th a 
var�ety of color v�s�on tasks. Th�s measure of average 
chromat�c sens�t�v�ty has been used to further just�fy 
the select�on of m�n�mum color v�s�on requ�rements 
that can be class�fied as safe w�th�n the av�at�on en-
v�ronment and the exclus�on of the very few subjects 
w�th poor overall RG chromat�c sens�t�v�ty that pass 
the PAPI test.

F�g. 26 shows that the very few subjects that pass 
the PAPI w�th CAD sens�t�v�t�es less than 0.2 (deutan) 
and 0.1 (protan) have poor overall chromat�c sens�-
t�v�ty. The results also show that the pass/fa�l l�m�ts 
proposed on the bas�s of the CAD test ensure that 
the color defic�ent subjects that pass have an overall 
chromat�c sens�t�v�ty greater than ~0.7 (deutans) and 
greater than ~0.5 (protans).

4.0 dIsCussION

4.1 Color vision Concerns in Aviation
Color enhances object consp�cu�ty and can also be 

used to code �nformat�on. In overcrowded d�splays or 
complex v�sual scenar�os, color allows segmentat�on and 
group�ng operat�ons wh�ch enhance and speed up the 
acqu�s�t�on and process�ng of v�sual �nformat�on (F�rth, 
2001). The pr�mary s�gnal colors �n av�at�on are red, 
green, and wh�te, w�th blue and yellow as supplementary 
colors (CAA, 2006b). ICAO requ�res member nat�ons to 
ma�nta�n a color standard to ensure p�lots can recogn�ze 
the colors of s�gnal l�ghts used �n av�at�on (ICAO, 2006). 
Further, �t acknowledges that the requ�rements are open to 
�nterpretat�on; and at present, there �s no clearly defined 
l�ne that spec�fies the class and sever�ty of color defic�ency 
beyond wh�ch the appl�cant �s no longer safe to fly (for 
a full rev�ew, see CAA, 2006a). Th�s �s partly due to the 
var�ed task requ�rements and the technolog�cal advances 
�n the use of color �n the av�at�on �ndustry.

There are a number of currently approved JAA and 
FAA color v�s�on tests that appl�cants have to pass to 
be l�censed to fly. In th�s �nvest�gat�on, we assessed 182 
subjects us�ng several color v�s�on tests, and the results 
reveal both �nter-subject var�ab�l�ty and poor cons�stency 
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correct) versus CAD test (sensitivity units=1/RG CAD threshold); color deficient 
subjects to the right of the dotted line perform the PAPI test as well as normal 
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Ishihara, Dvorine, ALT and Nagel anomaloscope tests. 
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among the var�ous tests. Compar�son of the outcome 
from Ish�hara and the Dvor�ne tests shows that s�gn�ficant 
var�ab�l�ty rema�ns even when, at least �n pr�nc�ple, the 
tests are very s�m�lar. These find�ngs expose the facts that 
color defic�ent subjects can produce very d�fferent scores 
on the two tests and that normal tr�chromats can make 
more errors on one test, but not on the other. Further, 
the pseudo�sochromat�c tests des�gned for screen�ng are 
not su�table to e�ther accurately d�agnose the class of 
defic�ency, or to quant�fy the sever�ty of color v�s�on loss 
(Belcher et al., 1958; B�rch, 1997).

The measures of chromat�c d�scr�m�nat�on on the CAD 
and Nagel anomaloscope reveal very poor correlat�on. 
Some color defic�ent observers that requ�re a lot of red or 
green �n the match can only accept a narrow, red-green 
range that �s a character�st�c of normal red/green color 
v�s�on. F�g. 22 confirms well-known observat�ons (Wr�ght, 
1946) �n that the measure of chromat�c sens�t�v�ty based 
on the Nagel range overest�mates the subject’s ab�l�ty 
to d�scr�m�nate red-green color d�fferences under more 
natural cond�t�ons of �llum�nat�on. Subjects w�th severe 
loss of chromat�c sens�t�v�ty, as measured on the CAD 
test, can have RGI (Nagel) values that are s�m�lar to those 
measured �n normal tr�chromats. The JAR pass cr�ter�on 
of 4 scale un�ts (RGI=0.95) suggests that some normals 
are l�kely to fa�l, and of greater concern, that some severe 
color defic�ent subjects are l�kely to pass.

