DEC 23 |o87

Director
Division of Safety Research

NIOSH
944 Chestnut Ridge Road
Morgantown, West Virginia 26505

Dear Sir:

The following comments are submitted for your consideration in
the writing of the Final Rule for 42 CFR Part 84. My comments I
feel must be addressed in your Final Rule. See attached list of

comments and support documents.

I believe that NIOSH has finally moved this whole issue of
Respiration Certification to the point for public dialogue.
want to see NIOSH moved on to a Final Rule when they have

resolved the various technical problems and related issues,

Sincerely,

_Dbrree P77
Thomas H. mour
Fire Protection Engineer
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1. T recommend that §84.1, purpose, be revised to include
all respirator users. Suggest a revision as follows:

§84. 1 Purpose.
" .. for the certification of respirators
for worker protection from airborne contaminants
or hazards."

2. I support the definition of IDLH contained in
§84,200; This definition is excellent. The OSHA Directorate
of Safety Standards would use this definition immediately
in 1910.120 (proposed) and 1910.146 confined space standard
(within draft form) if the definition were in a final rule.

Until this proposal, NIOSH has consistently misdefined the
term, i.e., in the Pocket Guide to Chemical Hazards and
in Subparagraph 3 of Niosh Respirator Decision Logic.

In both documents a 30 minute exposure is specified for
an exposure to cause none of the undesired effects.

The Pocket Guide makes clear this exposure is 30 minutes
at the IDLH level with no respiratory protection.

The zeal to protect by providing "some margin of safety
in calculating the IDLH" is admirable, but there is

no harm at all. This cannot be called IDLH without
redefining the entire language. Regardless of what
guidelines are used for setting on IDLH level, such a
criterion must not be included in the definition of the
term; that makes for paradox, not definition.

3. I support the requirement of §84.22(e) which requires
eyepieces and facepieces to provide a level of impact
resistance and penetration equivalent to conventional sn{é{y
eye and face protection. This negates the need for
additional eye and face protection to be used with a
full facepiece respirator or with a hooded or helmet
respirator.

Failure to incorporate this language would leave the
wearer inadequately protected and require the use of
uncomfortable secondary protection which would also
interfere with proper mask/face seal or may otherwise
cut down on the wearers field of vision.
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4. I support the requirements of §84,223, Body harnesses.

10.

In particular we support the requirement that the harness
not melt when exposed to temperatures of 400 F for 30
minutes. This requirement addresses a problem which as
occurred during actual use in firefighting activities.
However fabric components of firefighter PPE are usually
tested at 500 degrees F for five minutes and should be
specificed as the minimum performance if the 30 minute
test is not going to be retained in the final.

I suport the requirement of §84.220(f) and §84.232(e)
which require that respirators be compatible with the use
of safety glasses since eye protection may be necessary in
many working conditions where 1/2 and 1/4 facepiece
respirators are used.

I support the requirements of §84.248-11, tests during

low temperature operation. These provisions address problems
which have occurred in the past when respirators were used in
cold environments.

1 support the shock and vibration tests which are included
in §84.248-12. These tests also address problems which have
occurred due to vibration of respirator equipment during
transport to an accident. Duration of vibration test is not
specified. Perhaps 3 hours on each axis? total of 9 hours?

I support the flammability test requirements for facepieces
contained in §84.248-17 since respirator users {rescuers,
fireman, etc.) may encounter a brief flame exposure during
their use of the respirator. This test has been used in
West Germany for years for respirator approval and it is
needed in the USA as well.

Corrosion testing criteria should be added. Tests should
include salt spray test similar to those specified in NFPA
1981 (1987).

Criteria for improved communications SCBA should be
developed. Minimum test evaluations should be made for

speaker diaphrams such as being able to understand wearer
five feet away by a person with normal hearing.
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U.S. Department of Labor Occupational Salety and Haalth Administration
Washingion, D.C. 20210

Reply to the Allention of:

NOV 1 5 1985

MEMORANDUM FOR REGIONAL ADMINISTRATORS

THRU: JOHN B. MILES
Director
Directorate of Fikld Operations

FROM: STEPHEN J. MALLINGER A 7’7'-4"‘"7"

Acting Director .
Directorate of Technical Support

SUBJECT: Use of Bureau of Mines Approved Gas Mask Canisters

We have received several inquiries concerning the use of Bureau of Mines
approved gas mask canisters. These canisters were approved under the Bureau
of Mines Schedule 14F for protection against many highly toxic substances
such as hydrogen sulfide, hydrogen cyanide and phosphine. All these
canisters were approved for concentrations far above their respective
immediately dangerous to life or health (IDLH) values and none of these
compounds has adequate odor warning properties for the respirator wearer to
detect excessive facepiece leakage or sorbent breakthrough.

Although the Mine Safety and Health Administration (MSHA) and the National
Institute for Occupational Safety and Health (NIOSH) have extended the
expiration date for the Bureau of Mines approved gas mask canisters, NIOSH
indicated that they could not conduct quality control testing on these
canisters to assure that the performance meets the certification
requirements.

In view of the above facts, it is concluded that the Bureau of Mines
approved gas mask canisters for proteotion against hydrogen sulfide, .z
hydrogen cyanide and phosphine may not provide adequate margin of saféky to_
the respirator wearers. Their use for other than emergency escapégissgpt -
acceptable. - -,

i
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84.2(b), Expiration of Certification

There should also be a provision that all certifications expire after
5-10 years. This will prevent the same device from being approved for
over 30 years as we now havq§ Bureau of Mines approvals should be

minate mmediately, Besides, many Bureau of Mines approved
canisters are acceptable for protection against substances with poor
warning properties eg. hydrogen cyanide and phosphine.

84.11(d), Specimen Respirators

According to 229(e) at least six units will be needed and should be
specified here. Since the respirators will be made by automated
processes, the specimen submitted should be identical in all respects,
or the same as, not identical "in all significant aspects." The latter
is far too loose.

84.14(added), Waiting Period

One of the major drawbacks of the present system-is'.that manufacturers
can keep resubmitting essentially the same respirator in rapid fire
order. -To alleviate this we believe z mandatory waiting period is
appropriate to allow for proper development work. Hence we suggest this
paragraph be inserted "If NIOSH-denies an application or withdraws a
certification under this part, the manufacturer may not resubmit for
certification the same or similar respirator for a period of six months
after the denial or withdrawal, or after the conclusion of any appeals,
whichever is later.™

84.23, User Notification Plan

This paragraph should require manufacturers, as a condition of continued
certification, to actually use the plan whenever the manufacturer learns
of a defect (including information from NIOSH) or has a certification
modified or withdrawn.

84.32(a), Extensions

The extensions now are open eﬁded. A limit is needed and we suggest
that 90 day extensions are adequate.
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84.41, Labeling

Too often the actual end user of the simpler respirators never see the
approval labels because they are on packaging that is removed and
discarded at a distribution point. Therefore this paragraph should
specify that one or the other form of the label should be on or
accompany each unit of all air-purifying respirators. It could be on a
card or part of instructional materials (see next item).

84.50, Instructional Materials

Most disposable respirators have instructions printed on the carton.
Since these respirators are packaged 50 or 100 in a carton, and the
carton is generally thrown away as the respirators are distributed, a

reqguirement should be established that instruction materials must be
packaged with each individual respirator.

B4.60, Modifications

The current language for this section will prevent the introduction of
new respirator models. Any new models will be classified as major
" .modifications-to escape the: requirements of any new performance
standards. Therefore, we strongly recommend that both (b) and (e¢) be
~-changed to-read, in part "... standards in effect on the date of
.application for certification._of.the major modifiecation....m

84.70(e), Failure to Notify

This paragraph should be modified to make use of modified "11.23 by new
wording, "Failure of a manufacturer to provide NIOSH and users with the
notification required in sections 11.22 and 11.23.m"

84.70(k), (added) Withdrawal of Certification

A very important cause for withdrawing a certification should be
inadequate results from NIOSH testing of respirators. Therefore, a new
paragraph (k) should be added, "NIOSH testing in accordance with
subparts 0-Z on.units obtained from normal distribution channels fails
to corroborate the manufacturers findings for the two (six) respirators
submitted in accordance with 84.11(d)."

84.70, (additional cause for withdrawal of certification)

This section should..also have a provision to._the effect that all
certifications of a manufacturer will be withdrawn if the manufacturer
is found to be marketing a respirator as certified when in fact it is

not or is found to be using a certification label that is not approved
by NIOSH.



84.71,

Withdrawal of .Certification

Stop-sales orders should be issued to manufacturers to prevent more
defective products moving to market during the withdrawal proceeding.

84,200, Technical Definitions

L -

f.

g

The present definition of "breathing tube"” does not distinguish it
from high pressure airlines and needs the words "at near ambient
pressure” inserted after "respirable air." For completeness a .
separate definition is needed for Mair-line™ such as "a hose used to
supply compressed breathing gas to a respirator.m

The definition of "canister" or "cartridge™ will be very confusing
because any disposable mask inecluding those without any cartridges,
canisters or separable filters will be called a "cartridge" mask.