F�g. 21 shows compar�sons between the ALT and the 
PAPI s�mulator tests. The results suggest that the ALT 
�s a more challeng�ng test, �.e. the average percent of 
correct scores are lower on the ALT than on the PAPI 
test. However, normals were found to make no errors on 
the ALT. The fact that color defic�ent subjects perform 
worse on the ALT than on the PAPI could be due to the 
�ncreased number of colors presented on the ALT (three 
�nstead of two) and the very dark �mmed�ate surround 
�n wh�ch the apertures of the l�ghts presented are encased 
�n the ALT.

These d�screpanc�es among the var�ous screen�ng tests 
can be attr�buted partly to the d�fferences �n the methods 
of assess�ng color v�s�on. These �nclude d�fferences �n 
st�mulus configurat�on, background l�ght�ng cond�t�ons, 
and also the d�fferent �nstruct�ons g�ven to subjects. 
The results from th�s study just�fy the recent concerns 
expressed by ICAO (1999) and CAA (2006a) �n relat�on 
to some aspects of color assessment �n av�at�on. The re-
sults confirm earl�er find�ngs from a study that exam�ned 
three lantern types accepted by the JAA and found that 
the same �nd�v�dual can pass some of the tests and fa�l 
others (Squ�re et al., 2005). The study also showed that 
some normal tr�chromats that fa�l the �n�t�al screen�ng 
may also fa�l the secondary test, and that the outcome of 
regulatory assessment depends on wh�ch secondary color 

v�s�on test �s used, wh�ch var�es between countr�es. The 
observed �ncons�stency �n results between the currently 
approved color v�s�on tests �s therefore unsat�sfactory, both 
�n terms of fl�ght safety �ssues, as well as be�ng potent�ally 
unfa�r to some p�lot appl�cants.

4.2 Advances in Assessment of Color vision
Red-green chromat�c sens�t�v�ty var�es from “normal” 

performance to total “color-bl�ndness”, w�th an almost 
cont�nuum of color �mpa�rment between these two ex-
tremes. Among congen�tal color defic�ent observers, the 
loss of RG color sens�t�v�ty var�es along a cont�nuous scale 
(F�g. 12). Th�s �s the most common type of color v�s�on 
defic�ency, affect�ng 8% of the male populat�on (<1% 
females; see table �n sect�on 4.4). Yellow-blue defic�en-
c�es affect�ng the S-cone are very rare (1 �n ~20,000) and 
are most often related to acqu�red color v�s�on defects, 
as a result of eye d�sease, or as a s�de effect of tox�c�ty 
or med�cat�on (see sect�on 1.6 �n th�s report). Acqu�red 
defic�enc�es tend to be age-dependent and when unno-
t�ced, may comprom�se safety w�th�n certa�n occupat�ons. 
Follow up color v�s�on tests are carr�ed out for some Class 
1 renewal of med�cal cert�ficates (JAR-FCL 3, 2000). 
Current c�v�l av�at�on tests are not des�gned to detect or 
measure YB sens�t�v�ty, so any anomal�es due to YB loss 
or d�sease are l�kely to rema�n undetected. Yellow-blue 
d�scr�m�nat�on has also become more �mportant because 
of the extens�ve use of d�fferent colors �n the modern 
av�at�on env�ronment.

4.3 safe Color vision limits in Aviation
The PAPI system bu�lt for th�s �nvest�gat�on reproduces 

the red and wh�te l�ghts under cond�t�ons s�mulat�ng 
the spectral compos�t�on, the angular subtense, and the 
ret�nal �llum�nance of real PAPI l�ghts v�ewed from 5.54 
km. Compar�sons between the performance on the PAPI 
and CAD tests reveal the m�n�mum level of chromat�c 
d�scr�m�nat�on, below wh�ch subjects w�th red/green color 
defic�ency no longer perform the PAPI task w�th the same 
accuracy as normal tr�chromats. F�g. 23 shows that deutans 
and protans w�th a RG threshold of less than 6 and 12 
CAD un�ts, respect�vely, perform the PAPI s�mulator test 
�n a s�m�lar way to normal tr�chromats. The PSL test ad-
dresses the quest�on as to whether subjects can also name 
correctly the color of the PAPI l�ghts when all l�ghts are 
of the same color, e�ther red or wh�te. F�g. 25 shows how 
the ab�l�ty to correctly name the wh�te and red l�ghts on 
the PSL test relates to the subject’s RG d�scr�m�nat�on 
sens�t�v�ty on the CAD test. Color defic�ent subjects do 
not have d�fficulty w�th th�s cond�t�on, and no subject 
w�th RG threshold un�ts less than 6 and 12 for deutans 
and protans, respect�vely, confuse R=W or W=R when 
all four l�ghts are the same color. The PAPI and PSL tests 
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also �nclude a CC wh�te to �nvest�gate whether the use 
of a more “blu�sh” wh�te can �mprove performance. The 
results show that th�s �s �ndeed the case for both PAPI 
and PSL tests �n all subject groups.

Us�ng the proposed pass and fa�l l�m�ts of 6 and 12 RG 
CAD threshold un�ts for deutans and protans, respect�vely, 
29 out of 77 deutans and 13 out of 40 protans would pass 
the PAPI s�mulator test us�ng the standard wh�te (F�g. 27). 
However, five deutans and seven protans (F�g. 28) w�th 
RG thresholds larger than the proposed safe l�m�ts also 
pass the PAPI. An �mportant quest�on �s whether these 
subjects are d�sadvantaged unfa�rly �f the new pass/fa�l 

l�m�ts were to be adopted. There �s l�ttle doubt that these 
subjects have severely reduced RG color d�scr�m�nat�on 
(as revealed �n all the color v�s�on tests employed �n th�s 
�nvest�gat�on). The overall loss of chromat�c sens�t�v-
�ty becomes �ncreas�ngly more severe as the subject’s 
thresholds �ncrease beyond the recommended l�m�ts. 
These subjects are therefore l�kely to be d�sadvantaged 
�n other, less safety-cr�t�cal, v�sual tasks that �nvolve color 
d�scr�m�nat�on. By comput�ng an average chromat�c d�s-
cr�m�nat�on performance on a battery of color v�s�on tests, 
we are able to exam�ne whether these subjects have poor 
overall color d�scr�m�nat�on performance. F�g. 26 shows 
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Figure 27: Summary of deutan subjects’ results if the proposed pass/fail criterion of 6 RG CAD 
threshold units is accepted.  

Overall < 12 > 12

CAD threshold range

40

pass

fail

PAPI (modified white)

0

17 17

23

10

13

Overall < 12 > 12

CAD threshold range

40

pass

fail

PAPI (modified white)

0

17 17

23

10

13

Overall < 12 > 12

CAD threshold range

40

pass

fail

PAPI (standard white)

0

20 20

20

7

13

Overall < 12 > 12

CAD threshold range

40

pass

fail

PAPI (standard white)

0

20 20

20

7

13

Figure 28: Summary of protan subjects’ results if the proposed pass/fail criterion of 12 RG CAD 
threshold units is accepted. 
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that the very few subjects that pass the PAPI w�th CAD 
threshold l�m�ts greater than 6 (deutan) and 12 (protan) 
un�ts have poor overall chromat�c sens�t�v�ty. The results 
also show that the pass/fa�l l�m�ts proposed on the bas�s 
of the CAD test ensure that the color defic�ent subjects 
that pass have an overall RG chromat�c sens�t�v�ty greater 
than ~0.7 (deutans) and greater than ~0.5 (protans).

The use of the color-corrected wh�te cond�t�on �ncreases 
qu�te s�gn�ficantly �n the number of subjects that passed 
the PAPI test. For deutans (F�g. 27) w�th thresholds 
h�gher than 6 un�ts, 28 subjects passed �nstead of only 
five w�th the standard wh�te cond�t�on. S�m�larly, for 
protans (F�g. 28), ten passed �n the mod�fied cond�t�on, 
�nstead of seven for the standard wh�te cond�t�on. Overall, 
the CC wh�te cond�t�on �mproves performance of the 
PAPI test for all subject groups. Th�s �mprovement �s, 
however, more s�gn�ficant for deutan than protan color 
defic�ent observers.