Since the application of these regulations goes beyond OSHA's
regulations, the definition of "ceiling l1imit" and "permissible
exposure limit"..should include reference to standards and
recommendations other than 0SHA's such as those of ATIHA, ACGIH and

"ANSI.

"dBA"™ needs to be defined in terms of the use of a "ANSI type II
sound level meter."

;

The standard temperature and pressure used as a reference in
defining "gas" must be stated because there are several "standard®
conditions in common use.

The definition of IDLH should refer to something other than
radicactive materials such as carcinogens to avoid the confusion
that mention of radiation causes.

The definition of "Service Time™ does not distinguish it from shelf
life and should be changed. Also, it should refer to an air-
purifying "element™ not "device."

The proposal does not contain a definition for disposable
respirators. By choosing not to distinguish disposable respirators
from others, NIOSH is asserting that there is no difference in fit
capability or in lasting fit integrity. In view of data in the 0OSHA
respiratory protection.docket, this is not a justifiable assertion.
The distinction between eembain disposables and other respirators
should be made.
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84.220, General Construction Requirements

a. Field of vision, glare, and chemical compatibility of the lens of
the full facepiece with other chemicals should be considered{as- ‘C°"
testing requirements.

b. There should be a requirement for the manufacturer of positive
pressure respirators to install facepiece pressure indicators., If

the faceplece pressure consistently indicates negative, the use of
the respirator should be discontinued.

84.220(3j), Skin Irritation

To reduce the possibility of skin irritation by the mold release
compounds or residual molding compounds from which the facepiece is
formed, as well as to avoid the transmission of communicable diseases

through manual handling during manufacturing, all respirators should be
washed and sanitized before they reach the end user.

84.226, Inhalation and Exhalation Valves

Either of these valves must be able to be sealed or blocked easily by
the wearer to perform a.positive or negative pressure test. No _
respirator should be approved.if either a positive or negative pressure
testhsannot be easlly performed to check for faceseal leakage.

. N &
84228, Noiéecat_mlszb ve tesk)

Proper construction requires the deletion of the "and" appearing after
"airflow™ and the addition of "the respirator" after "“when."

84.232(a), Sizing (negative pressure respirators)

This draft proposal would allow a manufacturer to sell the facepieces
they have already, no matter whether they fit a majority of users or
not. This provision probably resulted from a compromise at the ANSI ad
hoc subcommittee discussions. We believe that if a manufacturer cannot
provide a model with a series of facepiece sizes that will fit at least
95% of the population as specified by LANL, the model should not be
accepted for approval unless it is a special facepiece to fit extremely
large or small faces.

84.232(b), Panel Selection

The measurement of faclal sizes is prone to error and variation. A
detailed method should be prescribed by NIOSH in an appendix to the
regulations or NIOSH should certify persons who make these measurements.



84.232(e), Test Hardware

The aerosol size and concentration inside the test chamber should be
verified periodiecally. Detailed methods should be specified in an
appendix.

84.232(f), Exercise Regimen

The test exercises proposed for quantitative testing do not involve
sufficient movement by the test subject to adequately-.determine leakage
rates. These same test exercises are used in normal quantitative fit
testing, and have not been shown to correlate at all to the levels of

protection found during workplace testing. This has been thought to be
because the exercises don't represent the types of movements workers

perform on the job. The test exercises NIOSH proposes do not involve
much real movement, such as would be caused by jogging in place, or
walking on a treadmill. Treadmill tests at 80 percent of maximum work
capacity should be performed on PAPRs, SARs, and SCBAs.

84,232(g), Data -

‘Leakage assessment should be based ‘only on the average of the peaks‘in
the concentration profile inside the mask.

84.232(h), Analysis

It is not. clear-whether .only one test is required or whether-retesting
is permitted or not. If retesting is not permitted, manufacturers
should be required to submit to NIQSH a continuocus uncut strip chart for
all fit tests performed. |

84.232(h}(2), Leakage Ratio

It is not clear why a "one" is subtracted from the reciprocal of L to
calculate R.

84.232(h){(5), Upper Leakage Limit

The exponential part of the leakage limit expression is improperly typed
so that it appears to be "L" times 10 to the X power.

84.232(3), Performance Criteria

a. The fit factors shown -in the table are inadequate. They result in
respirators that are marginal at best or inadequate for use under
current practices in many casess- From our own experience, a good
fitting respirator can-obtaln a fit factor of at least 1,000 and
‘many facepiece’ now on the market can meet this level. The draft
represents a lowered standard and a set of requirements
substantially less than the current state-of-the-art.
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b. It is generally agreed that the relationship between fit factor and
the actual use protection factor is.about 10 to 1. 1Using this as a
basis, half-mask respirators would become inadequate for their
current use {in any atmosphere up to .10 times the applicable limits)
if filter penetration and facepiece leakage are both allowed to be 1
percent.

c. It is not clear here or elsewhere in the draft what are the
applications of low, medium and high efficiency filters. This needs
to be clearly described. At the very least the use of the low and
medium efficiency filters will substantially alter the present
accepted rules for selecting respirators.

d. We do not believe that a filter as bad as 5% leakage is useful or
acceptable for respiratory protection today.

84.233(b), Maximum Leakage

Leakages as high as 1% and 2% are excessive. Leakage rates as low as
0.001 are achievable.

84.235, Powered Air-Purifying Respirators

Powered air-purifying respirators (PAPR) are generally used for highly
toxic aerosols at high concentrations. A low efficiency filter may lose
its effectiveness when dust loading is increased. Unfortunately, the
wearer cannot detect whether the penetration of the filter has increased
to an unacceptable level. Therefore, only PAPR's with high efficiency
particulate filters should be approved.

84,236, Mouthpiece Respirators

The major limitations of the mouthpiece respirators are low service life
of cartridges and no eye protection. These two limitations will

significantly reduce its effectiveness. during escape. Since many
portable lighweight escape SCBA's are available, there is no reason to

approve any product with such marginal usefulness.



- 84.240, SCBA

a. This part does not discuss whether buddy breathing deviges would be
acceptable or specifically approvable. We believe they are
acceptable and criteria for testing them should be developed.

b. Most respirator manufacturers do not make air cylinders, and there
is no testing requirement for air cylinders in this draft. The air
¢ylinders should not be considered as part of the SCBA assembly for
approval purposes. NIOSH should specify a type or types of air
cylinder that are to fit all approved SCBA's. A similar situation
is that tires on new cars are not guaranteed by the car maker but by
the tire manufacturer. NIOSH could develop certifying criteria for
air cylinders and make the cylinder a separate item of approval. %_

. TOoLM dhaq/aﬁ JVL lent
c. There should be weight limitations for all SCBA's. N Pankll i~ thc't
keew t4E SAmrc prese~nt crifernia ps Found [~ Zo €FRIZLY P~
d. There are some new 3CBA's in which the mode of operation can be ‘
switched between open and c¢losed circuit. Such an apparatus may fit
oneg set of test criteria but not both, so-consideration should be
-‘given to innovative_types of SCBA.. -

e. The hyphenated. section numbers should be eliminated- for the sake of
clarity.

84.246, Hand~operated Valves

Some positive-pressure SCBA's have a lever to enable the unit to operate
in a negative-pressure mode for donning. Since the breathing resistance
is lower at negative-pressure, some users may elect to leave the unit in
that mode, which could be dangerous. Such two-way valve should not be
permitted; the unit should be on or off.

84.248-3, Breathing Bag Test

Gasoline is not a commonly used. solvent and the testing of breathing
bags with saturated gasoline vapor is a potential fire hazard. Some
more reactive and safer solvent should be used. A permeation test as
developed by the ASTM for testing glove materials could be.'adapted for
bag testing. '

8),.248-13, Use Tests
Most fire fighters critieize the service life of SCBA's because they do

not last as long as specified. NIOSH should revise the work rate on
these tests so that they are related to actual work situations.
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84.251-3(a), Length of Hose

It does not seem relevant to certification to specify the length of hose
sections. —30 ft., 40 ft., and 50 ft. sections would not appear to be
hazardous or-of much concern to a safety and health orientéz .
certification. PRESutE droyf cRifenin s&oulf bo Ertrblished
é.g/.aw whiclh ' wounld wot ér dC‘F;’*"b/g /'» ﬂffdl/t‘ﬂ’t;vj Ptop st flow Fe
84,251-3(b)(2), Air Flow fhec pPr¥S,

All but the last sentence of this paragraph is not needed (see item 50
and 61 below). There should be a stipulation that positive pressure

units not drop below some specified pressure (for example 1 cm Hp0)
during service.

84.251-3(e), Air Control Valves

If regulator longevity testing is required for SAR's, why is it not
required for the SCBA? The cyecling specification for the valve is not
realistic-~it would require 34 days around the clock or 3100 work days to
.complete. .. Obviously the test will in -fact_be expedited. A more
realistic specification is needed.