The analys�s shown graph�cally �n F�gs. 27 and 28 
reveal that 37.6% of subjects w�th deutan-l�ke defic�ency 
and 32.5% of subjects w�th protan-l�ke defic�ency would 
be class�fied as safe to fly under the new research-based 
pass/fa�l l�m�ts. When us�ng the current PAPI systems 
(�.e. PAPI w�th the standard wh�te l�ght), 44% of deutan 
subjects passed the PAPI test and, accord�ng to the pro-
posed pass/fa�l l�m�t of 6 SN CAD un�ts, 85% of these 
subjects (�.e., the deutans that passed the PAPI) would 
be class�fied as safe to fly. S�m�larly, 50% of subjects w�th 
protan-l�ke defic�ency passed the PAPI test, and accord�ng 
to the pass/fa�l l�m�t of 12 SN CAD un�ts, 65% of these 
subjects would be class�fied as safe to fly.

So far, 386 color defic�ent observers have been ex-
am�ned on the CAD test as part of th�s study, as well as 
other ongo�ng stud�es. Two hundred fifty-five (255) of 
these subjects had deutan and the rema�n�ng 131 had 
protan defic�enc�es. If the proposed l�m�ts of 6 and 12 SN 
CAD un�ts for deutan and protan subjects, respect�vely, 
were appl�ed to th�s larger group, 36.1% of deutans and 

29.8% of protans would pass these l�m�ts. These find�ngs 
suggest that 35% of the total number of color defic�ent 
subjects �nvest�gated should be cert�fied as safe to fly. The 
percentages shown above are very close to those est�mated 
from the smaller number of color defic�ent subjects (n = 
117) that part�c�pated �n the PAPI study.

The proposed pass/fa�l l�m�ts relate accurate measure-
ments of chromat�c sens�t�v�ty to the subjects’ perform-
ance on the most cr�t�cal color v�s�on task �n av�at�on. 
The l�m�ts ensure that the subjects that pass can also 
perform the PAPI task w�th the same accuracy as normal 
tr�chromats. In add�t�on, the proposed l�m�ts ensure that 
all subjects that fa�l accord�ng to these l�m�ts have poor, 
overall chromat�c d�scr�m�nat�on sens�t�v�ty.

4.4 Benefit Analysis of using the New Approach
a. Analysis Based on CAA/JAA Pass Criteria and 
Guidelines
Table 1 shows the d�fferent classes and relat�ve d�str�-

but�on of color defic�ent subjects that make up ~8% of 
the male populat�on (Sharpe, et al. 1999).

The data �n Table 2 are based on the str�ct CAA/JAA 
pass cr�ter�a for the Ish�hara test. A s�m�lar analys�s us�ng 
the FAA pass/fa�l cr�ter�a for Dvor�ne, Ish�hara, and ALT 
tests w�ll be shown separately. Interest�ngly, only 7% of 
color defic�ents pass the Holmes-Wr�ght (HW) lantern, 
and there �s no clear ev�dence to suggest that all of these 
subjects are safe to fly.

One hundred s�xty-three (163) color defic�ents (�.e., 
110 deutan and 53 protan subjects) have been �nvest�gated 
us�ng the HW lantern �n all of our stud�es. All protans 
fa�led, but only 99 of 110 deutan subjects fa�led the HW 
lantern. These find�ngs make �t poss�ble to pred�ct the 
number of color defic�ent subjects that are class�fied as 
safe to fly us�ng current assessment procedures.

Table 3 shows the pred�cted outcome when the same 
1,000 appl�cants were exam�ned on the CAD test and 
the pass/fa�l cr�ter�a employed are based on the find�ngs 

Table 1: Percentage of color deficient observers that fail Ishihara and HW tests. 

Protanope Deuteranope Tritanope P-nomalous D-nomalous T-nomalous Total
1 1.1 0.002 1 4.9 0 8.002

†Gegenfurtener, K.R. & Sharpe, L.T.  "Color Vision, from Genes to Perception" : Cambridge University Press.

                Percentage of normal trichromats that fail the Ishihara test* 15.8
                Percentage of protan subjects that fail the Ishihara test 100
                Percentage of deutan subjects that fail the Ishihara test 99
                Percentage of normal trichromats that fail the Holmes-Wright lantern test 0
                Percentage of protan subjects that fail the Holmes-Wright lantern test 100
                Percentage of deutan subjects that fail the Holmes-Wright lantern test 90

Accepted Prevalence of Color Vision Deficiencies†

Other facts based on normal trichromats and colour deficient subjects studies at AVRC

*Results based on 202 normal trichromats when employing the strict CAA/JAA pass criteria (i.e., no 
errors, no misreadings in the first 15 plates of the 24-plate version). 
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from th�s study. The current procedures that employ a 
secondary test whenever the appl�cant fa�ls the pr�mary 
test results �n 22% of the appl�cants hav�ng to take the 
secondary test. The new procedure based on the CAD 
pass/fa�l l�m�ts does not requ�re any secondary test. The 
analys�s �n Table 3 shows that 36% of deutan and 30% 
of protan subjects meet the pass/fa�l cr�ter�a establ�shed 
exper�mentally and can therefore be class�fied as safe to 
fly. G�ven the h�gher prevalence of deutan subjects w�th�n 
the male populat�on, these find�ngs suggest that 35% of 
all color defic�ent subjects pass the new gu�del�nes and 
are therefore safe to fly.

If the HW secondary test �s replaced by the Nagel 
anomaloscope test (us�ng the current JAA pass/fa�l l�m�ts 
for m�dpo�nt and range), the percentage of color defic�ent 
subjects that are class�fied as safe to fly decreases to less 
than 2%. If the HW lantern test �s replaced w�th other, 
less demand�ng secondary tests, the percentage of color 
defic�ent subjects that pass can �ncrease to more than 10%. 
There �s, however, no guarantee that the color defic�ent 

subjects that pass these secondary tests can carry out the 
most safety-cr�t�cal, color-related tasks.

b. Analysis Based on FAA Pass/Fail Criteria and 
Guidelines
The FAA pass/fa�l cr�ter�a are more l�beral and were 

selected del�berately to be fa�r to those color defic�ent ap-
pl�cants that may well be able to carry out safety-cr�t�cal, 
color-related tasks w�th the same accuracy as normal 
tr�chromats. The cr�ter�a are not, however, based on the 
PAPI task and employ a large number of recommended 
tests that fa�l to correlate well when used to quant�fy the 
sever�ty of color v�s�on loss. Th�s means that some of the 
appl�cants fa�l some tests and pass others. In th�s �nves-
t�gat�on, we have �ncluded two of FAA’s most popular 
tests, the Ish�hara and the Dvor�ne pseudo�sochromat�c 
plates. The ALT (�.e., a Farnsworth Lantern (FALANT) 
w�th mod�fied filters des�gned to produce l�ghts w�th 
chromat�c�t�es spec�fied for av�at�on s�gnal l�ghts (M�lburn 
& Mertens, 2004)) was �ncluded �n the study. Normal 

Table 2: Predicted outcome per thousand applicants using current CAA/JAR guidelines. 

No. that fail No. that fail No. classed as
Applicants 1000 Ishihara HW safe to fly
Normals 920 145 0 920
Deutans 60 59 53 6
Protans 20 20 20 0
Total 1000 225 73 926

22
10
0
7

  Percentage of applicants that undergo secondary tests  = 
  Percentage of deutan subjects that pass secondary tests  =
  Percentage of protan subjects that pass secondary tests  =
  Percentage of total color deficient subjects that pass = 

Predicted outcome per 1000 applicants using current assessment methods

Table 3: Predicted outcome per thousand applicants using the new, CAD based 
pass/fail limits. 