84.251-4, Harness .Test

Since sudden .loading doubles the strain caused by a given load it would
seem appropriate to double the required-pull.

84.251-7, Air Flow Resistance Test

This section needs an added subparagraph (¢) essentially saying, "These
specifications apply with any combination of air-supply pressure and
length of hose within the applicant's specified range of pressure and
hose length.”

84.251-8, Air Flow Resistance Test
a. An additional subparagraph is needed as specified in 84.251-7 above.

b. If the system is limited by its ability to deliver air, the tests
should use the higher required air delivery rates. This provision
allows for zero bias in the pressure, yet most people expect the
pressure to -stay positive. Especially since some deterioration
during use-could be expected, the minimum pressure should-be above
-atmosphere, for example 1 or 2 cm water.

84.251, .Particulate Filters
Most breathing tubes of the SAR's -and .some PAPR's are lined with a

plastic foam to reduce noise. An inline filter should be required to
remove eroded plastic particles from the breathing zone of the wearer.



84.263, PAPR Flow Requirement

The proposal sets minimum air flow rates of 115 liters per minute for
tight fitting PAPRs and 170 liters per minute for loose fitting PAPRs.
These rates are unchanged from the current requirements. These low flow
rates are one cause for PAPRs not achieving in the workplace the
protection factors they are capable of. In a recent Lawrence Livermore
study on PAPRs, it was recommended that the minimum air flow should be
increased to 6 cfm in order to maintain a positive pressure at high work
rates. NIOSH should consider raising the minimum flow rates for PAPRs
in order to improve the performance of these respirators.

All PAPR's should be required to have an audible warning device to warn
the wearer if the facepiece pressure goes negative for any period longer

. than 5 seconds. The alarm should only be turned off by the power switch
of the PAPR. Since most battery packs do not function well in low
temperature conditions, the tests should be conducted at 0°C to- ‘
determine adequate airflow and service life. In order to ensure the
PAPR is operated at positive-pressure during actual work conditions,
human tests should be conducted at moderately heavy to heavy workloads
to measure facepiece leakage and pressure:

88.270-.271, Particulate Air-Purifying Respirators

There is no provision for testing filters against aecid mist, oil mist,
paint spray, or pesticides. There is no reason for not developing new
testing eriteria, just because th2 current methods have been severely

criticized. 1In addition, how many units are to be tested according to
the specifications of subpart V.

What is the basis for the three classifications, what are they
protective against? The allowable penetration of 5% for a low
efficiency filter is too high, a penetration of 2% is more appropriate.
Because the exact relationship between filter efficiency and size is not
well known or predictable, it would be more credible to use a larger
particle (for instance 2 micron, AMMD) to test the "low efficiency"
filter. Is the low efficiency filter supposed to be a surrogate for the
present "dust® filter? ' -

84.271(a), Particulate Respirators

All particulate filters should be color coded by filter type for easy
identification. Cofon s Sbould &z Er bl bl Fhal u:‘//

rof caust t‘4’6~*«"*f¢‘°~/xoj/éﬁa.r forx VHose rhal

s den 99/{;4—( colon jmpnined vilisu proble s, #1s:t

o ¥ those 4o ;;-ﬁf‘./‘ff'“/’ﬂd"/ impAined vitiow pnc copmles.
Se& pMrliown! Bancae ol Ptrndandi asooods NESTR
€3—R694 (Ppaf (133) OP* T-do . See p =12 fon diceassion
'@f é’/aﬂ 4‘44/»}2m.guf. M OBSIA 8&_"3‘??3 //&out'fé,; Géa.&ffﬂf
for colon cnlfonin usdEa vArioad /’;74"’:“'3 conditcomr, SeC
Atdnctmon~nts Lon both Jocunsn~ s



~10=

84.272(a), Air Flow Resistance

Alr flow resistance tests are needed after each test in sectiocn 84.273
because too much buildup in breathing resistance is unacceptable.

84.273(a), Penetration Test

This unwisely implies that this test is not required for disposable

respirators btecause they do not have separable filters and filter
element holders.

84.273(b), Preconditioning Test

A dynamic conditioning test is most stringent and, therefore, more
desirable than the static test. A minimum test time of 12 hours may be
acceptable for conducting preconditioning.

84.273(d), Filter Test

The standard flow rate for testing should be 85 and 32 lpm. If filters
are tested in pairs or trios, the total allowable penetration should be
- the same as that specified for a single filter.

84.273(e), PAPR

There is obviously an editing problem here: all of the subparagraphs
are irrelevant to PAPR's.

84.273(f), Challenge Aerosol

It is not clear what the "100 +5 mg of the aerosol has contacted the
filter unit"” means. Dces it mean the respirator filter or the back-up

filter? If, as we assume, it means the respirator filter, the test is
too short, being 6 and 16 minutes, respectively.

84.273(g), Challenge Aerosol

It i3 not clear whether a monodisperse aerosol is an adequate proxy for
the polydisperse aeroscls occurring in the workplace.

84.280(a), Maximum Use Concentrations

OSHA may change the PELs for the gases listed. Then these limits would
conflict with OSHA policy. The maximum use concentrations should be
changed to acceptable penetrations. Even as they are these values are
suspect because they bear no consistent relation to values accepted as
permissible exposures or IDLH levels, The parenthetical portion is
redundant in view of the dafinitions earlier.
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84.284(b), Cartridge Service Life Test

a.

Ce

The cartridge test at 50% relative humidity (RH) when conditioned at
253 RH is meaningless compared to the actual use conditions. The
cartridges should be preconditioned at 90% RH at a flow rate of 10
1pm for 16 hours for non-powered air-purifying cartridges and tested
at 50% RH and 32 lpm within 10 minutes to avoid any water desorption
from the carbon. The cartridges should also be tested as received
at 90% relative humidity for service life at 64 lpm for non-powered
alr purifying cartridges. Service life test conditions for PAPR's
should be adjusted similarly.

The various subparts as now written are unclear, duplicative and
somewhat contradictory, internally and in relation to other parts of
314.

It is not clear exactly how may units. are to be subjected to each of
the specified tests. ‘

84.284(d), Flow Rate

The flow rate specification contradicts 284(b).

The total penetration for cartridges tested in pairs and trios
should be limited to the same value as for single cartridges.

It is not clear what is so similar between powered particulate
respirators and non-powered vapor/gas respirators to induce using
the same tests, :

84.284(e), Conditioning

A

It is not clear why cartridges should not be tested immediately
after conditioning as is specified for particulate filters.

Why is the conditioning for only 6 hours compared to 24 hours for
particulates? .

The use of six hours and eight hours implies two-shift staffing of

the laboratory or that all the tests will be done in last two hours
of the work day.

84.284(f), Service Life

It is not clear why "combination" cartridges should be only one-half as
good as regular cartridges. Also see comment #86.



8%.290,

de.

b.
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Gas and Vapor Air-purifying Respirators

The testing requirements for combination particulate and gasa/vapor
respirators are not specified. If the respirator is certified for
the combination for these challenge agents, it should be tested at a
mixture of such conditions to ensure they can perform as intended.
The particulate filter part should be limited to a high-efficiency
filter to provide maximum protection to the users. It is likely the
electrostatic charges which promotes particulate collection on the
low efficiency filters may be destroyed by the gases or vapors.,

If the PAPR i3 certified for gases or vapors, it should be placed in
that challenge atmosphere to ensure the functional parts of the
respirator will not be damaged by the test gases or vapors. It
should provide a minimum service of 2 hours so the worker does not
have to change the filter elements too often to be practical.

84.295(f), Carbon Monoxide Canister

a.

84.301,

To be consistent with NIOSH's current policy of not certifying ény
canisters for gases without adequate odor warning properties, the

- .carbon monoxide canister should not be accepted. Besides, the.colob '

indicator is merely a moisture indicator. It has no relationship to
the serviece life of the sorbent. ’

It would appear that having footnotes "b™ and "d" apply to the same
line of the table is logically inconsistent.

How to define "imminent leakage" as stated in (f£)(2).

It is uneclear why CO canisters, alone,'have no pretest conditioning
unless it is a tacit admission that the end-of-service-life
indicator is fundamentally flawed,

It is not clear why the highest percentage leakage is allowed for
those canisters that are meant or allowed to be used in IDLH
conditions.

Organic Vapor Cartridges

It appears quite unjustifiable to use a flat 1,000 ppm as a maximum use
concentration in view of the widely varying toxicities and sorption
efficiencies of the relevant organic gases and vapors.

84.306, Breathing Resistance Test

The breathing resistance tests should be run both before and after
service life tests.
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84.308, Service Life Test for Organic Vapor Respirators

a. The ANSI Ad Hoc subcommittee has discussed a replacement for carbon
tetrachloride, a suspected carcinogen, as a testing agent. Some
agreement has been reached on using a low molecular-weight and low=-
boiling point compound and a higher molecular-weight and boiling
point compound as testing agents.

84.312(a)(2), Desorption

Testing criteria on desorption should be specified to ensure there is no
lmmediate breakthrough when the respirator is used for the second day.

84.312(b), Intrinsic Safety

- The meaning of "intrinsic safety" is unclear. If applicable this
paragraph should refer to class X divison X hazardous atmosphera.

Other Requireéments

a. 3Shock and vibration tests should be performed on all air-purifying \

S ‘elements to avoid broken filters and the channelling effect on
sorbentas.

b. Filters should be installed near the inhalation valve of chemical
cartridge or canisters to prevent the inhalation of sorbent
particles by the respirator wearer. ’

¢. A requirement for stop sales orders when defective products have
been found should be established.

d. Labeling with a lot number and manufacturing date should be required
for all products. Model and serial numbers should be stamped or
marked on major components of SAR, SCBA and full facepieces and on
the harness of gas masks to facilitate recalls.
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ABSTRACT

The use 6f safety-related visual displays such as signs and colors in
workplaces is discussed. The discussion includes a review of relevant national
and international standards for safety colors and signs. It also includes a
review of measures of spatial resolution in human vision, as well as of color
sensitivity and color appearance. In addition, research on the effectiveness
of safety signs, symbols, and colors is reviewed. Based on the initial litera~
ture review, the appearance of safety colors under energy-efficient 1light
gourcea was identified as an area for detailed research. As a result, a
laboratory study was conducted in which the color appearance of 45 different
color samples under five light sources including energy efficient ones was
determined for seven subjects. The color samples were contained in four color
serles: standard safety colors; experimental colors; retroreflective and
retroreflective-fluorescent colors; and fluorescent-only colors. The results
indicated the existence of a set of colors which was more identifiable under
all light sources than the current standard safety colors. This set contains

a number of fluorescent and retroreflective colors, unlike the current safety
colors. Recommendations are made for further research, including field
research, to determine the effectiveness of the suggested color set on safety
signs under an even broader range of illuminants. The need to assess color
appearance under mixed light sources is also addressed.

Keywords: Chromaticity, color, color appearance, energy-—efficient lights,

illumination, light source, safety, safety signs, safety symbols,
visual acuity, visual sensitivity.

iii




1.

TABLE OF CONTENTS

INTRODUCTION sesecnceccvnsccescescsscnsonccsassessssnsncnccncssanns
1.1 BACKGROI,ND l.‘...l!.l.I.l’cl..l-...l-.l..l..l.l...l..l...ll.l.l.
1.2 EXISTING STANDARDS cevceccsisctssscnsssesnssssossaeersnsssssansse
1.2.1 - Proliferation of Standards sessesecasscosscsnsssssnnnnas

1.2.2 Decision Criteria for Improving Visual Alerting
‘SYSLOME seveercscesssnsssscassssccsaucnssanncssasssnsssas

1.2.3 Measurement of Compliance SsseIREN S EIEIEREREOIEEIESLIERNIRRS

VISUAL REQUIREMENTS FOR SAFETY COMMUNICATION cecacesacseassocvanses
2.1 BACKGROUND sccvsasssasossasrecassteonrsenrtsracdscsccscnvnncnnsssnasn
2.2 MEASURES OF SPATIAL RESOLUTION IN HUMAN VISION sccsccscsccaces
2.2-1 Specific Variables P e B B S L P LS e RS Ut R IAB RS EIRROSIEBERPRSETS
2.2.1.1 Minimum Distinguishable ...iccecssccsascessnas

Mimimum Separable S P sEIIIISENSINIRSISILIBAIETEIOERGTRRDTDS
Vernier Acuity C P I LS E ISR B AN RSB DESEBTUEERS RS
Minimum Recognizable ..ceseescevsncssscesssnes
Contrast Sensitivity ciseeescssccevessocccncses
es Affecting Resolution ceeescvesssssscassesacea
Illumination Level ..cecevscccncsscsssasssnnses
Retinal Location sesescacencacassssasssccssnsse
Spectral Composition of Illumination sessessss
Orientation cesseosessosscssonnssssnsssanennans

Ul#*th)P-hlU!D-hiN

2
2
2
2.
Va
2.
2
2
2
2.
E
C

| ]

2.2.2

MNNNNNHNNNN
* &8
HNNNNNQ}HHI—'.—-

IVITY AND COLOR CODING seessvesncacensssssnsecnvnses

- s o

2.3 R SEN

M | 0lor Sensitivity ceessncecccsceserssncnsassnssrasansana
«2 Visual Adaptation ..cessssssesssssssscncssonssrscsssnss
«3 Specification of Color ApDpPearance .cesccsvsscesssosssss
4 COlor COdING sacsccscccscscscossascscassnsanssssossnsuss
PERCEPTION LB I I B B BN B N R N BB R RN NN BB R N R I R N R B BRI R R B R L B

Background Research and Practice sesesesensssnssssncnes

2o

2.4

SymbOl Sign RESQ&rCh R R R R R R R N NN N N I N N W

LABORATORY STUDY OF COLOR APPEARANCE UNDER DIFFERENT LIGHTS .......
3.1 BACKGROUND .vvoenvvcvcsnuntvtsnctsosssstsssossssnsssassasasstsoe
3.2 METHOD cuceecavaccsnssasscasccsesssaasssasassenssnsstsasacscas
3.2.1 Subjects P S AR I P PR E TSP ISP ARSI EENEEN SR EISESIASRETSES
ADPATALUS cevussessssnsssssassaosssassssassasasssscnsns

3.2.2
3.2.3 Procedur'® ceescssnesssssrsnestnstrasnnsressnnesssnoacnanran

RESULTS LU B A B R N R R IR B R N R BB BN R R N BN R R R R R BN N R A R B R BN BB R BN YRR

4'1 FREQUENCY DISTRIBUTIONS l‘..".".....'..l......‘.'l'.l.....'..
4.2 COLOR SHIFT DATA LI I IO B B R R R B O B B S B BN S B B I U B A Y N BN N A Y BN BB N N

DISCUSSION LRI I R I B RO I BN I B R A BN A NC R A BB A B R B A B B Y B B B I B B S I I B RC R B

5.1 RECOMMENDATIONS BASED ON SAFETY COLOR RESEARCH sseecsvnscsnsen
5.2 SUPPORTING RESEARCH [ I BE BE BN BN RN BN BN BN O BN BN BN BECRE BN BE BN BE BE BE BN B BN SR BN R B BE R BN RE B BE B BB B I

ViEWing DIiStANCE csesvocesscscsncnsosassassssss

1
«2 Observed Sign USe c.eecuasscsccassvcescocesnsssnccsnnnns.
3

Page

[V I e

o

WOAD D WD 00 000D 00 ]~




e e e T

TABLE OF CONTENTS

6. RECOWENDATIONS ...‘..'...I.....‘...........I........'..‘.......'I..
1 APPLICATIONS To THE HORKPLACE '.....‘..."II....I...l...'......
3

6-
6.2

6. RECO‘MMENDATIONS FOR FURTIER RESEARCH EXEEEER R RN N NN N B NN KN LN N
6'4 CAPSULE SUMY ..I...'!'.....'...Il.........l.......I..l.'...

7. REFERENCES l.'.....‘....."....C..I.'I................'.l.-..lI.'..

APPENDIX A: ADDITIONAL DETAILS OF THE ILLUMINATION

LABORATORY ’..C...l......l..l...'........""..O....'..l...

APPENDIX B: LIST OF DOCUMENTS COMPLETED DURING THE OSRA/NBS RESEARCH .

vi

PROBLEMS OF COHPLIANCE ...'.Il'....'.‘.....'......'..I'.I.'... )

Page

76
76
76
79
80

8l

87
88



-t

2. VISUAL REQUIREMENTS FOR SAFETY COMMUNICATION
2.1 BACKGROUND

A worker who moves around an industrial facllity must be constantly aware of
potential hazards in this environment. In general, there are three stages in
the perception and reaction of people to workplace hazards. These include:

1) Awareness of the hazard
2) Recognition of the nature of the hazard
3) Response to the hazard.

Usually (but not always) stage 1 requires performance of a visual task by the
employee. The most common visual task 1s the location and identification of a
safety or warning sign (in addition to locating and identifying a potential
hazard}. Therefore, to alert a person to a potential hazard or safety message,
one should locate a safety sign such that it: 1) attracts the attention of

the person; 2) conveys information about the hazard; and 3) is located so that
the person can respond in a timely and appropriate fashfon (Chaffin, Miodonski,
Stobbe, Boydstun, and Armstrong, 1978).

The ability of a sign to attract the attention of the worker assumes that the
sign 1s VISIBLE. The question of sign visibility requires information about

at least four sets of variables: the visual performance abllities of the obser-
ver, characteristics of the visual stimulus (or sign), characteristics of the
illumination system, and optical properties of the atmosphere. The observer
capabilities include: observer acuity, adaptation state, age, opacity of the
lens and cornea, color deficiencles, and chromatic adaptation. Sign visibility
requires knowledge of both the illumination system characteristics and those

of the sign or visual stimulus. These include: illumination level, type and
spectral characteristics of the illumination; as well as characteristics of

the slgn such as size, shape, contrast, color, location, size of letters and
symbols, stroke width, stroke width—-to-height ratio, legibility, and cleanness.
The fourth set of variables includes those related to the optical transmission
properties of the atmosphere within the line of sight, including haze, smoke,’
dirt, dust, or pollutiocn. .