No. that pass No.that fail set No. classed as
Applicants 1000 CAD as normals CAD limits safe to fly
Normals 920 920 0 920
Deutans 60 0 38 22
Protans 20 0 14 6
Total 1000 920 52 948

0
36
30
35

** % deutan subjects that pass CAD (pass < 6 SNU) = 36.1
** % protan subjects that pass CAD (pass < 12 SNU) = 29.8

  Percentage of of deutan color deficients that pass = 

  Percentage of total color deficient subjects that pass = 
  Percentage of protan color deficients that pass  =

Predicted outcome per 1000 applicants using CAD pass / fail criteria**

  Percentage of applicants that undergo secondary tests  = 
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tr�chromats pass both the FALANT and the ALT lanterns, 
but no data are ava�lable to descr�be how the deutan and 
protan subjects exam�ned �n th�s study perform on the 
FALANT test. The follow�ng analys�s �s, however, of great 
�nterest s�nce �t prov�des a useful compar�son of expected 
outcomes when FAA gu�del�nes are followed.

Table 4 l�sts the percentage of normals, deutan, and 
protan subjects that fa�l each of the three tests: Ish�hara, 
Dvor�ne, and ALT, accord�ng to the FAA cr�ter�a. The 
first observat�on of �nterest �s that the Dvor�ne test passes 
the largest number of deutan and protan subjects. The 
Ish�hara �s more demand�ng for both deutan and protan 
subjects, and all protan subjects fa�l the ALT test. In the 
follow�ng sect�ons we exam�ne the correlat�on between 
the outcome of each of these tests and the correspond�ng 
PAPI pass/fa�l scores for the 182 subjects �nvest�gated.

The cont�ngency tables below (�.e., Table 5) show that 
only one deutan subject (�.e., less than 1%) passed the 
Ish�hara accord�ng to the FAA cr�ter�on and fa�led the 
PAPI. Not unexpectedly, the same subject also passed 
the Dvor�ne test and fa�led the PAPI. Of equal �nterest 
�s the observat�on that 31% of color defic�ents (deutan 
and protan) fa�led the Ish�hara but passed the PAPI. The 
results also show that only 24% of the color defic�ents 
that fa�led the Dvor�ne test passed the PAPI. It �s also of 
�nterest to �nvest�gate the outcome �f the ALT were used 
as a secondary test for those deutan and protan p�lot 
 appl�cants that fa�l e�ther Ish�hara or Dvor�ne tests us�ng 
the FAA pass/fa�l cr�ter�a.

Th�s analys�s should be str�ctly carr�ed out us�ng the 
appl�cant’s performance data on the FALANT test, but 
�n the absence of such data, the ALT test prov�des the 

Table 4: Percentage of color deficient observers that fail Ishihara, Dvorine and ALT tests 
(using FAA pass/fail criteria for the Dvorine and the 24-plate Ishihara test). 

0
90

  Percentage of deutans that fail the Ishihara test 81.8
          Percentage of normal trichromats that fail the Dvorine plates 0
          Percentage of protans that fail the Dvorine test 82.5
          Percentage of deutans that fail the Dvorine test 75.3
  Percentage of normal trichromats that fail the ALT 0
  Percentage of protans that fail the ALT 100
  Percentage of deutans that fail the ALT 77.9

Other percentages based on the FAA pass / fail guidelines*
  Percentage of normal trichromats that fail the Ishihara test
  Percentage of protans that fail the Ishihara test

*The results listed in the table are based on the FAA pass limits for Ishihara/Dvorine tests (fail equals 
7 or more errors). Percentages based on 65 normal trichromats and 117 color deficients (i.e., 77 
deutan and 40 protan subjects). All protans failed the ALT test, but only 60 out of 77 deutans failed 
the same test (pass classification on the ALT requires no more than one error on 27 trials).

Table 5: Contingency tables showing results of Ishihara, Dvorine and ALT tests and the 
corresponding pass/fail PAPI scores. 