In the present paper, the focus will be upon the visual performance of the
observer and the properties of the visual stimulus and the illuminant. The
reader is referred to Middleton (1963) and Douglas and Booker (1977) for a
further discussion of the optical properties of the atmosphere, and to Howett,
Kelly, and Pierce (1978) for a discussion of the use of flashing lights as
warning devices. Visual performance of the observer will be discussed primarily
in terms of spatial resolution including measures of acuity and contrast, and
chromatic sensitivity. Similarly the properties of the visual stimulus will

be addressed in terms of legibility and color. The illumination system will

be discussed in terms of spectral transmission, color temperature, and potential
color rendering capabllities.




v, «EASURES OF SPATIAL RESOLUTION IN HUMAN VISION

Un.t cype of detail can the human eye resolve in near and distant viewing
situations? Although a person's ability to regsolve detail can be altered by
sigher near or far-sightedness, as well as by disease, some measures of general
homan visaal acuity under miormal” viewing conditions may be summarized. The
reader is referred to Thomas (1975) for a fuller discussion of these lssues.

2.2.1 Specific Variables

Jisual acuity, or the resolving power of the eye, is defined in terms of the
amallest detail that the eye can resolve. The stimulus used to test acuity is
usually either a black pattern on a white background or the reverse. In either
case, lightness contrast is made as great as possible. The size of the test
pactern 1is systematically reduced until the critical feature is just barely
asolvable. The acuity threshold is then stated in terms of the angle subtended -
at rhe eye by the threshold critical feature., Visual acuity is defined as the
reciprocal of the threshold, when the threshold is specified in terms of minutes
of arc. Normal acuity is 1.0, corresponding to a pattern that is just barely
-esolvable and whose critical dimension subtends 1 minute of arc at the eye.
Thowas (1975, p. 234) says "In Snellen notation, acuity is expressed as the
cario of cthe distance in feet at which a detail is resolved to the distance at
wnich the detail would subtend 1 minute of arc. Thus, 20/10 indicates that a
datail that is just resolved at 20 feet would subtend 1 minute of arc 1f viewed
from 10 feet. The equivalent decimal acuity is 2.0.” There are a variety of
tesi paccerns which are used to measure acuity. In general, the test pattern

may be one of the six following types.

f.i.l.1 Minimum Distinguishable

Jnue is the smallest point, line, or other shape that can be recognized on a
contrasting field? Hecht and Mintz (1939) showed that when conditlons are
oprimired, a threshold width of 0.5 gseconds of arc was obtainable for a long
dark line on a very bright background. This 1s more than two orders of magni-
rude (120 times) smaller than the traditional one-minute-of-arc acuity
threshold, and was made possible by the great length of the line, and even
aore by the extreme contrast obtainable with an opaque object viewed agalnst a
self-luminous background. Much lower contrasts are achievable on painted
sigus, and the threshold in such a “real-world” situation is consliderably

larger.

2.2.1,2 Minimum Separable

This task is usually tested with two dark poilnts or lines whose distance apart
ig pradually changed. The smallest distance between the two targets in which
chey are resolved individually 1s the measure of interest. Craik (1939) found
chial uager ideal conditions, 0.5 minute of arc was the minimum separable gap that

was resolvahle.
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2.2.1.3 Vernier Acuity

Vernier acuity may be defined as the ability to discriminate the break between
two end-to—end lines that are slightly displaced laterally. Berry (1948)
showed that such thregholds range down to 1 to 2 seconds of arc. Vernier
acuity is not usually relevant to sign visibility. ’

2.2,1.4 Minimum Recognizable

This measure of visual acuity applies to the recognition of distinct shapes

such as Landolt rings or Snellen letters. A Landolt ring consists of a black
circle with one gap located at varying positions, similar to a letter "C". The
ring 1is varied in size, maintaining strict proportions, to find the smallest

gap that can be seen. Snellen letters are alphabetic characters which are
reduced in size until they are barely legible. Threshold for this task (minimum
recognizable) is based on stroke width, length of the letter arms, and width

of gap between arms (Sloan, 1951).

2.2.1.5 Contrast Sensitivity

Another way of assessing the resolving power of the visual system, is by
determining the minimum contrast needed to see a grating pattern (Schade, 1956).
The word “"grating” refers to a pattern of alternating light and dark bars. By
reducing the difference in luminance between the light and dark bars, a "con~-
trast” threshold may be obtained. The reciprocal of threshold is termed "con—
trast sensitivity”. One common definition of contrast particularly as applied

to gratings is the following:

C = (L max -~ L min) / (L max + L min)

where:
C = contrast :
L max = luminance of bright bars
L min = luminance of dark bars

This definition of contrast is also referred to as "modulation”.

The number of light and dark bars (cycles) per degree of visual angle describes
the fineness of the grating. Campbell and Robson {1968) provided illustrative
data showing the contrast sensitivity versus spatial frequency for square and
gine-wave gratings at two luminance levels.

2,2.2 Variables Affecting Resolution

The variables which affect a person’s ability to resolve detail can be divided

‘roughly into six categories: illumination level (luminance), retinal location,

pupil size, spectral composition of the illuminant, orientation, and viewing
distance. The effect of these different variables will be discussed to determine
their impact on visual resolution.




2.2.2.1 Illumination Level

Acuity in general depends on the luminance of the background against which the
dark target is seen (or the target luminance, if it ig the background that is
dark). In the practical case of reflecting signs, the dark portions of the
display have measurable luminance, and that luminance is also relevant.
Generally, acuity increases with illumination level and 1s better at photopic,
rather than scotopic levels of illuminantion. The photopic luminance range
begins at about 1 footlambert (f1), with good color discrimination occuring at

levels above this.

2.2.2.2 Retinal Locatlion

Many researchers (Ludvigh, 1941; Mandelbaum and Sloan, 1947; Sloan, 1968) have
shown that acuity is optimal when the target is viewed by the central fovea of
the eye. In the periphery, acuity increases slowly as the intensity of the
{llumination 1s increased. Under semi-dark (scotopic) conditloms, when the

rods mediate resolution, acuity is highest for targets at 4 degrees eccentricity
(4 degrees from the central fovea, Mandelbaum and Sloan, 1947). Apparently,
there is little relation between the distribution of the rods and scotopic
acuity, as the greatest concentration of the rods is at about 20 degrees
eccentricity. Maximum scotopic aculty may be as much as 10 times less than
maximum photopic acuity, however (Brown, 1965). '

2.2.2.3 Spectral Composition of Illumination

of interest to visual safety requirements is the question of visual acuity
under narrow-band versus broad-band illuminants. This question does

not appear to be easily answered, since it appears toO depend upon which measure
of acuity is used. Narrow band illumination reduces chromatic aberration and
might be expected to yield higher acuities. Shlaer, Smith, and Chase (1942)
found improvements with monochromatic i{1lumination when the measure was minimum
visible aculty, while Baker (1949) found improvements when the measure was
vernier acuity. However, Shlaer et al. ( 1942) found no difference between
acuitlies measured in narrow—band and wide-band illumination for the Landolt
ring measure of visual acuity. :

Does acuity depend on particular wavelengths when narrow band illumination is
used? According to Thomas (1975), if higher intensities are used, where acuity
no longer varies as a function of intensity, and assuming a moderate pupil
diameter, aculity does not appear to vary as a function of wavelength. (For
very small pupils, where diffraction becomes the limiting factor, aculty
appears to be higher for short wavelength illumination than for longer

wavelength {llumination.)
2.2.2.4 Orientation

Lines or striatioms that are oriented vertically or horizontally are seen better
than lines which are oblique (Ogilvie and Taylor, 1958; Higgins and Stultz,
1948; Shlaer, 1937; Campbell, Kulikowski and Levison, 1966; and Watanabe, Mori,

Nagata, and Hiwatashi, 1968).

10
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2.2.2.5 Viewing Distance

As the viewing distance of the target changes, the lens of the eye changes
shape, or accommodates, in order to focus on the target. In general, all eyes
have a near point limit, such that signs or objects presented closer than the
"near-point"” cannot be brought into sharp focus. As a person ages, the eye
steadily loses its ability to focus for near work; in other words, the near
point recedes. 1In most people, the need for bifocals or reading glasses to
overcome this loss 1s felt about age 40 to 50. Myopic (near sighted) eyes
also have a "far point" focus for which targets presented beyond this point
cannot be sharply resolved. Acuity suffers if the target is outside this
resolvable range.

The reader is referred to Howett (1983) for a more complete discussion of a
methodology for calculating legibility from visual acuity. Suffice it to say
for the present paper, that Smith (1979) recommends a minimum letter height
for 100 percent legibility of about 0.84 in. for a viewing distance of 10 ft
and 2.1 in. height at 25 ft, or a letter height which subtends about 10 to 24
minutes of arc. WNo comparable recommendations exist for symbol size. The
Howett paper provides a means of calculating letter size for observers with
different wvisual acuities.