Pass Fail P F P F

Pass 62 3 P 4 0 P 13 1

Fail 0 0 F 16 20 F 20 43

P F P F P F

P 62 3 P 7 0 P 18 1

F 0 0 F 13 20 F 15 43

P F P F P F

P 62 3 P 0 0 P 17 0

F 0 0 F 20 20 F 16 44
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nearest, useful subst�tute. F�nd�ngs from a recent study 
(Cole & Maddocks, 2008) suggest that some subjects that 
pass the FALANT test can confuse red and wh�te s�gnals 
and may not therefore perform the PAPI task as well as 
normal tr�chromats. Table 6 compares the subjects pass/fa�l 
results on Ish�hara and Dvor�ne aga�nst the correspond�ng 
pass/fa�l results on the ALT. The results show that �t �s 
poss�ble to pass Ish�hara or Dvor�ne and then to fa�l the 
ALT. In the case of Dvor�ne, s�x deutan and seven protan 
subjects pass the test only to fa�l the ALT. Interest�ngly, 
the reverse to th�s also happens. Four deutans that fa�l 
the Dvor�ne pass the ALT and s�x deutans that fa�l the 
Ish�hara also pass the ALT.

These find�ngs clearly reveal the lack of agreement that 
ex�sts when us�ng d�fferent occupat�onal color screen�ng 
tests and the d�fficult�es �nvolved �f one w�shed to use 
such data to pred�ct performance �n other tasks, such 
as the PAPI.

Table 7 shows the pred�cted outcome per thousand 
appl�cants when us�ng Ish�hara, Dvor�ne, and ALT tests. 
Although the FALANT �s an accepted FAA alternat�ve 
test, the ALT test (used by FAA for assess�ng a�r traffic 
controllers) was employed �n th�s study. The ALT fa�ls all 
protan subjects and passes only 16% of deutan appl�cants. 
The results are of �nterest s�nce they show clearly that an 

appl�cant �s most l�kely to pass the Dvor�ne test, followed 
by ALT, and Ish�hara when only deutan subjects are 
cons�dered. In the case of protan defic�ency, an appl�cant 
�s most l�kely to pass the Dvor�ne, followed by Ish�hara, 
but all protans fa�l the ALT test.

5.0 CONClusIONs

The a�m of th�s project was to develop new methods 
for accurate assessment of color v�s�on and to prov�de 
ev�dence-based gu�del�nes for m�n�mum color v�s�on 
requ�rements for fl�ght crew. The current d�vers�ty �n 
color v�s�on test�ng methods and standards demonstrates 
the need to adopt more object�ve assessment techn�ques 
�nternat�onally and to set m�n�mum color v�s�on requ�re-
ments that are both safe and fa�r to the appl�cants.

The CAA/JAA gu�del�nes are str�ct, and consequently 
only 10% of deutan appl�cants are class�fied as safe to 
fly (see Table 2). The appl�cants that pass are l�kely to 
perform the PAPI task as well as normal tr�chromats. The 
current CAA/JAA procedures have some d�sadvantages. 
A large percentage of appl�cants fa�l the pr�mary tests and 
have to take lengthy secondary tests that d�ffer �n var�ous 
member states. Th�s �ntroduces some var�ab�l�ty �n that 
the same subjects can pass some secondary tests and fa�l 

Table 6: Pass/fail scores on Ishihara and Dvorine compared against the ALT. 

Pass Fail P F P F

Pass 65 0 P 0 4 P 11 3

Fail 0 0 F 0 36 F 6 57

P F P F P F

P 65 0 P 0 7 P 13 6

F 0 0 F 0 33 F 4 54
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Table 7: Predicted outcome per thousand applicants when using Ishihara, Dvorine and ALT tests. 

No. that fail No. that fail No. that fail Safe to fly Safe to fly Safe to fly
Applicants 1000 Ishihara Dvorine ALT Ishihara Dvorine ALT
Normals 920 0 0 0 920 920 920
Deutans 60 49 45 47 11 15 13
Protans 20 18 17 20 2 3 0
Total 1000 67 62 67 933 938 933

18.3 25.0 21.7
10.0 15.0 0.0
16.3 22.5 16.3

Percentage of deutan subjects classed safe to fly according to each test
Percentage of protan subjects that are classed safe to fly
Percentage of all color deficient subjects classed safe to fly

Predicted outcome per 1000 applicants using the FAA criteria 
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others. Some of these subjects may not necessar�ly be able 
to carry out the PAPI tasks as normal tr�chromats. Equally 
�mportant, a large percentage of color defic�ents that can 
carry out the safety-cr�t�cal, color-related tasks fa�l the 
tests and are, therefore, unfa�rly d�sadvantaged.