2.3 COLOR SENSITIVITY AND COLOR CODING

The ability of the human eye and brain to distinguish the color of objects is
known as color vision (or chromatic visual perception). Not all people have
normal color vision and the specification of safety colors should take this
fact into consideration. Color vision defects will be discussed further in
section 2.3.1.

The International Labour Office (1972, p. 323) states that: “"From the point of
view of occupational safety, colour vision is of great importance as many
accidents are caused by lack of suitable lighting or by failure on the part of
a worker to identify conventional identification colours, such as on electric
cables, gas cylinders, pipelines, gulde marks, control buttomns of machines,
safety devices, and limit signals.”

The concept of the coler of an object 1s not as simple as it might appear at
first., In general terms, the color appearance of an object depends on three
maln variables:

A. The visual sensitivity of the observer at the moment the object is
viewed;

B. The spectral reflectance (or transmittance) distribution of the object,
dependent on the particular pigments or dyes that give the object its

color; and

C. The type of illumination under which the object is viewed.

11




2.3.1 Color Sensitivity

Human visual sensitivity is mediated by two primary types of photoreceptors,
the rods and the cones., The rods, which are located outside the center of the
eye (central fovea) are extremely sensitive to light, belng capable of detect-
ing the presence of only one or two quanta of light (Cormsweet, 1970). They
are, however, insensitive to color. The cones, on the other hand, are maxi-
mally sensitive to color and color differences. . There are three cone pig-
ments, with maximal sensitivities occurring at about 430 nm, 530 nm, and

560 nm (Hurvich, 1981). '

In the United States (and Europe) about 8 to 10 percent of adult males
(caucasian) and 0.5 percent of adult females (caucaslan) are color defective,
with variations in these percentages depending on the ethnic population studied
(Rubin and Walls, 1969; Krill, 1972). There does appear to be some variation
in the incidence of color defects in different countries and different ethnic
populations, although such variation will not be discussed in detail here.

Such persons may simply be missing one or more of the three photopigments, Or
they may possess an anomalous pigment. Thus, dichromatic observers have only
two pigments, while a cone monochromat (extremely rare) only has one. A rod
monochromat, also an extremely rare individual, has only the rod mechanism
active so that both visual acuity and color sensitivity are drastically reduced
(Hecht, Shlaer, Smith, Haig, and Peskin, 1948). The various dichromatic defi-
ciencies are of particular conmcern in the workplace, however. Commonly occur-
ring dichromatic defects are related to the absence of the red photopigment
(protanopia) or the absence of the green photopigment (deuteranopia) (Vos and
Walraven, 1970). The third, much rarer, type, tritanopia, 1s related to the
absence of the blue photopigment. In addition to the loss of photopigments,
another class of color defects—-the most common type-—is the anomaly, in which
the person is still trichromatic, but the spectral sensitivity of one photo-
pigment is shifted from the normal. Persons with these anomalies will percelive
colors somewhat differently from the normal and discriminate colors somewhat
more poorly.

Both protonomalous and deuteranomalous defects are generally more coummon than
the comparable dichromatic defect (Rubin and Walls, 1969). Rubin and Walls
(1969) give the following breakdown for the estimated 8.8 percent of the male
population that 1s beliaved to be color deficient: 5 percent deuteranomaly;
1.3 percent protanomaly; 0.0001 percent tritanomaly; 1.2 percent protanopia;
1.3 percent deuteranopia; and 0.0001 percent tritanopia. Although tritanopic
defects are extremely rare, (and occur equally among males and females),
acquired color defects in which sensitivity to blue is lost {due to injury or
disease) are more common. In addition, as oune ages, one's lens and cornea
yellow, thus reducing gensitivity to blue. Eye diseases such as cataracts and
glaucoma also reduce semsitivity to blue. Lakowski (1969) estimated the
percentage of acquired color defects to be about 5 percent of the population.

The practical effect of color deficiency is to cause observers to make abnormal
color matches or confusions between colors. Because both major types of
defects——protan (including protanopia and protanomally) and deutan (including
deuteranopia and deuteranomally)-—are concentrated in the red and green,

12
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confusions bztween these colors must be carefully considered. Blue-yellow
confusions are rare, so¢ that it is not economically practical to make any
allowance for them in designing color codes. Work cited by Judd (1948) sug-
gested that a red should be somewhat orange, while a green should be somewhat
blue to reduce confusions by protans and deutans. The current stangard colors
for traffic light signals reflect thils concern. S

7

Dichromats, unlike trichromats, only require two primary colors to match any
third color., As a result, they will see as identical entire ranges of colors
that appear quite distinct to a trichromat (see figure 1). For example, ‘
protanopes (figure la) confuse reds and blulsh-greens, deuteranopes (fig-

ure 1b) confuse purples with pure greenish-blues, and tritanopes (figure lc)
confuse blues and greens. Both full-fledged protanopes and deuteranopes appear
to lack totally the perceptions that color-normal observers term red and green;
they see the world only in blues and yellows (Judd, 1948, 1949)., (This conclu-
gion can never be certain, but is widely accepted as highly probable.)
Tritancpes appear to have better overall color discrimination with defects in
wavelength discrimination emerging only in the blue-green region (Smith, 1973).
They are believed to see the world entirely in reds and greens. (It should be
noted that color defective observers often can distinguish colors on the basis
of luminance cues.)

As 1s seen in figure 1, the CIE chromaticity diagram (to be explained in
greater detail 1in section 2.3.3) can be used to define the confusion lines for
dichromats because the colors which appear to be the same to a particular type
of dichromat all lie on a straight line radiating from a single point (Fry,
1944). This point is different for each type of dichromat. In addition to
color confusions, brightness perceptions may also differ from normal in those
with color defects. The most drastic change is that reds become very dark for
protanopic and protanomalous observers.

One important aspect of the abnormal color perceptions of anomalous trichromats
can be measured by the use of an anomaloscope, an instrument in which pure
yellow 1light is matched by a mixture of red and green. The proportion of red
to green needed for a match with yellow indicates whether the observer is.
"red-weak” (protanomalous), "green-weak” (deuteranomalous), or color-normal.
Anomalous trichromats require three primaries to match a given celor, but

use different proportions than would a normal trichromat (Brindley, 1970).
Thus, for example, pure yellow is seen at about 578.3 nm for a deuteranomal,
583 for a protanomal, and 576 nm for a color normal observer (Linksz and Waaler,
1968). While the color confusions of anomalous observers are somewhat similar
to those of the corresponding class of dichromats, they do not involve the
confusion of entire lines of color in the chromaticity diagram, as is found
with dichromatic observers. Because of thelr prevalance, color confusions

, should be considered in designing a system of safety colors for populations

not selected for normal color vision. In fact, because the common screening
devices for color-vision defects are very far from fully effective in detecting
anomalous trichomats, 1t is desirable to allow for red-green confusions even
for populations thought to be screened for normality. Bailey (1965) suggests
that such tests may pass as many as 75 percent of color-anomalous observers,
for example.

13




e e ML T

193k CIE
Chromatiity diagram

0.8

06

] : "0z 04
%

Protanopic chromaticity

confusions shown on the

(x,y) chromaticity diagram

Figure la.

1 [ ! —l
1931 CIE
Cheomaticity deagrem

Deuteranopic chromaticity
confusions shown on the
(x,y) chromaticity
diagram

Figure lc.

Figure 1.

Tritanopic chromaticity
;onfusions shown on the
(x,y) chromaticity diagram

confusion lines of dichromats
Figures reproduced from Judd and Wyszecki,

Color in Business, gcience, and Industry,

Second Edition, (1963) with permission of
John Wiley and Sons, New York.

14



2.3,2 Visual Adaptation

In addition to the physiological defects in color visilon that have already
been discussed, there are also normal woment-to-moment varlations in wisual
sengitivity as a result of adaptation to different light sources. Three kinds
of adaptation occur--light adaptation, in which the eye's sensitivity
decreases rather quickly following a change to a higher level of illumination;
dark adaptation, in which the sensitivity increases more slowly following a
change to a lower level; and chromatic adaptation, in which the chromatic
gsensltivity of the eye shifts with a change in the color of the light source.
Dark adaptation occurs when an observer goes from a brightly 1it area, such as
outside, to a dimly 1lit interior space. Depending on the darkness of the
second space, a finite period of time, from 1 to 30 minutes, is required to
attain the new higher level of visual sensitivity. During this time, because
the scene being viewed is so much dimmer, the person can lose the ability to
percelve objects and colors, until the eye adapts to the new luminance level,
The reverse process of light adaptation, occurs much more rapidly-—on the
order of 1 to 2 minutes (Cornsweet, 1970). During this very brief tramsition,
a person can be temporarily blinded, as happens when leaving a darkened theater
on a suunlit day.

Chromatic adaptation occurs when a person spends time exposed to a light source
of a particular color. WHen the person moves to an area 1lit by a different
source, chromatic sensitivity will be altered progressively as the eye readapts
(Hurvich, 1981). By way of illustration, suppose the initial light source is
not putre white, but somewhat blulsh. After exposure to this light for some
time, the bluish stimulation fatigues the blue receptors of the eye proportion-
ately more than the red or green receptors. Now suppose that the second source
is pure white in color. Although it supplies equal stimulation to all three
color receptors, it does not appear white to the blue adapted person. Rather,
it appears yellow, because the blue receptors are fatigued and respond propor-
tionately less than the red and green receptors. (Yellow is the result of
simultaneous red and green receptor stimulation.) This result is temporary,
however, because the white light is no longer disproportionately stimulating
the blue receptors so that they recover their sensitivity, and the initially
yellow-appearing light soon appears-white. Thus, the effect of the chromatic
adaptation process is to cause simultaneous changes in both sensitivity

and color perception with the net result, after adaptation is complete, being
some degree of stability in the perceived colors of objects under various

light sources.

Marked chromatic adaptation will occur to a narrow band illuminant such as
low pressure sodium whose dominant wavelength of 589 nm stimulates the red
photoreceptors most strongly, the green receptors somewhat less strongly, and

. the blue receptors not at all. As a result, color perception is noticeably

distorted during the first few minutes of subsequent exposure to a "white"
light. There is an initial greenish-blue cast to everything because the blue
receptors have remained highly sensitive, while the red receptors have become
highly insensitive and the green receptors are in between.
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2.3.3 Specification of Color Appearance

For a color to be seen as such, the light source shining on the surface must
supply light of the appropriate wavelength. Thus, a "red surface appears red
because it selectively absorbs wavelengths other than red, and it reflects
more of the long wavelengths than of those in the middle ot short wavelength
end of the visible spectrum. Sources, gurfaces, and media that are not differ-
entially selective ia the wavelengths they send, reflect, or transzit to tne
eye are seen as 'achromatic' rather than colored. They appear black, gray or
white" (Schiff, 1980, p. 35). Note, however, that the red object cannot
preferentially reflect long wavelengths 1if no long wavelengths are supplied by
the light source. The worst type of light source for general illumination 1s
a monochromatic (one wavelength) source; no object, regardless of its reflec-
tance spectrum, can send any light to the observer's eye other than that one
wavelength, since no other wavelength is there to reflect. Consequently, use
of a monochromatic light will drastically alter the appeararce of a colored
object compared with “white" light. To deal with the problem of the way in
which a light source can alter the perception of color, the CIE (1974) developed
a Color Rendering Index (CRI) for specifying the color rendering properties of
a light source. The IES (1981, p. I-8) defines color rendering as "the effect
of a light source on the color appearance of objects in conscious or subcon—
scious comparison with their color appearance under a reference light source.”
The Color Rendering Index provides a »measure of the degree of color shift
objects undergo when {1luminated by the light source as compared with the
color of the same objects when illuminated by a reference source of comparable
color temperature” (IES, 1981, p. 1-8). The IES mentions that the CRI does
not yet completely account for chromatic adaptation or color constancy, but
that it does provide an agreed—upon means of comparing lamps for color
rendition.

Specification of exactly what 1s meant when one gives a name such as "red” to
a color even under ordinary daylight is not easily done. Does one mean "red”,
"magenta”, "pink"”, or “burgundy“? How can one specify "red" so that another
person can understand and reproduce the intended color? To address this prob-
lem, a number of color specification systems have been developed. Major sys—
tems for specifying object colors include the Munsell system, the ISCC-NBS
color names, and the CIE Chromaticity diagram. Each will be discussed briefly
in turn.

The Munsell color system organizes a set of 1600 color chips into a three-
dimensional solid. Hurvich (1981, p. 275} describes it this way: *The indivi-
dual chips are ordered into a three-dimensional color solid with a vertical
black-to~white axis. HUES are arranged in equal angular spacing around the
central axis and CHROMA (saturation) is the distance of a chip from the central
axis at any given VALUE (1lightness) level." Specifications for particular
Munsell colors are given by three sets of alphanumeric characters which specify
hue, value, and chroma.

The ISCC~NBS system of color mames is a coarser subdivision of object—color

space than the Munsell system. The ISCC-NBS system is based on the use of
simple color names, easily understood without training. The blocks in color
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space cortresponding to the ISCC-NBS color names are defined in terms of Munsell
notation. Kelly and Judd (1976) discussed the idea of a Universal Color
Language (UCL) which would include both the ISCC-NBS color naming system and
the Munsell notation system. As they summarized it, the Universal Color
Language is "a method or language of designating colors in simple, aasily
understood but accurately defined color designations in definite, correlated
levels of accuracy of color designation" (p. A-18). The UCL describes six
levels of increasing color specification accuracy. In each level, the com-
plete color solid is divided into specified numbers of color blocks; the bound-
aries for each block are defined; and each level is related to all other levels,
In level one, colors are specified in terms of 13 common color names. These

13 blocks are further subdivided into 29 blocks for level 2. Level 3 consti-
tutes the ISCC-NBS method of designating colors, using a full set of 267 color
names. Level 4 is divided into about 1,500 blocks, corresponding to the
Munsell system. 1In level 5 the Munsell system 1s subdivided further by visual
Interpolation into even finer detail. Finally, in level 6, color 1s measured
Instrumentally and specified pumerically by the CIE chromaticity coordinate
system (to be discussed below). Thus, the UCL provides a way of systematically
defining the appearance of colors. These specifications apply ouly to colors
seen under average daylight or CIE soutce C.

Another system for specifying the color of an object or light is given in its
most familiar form by the CIE chromaticity diagram. This system is based on
the principle that three fixed colored lights (or "primaries”) can be mixed to
match any color (by means of a colorimeter or other instrument). The amounts
of the three primaries needed to match the color are called tristimulus values.
To avoid variations in matches between observers, the CIE specified a "Standard
Observer”, based upon the average values of a substantial number of observers
(Wyszeckl and Stiles, 1967). The color matching data of the CIE 1931 Standard
Observer are considered representative of. the normal human eye. The system

1s defined by three functions of wavelength, X, ¥, and Z which represent

the tristimulus values of the single wavelengths of the spectrum. (The primar-
les of the CIE system were chosen in such a way that these spectral tristimulus
values are all-positive functions. Other choices of primaries can result in
negative values.) Hurvich (1981, p.284) states: "To specify any illuminated
object or surface colorimetrically we only require the object's or surface's
spectral reflectance or transmittance and the spectral energy distribution

(in relative terms) of the light source illuminating it. If the products of
these two distribution curves at each wavelength are then multiplied by each

of the standard observer spectral tristimulus values at each wavelength and

the resultant values for all wavelenths added separately, we obtain the three
numbers needed to specify the color. These three summed values are called the
X, ¥, and Z tristimulus values."” The chromaticity coordinates x, y, and z are
fractional equivalents of X, Y, and Z; {.e., X = X/(X+Y+Z), etc. Because the

-CIE chromaticity coordinates are fractions which sum to unity, if two coordinate

values are known, the third can be derived arithmetically. This principle has
been used to develop the CIE chromaticity diagram, which is a two-dimensional
diagram upon which the x and y coordinates are plotted (see figure 2)., This
diagram can be used to plot the chromaticity of any object, thus enabling its
color to be specified without reference to a set of color chips or standard
colors.
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In addition to the diagram itself, figure 2 plots the chromaticity values

the five basic ANSI standard safety colors for daylight illumination. Since

the spectral reflectance of the object, and the relative energy distribution

of the illuminant are the physical measures from which these coordinates are
calculated, the accuracy of the coordinates is limited only by the accuracy of
the physical measurements. Three—decimal-place accuracy of x and y s currently
routine, and under special circumstances, the fourth place can be meaningful.

As an illustration of the three systems of color specifications discussed

above, an example can be taken from the ANSI 253.1-1979 Standard for Safety
Colors (ANSI, 1979). This standard specifies Safety Red by the Munmsell notation
7.5R 4.0/14. The 7.5R portion indicates the specific red hue; 4.0 the Munsell
value (slightly below the medium lightness of value 5)}; and 14 the Munsell
chroma, a quite high saturation. The standard also gives the equivalent CIE
notation, which, to three figures, is x = 0.596, y = 0.327, and Y(%) = 12.00.
The Y value, in the CIE system, is used to indicate the percentage luminous
reflectance of the color sample. Finally, the descriptive ISCC-NBS color name
is given by the standard as vivid red.