The FAA gu�del�nes are more l�beral, and as a result, 
more color defic�ent appl�cants pass. In the case of Dvor�ne 
and Ish�hara tests, less than 1% of the appl�cants that pass 
these tests fa�l the PAPI. All color defic�ent appl�cants that 
pass the ALT test also pass the PAPI (see Table 5). The 
current FAA gu�del�nes have some d�sadvantages. The 
color v�s�on tests employed prov�de only an approx�mate 
measure of the sever�ty of color v�s�on loss, and the pass/
fa�l l�m�ts have not been val�dated aga�nst the PAPI. The 
FAA accepts 14 d�fferent tests (FAA Gu�de for Av�at�on 
Med�cal Exam�ners, 2008). The use of so many tests that 
may not correlate well w�th each other (when used to as-
sess the sever�ty of color v�s�on loss) �ncreases var�ab�l�ty 
and g�ves r�se to odd outcomes when an appl�cant passes 
one test and fa�ls another. Although the number of color 
defic�ent appl�cants that pass can �ncrease s�gn�ficantly, th�s 
�ncrease �s test spec�fic and often dependent on the use 
of the S�gnal L�ght Gun test that has not been val�dated 
aga�nst the PAPI task.

The results also show that one cannot regard subjects 
w�th deutan- and protan-l�ke defic�enc�es as equ�valent. 
Therefore, m�n�mum color v�s�on requ�rements must be 
set separately for each class of defic�ency.

The pr�nc�pal find�ngs of th�s study can be summar�zed 
as follows:

Subjects w�th red/green congen�tal color def�c�ency can 
exh�b�t an almost cont�nuous d�str�but�on of chromat�c 
sens�t�v�ty loss.
The loss of red/green chromat�c sens�t�v�ty �s greater 
�n subjects w�th protan congen�tal color def�c�ency 
when compared to the deutan class. Unl�ke many 
convent�onal color v�s�on tests, the CAD test cannot 
be learned, and hence the outcome depends ent�rely 
on the subject’s chromat�c sens�t�v�ty. The test prov�des 
the means to class�fy protan and deutan subjects and 
also quant�f�es the sever�ty of color v�s�on loss.
N�nety-four percent of all appl�cants are l�kely to 
complete the CAD test �n less than 20 seconds (us�ng 
the fast-CAD opt�on) wh�ch �s based on screen�ng for 
m�n�mum color sens�t�v�ty �n the deutan category. The 
rema�n�ng appl�cants are expected to fa�l fast-CAD. 
The def�n�t�ve-CAD test takes 12 to 15 m�nutes to 
complete, and prov�des the �nformat�on needed to 
establ�sh whether the subjects that fa�l (�.e., ~4% of 
all appl�cants) have protan color def�c�ency and have 
res�dual chromat�c sens�t�v�ty, w�th�n the establ�shed 
pass l�m�t for protan subjects.

•

•

•

Below ~60 years of age, normal ag�ng does not s�gn�f�-
cantly affect e�ther RG or YB thresholds, prov�ded ad-
equate levels of amb�ent �llum�nat�on are employed.
Use of a mod�f�ed “wh�te” l�ght results �n s�gn�f�cant, 
overall �mprovements �n PAPI performance, part�cu-
larly w�th�n normal tr�chromats and deuteranomalous 
observers.
A compar�son between the PAPI and CAD tests shows 
that deutan subjects w�th CAD thresholds <6 SN 
un�ts and protan subjects w�th CAD thresholds <12 
SN un�ts can perform the PAPI test as well as normal 
tr�chromats.
A small number of deutan and protan observers w�th 
thresholds h�gher than 6 and 12 SN un�ts, respect�vely, 
passed the PAPI test, but these subjects exh�b�ted poor 
overall chromat�c sens�t�v�ty and are, therefore, l�kely 
to be affected unfavorably �n other v�sual performance 
tasks that �nvolve color d�scr�m�nat�on.
If these f�nd�ngs were adopted as pass/fa�l l�m�ts for 
p�lots, ~35% of color def�c�ent appl�cants would be 
cert�f�ed as safe to fly.
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