2.3.4 Color Coding Research

Color has been used extensively to code information (often when speed of
communication is desirable). Christ (1975) analyzed data from 42 studies to
assess the effect of color coding on visual performance. He found that when
subjects were asked to identify two aspects of a visual display, such as

color and shape, identification of color was more rapid and more accurate.
Color was particularly superior as the number of stimuli increased, although

it remained inferior to alphanumeric coding (perhaps the most familiar coding
dimension). Christ (1975, p. 559-560) commented that "The most clear-cut
finding is that if the color of a target is unique for that target, and if

that color is known in advance, color aids both identification and searching.”
Only alphanumeric characters emerge as a superior coding dimension to color.
Use of irrelevant colors, however, may interfere with the accuracy and speed

of identifying or locating target attributes other than color. For the pur-
poses of workplace signage, however, Christ's review underscores the ability

of color to attract attention and encode relevant safety information in a
rapid, accurate fashion. Color is particularly effective in a redundant cueing
situation where the audience is knowledgeable about the color code-—as is the
case with signs in workplaces. Other individual studies have reinforced the
finding that color is a particularly effective coding device. Thus, Saenz and
Riche (1974), Shontz, Trumm, and Williams (1971), and Smith and Thomas (1964),
found that color coding reduced search time and increased accuracy. This
advantage 1s most clear-cut if the number of colors in the code does not exceed
8 to 10 (Cahill and Carter, 1976). Another study, by Easterby and Hakiel
(1977), did not find clear evidence of the superiority of color coding. This
study, which assessed gsymbol recognition, found that image content, perhaps
comparable in information capacity to the alphanumeric characters discussed
earlier, was more important than color coding in determining sign recognition.
Yet, their subjects reported strong stereotypes for the use of color for fire,
poison, and caustic hazard-warning symbols. Bresnahan and Bryk (1975) reported
that industrial subjects associated red and yellow with a rated degree of
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hazard warning, thus suggesting that sign color can ald in communicating hoth
the presence and level of hazard.

In summary, the preceding review of some color coding research underlines the
importance of color coding in communicating information both rapidly and
accurately. Unlike shape or slze, color appears to be more effective, par-
ticularly if the code 1is 1imited to about 8 to 10 colors. Only alphanumeric
characters (and perhaps pictorial symbolg) are more effective coding dimensions
than color-—and this may be due to widespread familiarity with the characters.
The use of color as a knowm, redundant cue appears to be highly effective,
nowever, thus suggesting that the use of color-coded word/symbol signs is one
of the best means of communicating gafety information at least in the United
States.

2.4 SIGN PERCEPTION

9.4.1 Background Research and Practice

Written signs are commonly used in industrial settings to alert workers CO the
presence of hazards and to provide safety information and instructions. They
are particularly important in alerting the new worker who is unfamiliar with
the job and industrial setting. These people are at higher risk during the
initial months on the job (National Safety Council, 1979)

Recommendations about the effective use of signs assume that such messages are
legible and visible in industrial settings. A number of factors may alter the
visibility of such signs, however. Thege include low levels of illumination,
poor contrast, poor color rendering, poor positioning, inadequate size, and

poor durability. The offectiveness of signs can also be reduced by excessive
visual clutter in the immediate neighborhood of the signs, including the presence
of too many other signs. Even a single sign can be over-cluttered, with the
inclusion of too many words or symbols.

2.4.2 Observed Sign Use

In a document prepared for NIOSH, Lerner and Collins (1980) reported site visits
to six industrial plants to observe safety symbol, sign, and color use. Althougk
they dealt mainly with sign use, they also documented different industrial

uses of safety colors that are relevant to the present report. The six indus-—
trial sites studied represented a diverse range of industries, and included:

the manufacture and assembly of truck engines, ceramic glass, aircraft, ships,
as well as chemical and oil refining. These authors found that safety signs
related more to potentially serious hazards such as explosion, fire, or the
need for protective gear, with somewhat less reliance upon signs for frequently
occurring but less serious hazards (such as slips, trips, and falls). With the
exception of one site, the common practice was to use word signs, often quite
lengthy signs. Of particular interest to the present report, was the wide—
spread use of color coding to delineate areas for special protective gear or

"particular hazard. For example, yellow lines were commonly used to indicate

a generally hazardous area; green to indicate the need to wear protective
equlpment or the presence of a safe walkway; orange for explosives; red for
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ABSTRACT

The present ‘report provides data on the color appearance and
physical measurements of 58 safety color samples viewed under
each of seven light sources. Ten observers participated in an
experiment which determined the accuracy with which different
color samples could be identified under sources which varied in
spectral = composition. The seven 1light -sources - included
incandescent, c¢ool white fluorescent, clear mercury, metal
halide, metal hallde-hlgh pressure sodlum mix, high pressure
sodium, and low pressure sodium. Color samples included ones for
safety red, orange, yellow, green, blue, purple (magenta), brown,
white, gray, and black of several different types including
ordinary, fluorescent, retroreflective, and retroreflective
fluorescent. BAnalysis of the data indicated that the standard
ANSI (American National Standards Institute) samples were often
not identified accurately under many of the sources studied, with
particularly poor performance for the two sodium sources and
clear mercury. Specifications are-given for a new set of samples
that were identified more accurately under all seven sources and
which showed a greater gamut of coloration in a uniform color
space for all sources. Chromaticity and luminance coordinates

. for all 58 color samples are presented for both CIE x,y,Y and CIE

L*a*b*  values. In addition, the psychophysical data are
compared with the CIELAB data. '

Keywords:
chromaticity, color, color appearance, energy-efficient lights,

high-intensity discharge 1lights, illumination, 1light source,
safety colors, vision. '
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This report is one of a series documenting the results of NBS
research in support of the Occupational Safety and Health

Administration (OSHA) in fulfillment of an Interagency Agreement
between NBS and OSHA.

The report‘summarizes research conducted in the period July 1983
- July 1986. = . L ' :

We wish to acknowledge with special thanks the interest, coopera-
tion, and encouragement of the sponsor's Technical Project
officers, Mr. Tom Seymour, Ms. Audrey Best, and Ms. JoAnne
Slattery of the OSHA Office of Standards Development. We also
wish to acknowledge with deep appreciation the efforts of NMr.
Marvel Freund who was instrumental in designing, constructing,
and building the illumination color lab, and those of Mr. Peter
Spellerberg who wrote the computer programs for analyzing the
psychophysical data. : o _

DISCLAIMER .

Certain commercial @ equipment, - instruments, or materials are
identified in this report in order to specify the experimental
procedure adequately... Such identification does not imply
recommendation or endorsement by the National Bureau of
Standards, nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose.
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EXECUTIVE SUMMARY

Several previous research studies (Jerome, 1977; Thornton, 1977,
and Glass, Howett, Lister and Collins, 1983) have indicated that
many of the standard safety colors (ANSI Z53, 1979) are not

perceived accurately under some high intensity discharge (HID)
sources.

The present study was an attempt to determine the extent to which
the ANSI standard safety colors.- red, orange, yellow, green,
blue, purple, brown, white, gray, and black - are not accurately
recognized under common HID sources, and to explore the
effectiveness of a set of potentially better colors. A two-part
experimental approach was used in the study.

First, psychophysical color data were obtained for a set of 58
color samples under each of seven light sources with 10
observers. The seven light sources included: low pressure
sodium (LPS), high pressure sodium (HPS), clear mercury, metal
halide, a high pressure sodium metal halide (HPSMH) mix, cool
white fluorescent, and incandescent. Each observer provided data
on color name (as related to safety alerting) and then gave
judgments of primary hue, secondary hue, percentage of secondary
hue, lightness, and saturation. In this way the appearance of
cach sample was specified in three dimensions for each source.

The second set of data was comprised of physical color
measurements. In this portion of the experiment, the spectral
reflectance of all 58 color samples was measured under
incandescent light using a spectroradiometer. At the same time,
the reflectance of a nearly perfect white diffuser was measured
under all seven illuminants so that the spectral radiance factor
could be calculated for all non-fluorescent samples for each

source. The twenty-seven fluorescent samples were measured
directly under each source, and spectral radiance factors
calculated. The spectral radiance factor data were then

converted into a uniform color space (CIELAB) so that the effects
of varying sample and source could be easily assessed.

Results from the psychophysical investigation indicated that
several of the ANSI standard colors, particularly red, orange,
green, blue, and purple, were not accurately recognized under

sources such as LPS, HPS and clear mercury. Examination of the
physical gamut of coloration in a CIELAB a*b* space revealed
reduced gamut - or diminished color differences - for these same
sources relative to the incandescent source. Psychophysical

results for the new samples indicated that two fluorescent
samples, particularly red and orange, and several ordinary
samples, including yellow, green and blue were more accurately
recognized. In addition, the gamuts of coloration for these
samples were always greater than for the ANSI samples regardless
of the source.
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The results suggest that effective safety alerting requires
knowledge of the possible detrimental effects of the light source
on the appearance of safety colors. Particularly for LPS, HPS
and clear mercury, the use of supplementary good color renderlng‘
lighting or the use of the "best" colors should be considered.

Although further research is needed to evaluate the 1ong-term
stability of the fluorescent pigments, the improvement in
performance relative to the current standard color samples
suggests that the "best" colors deserve serious consideration as
part of a more effective scheme of safety alerting.
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1. Introduction

1.1 Overview

Previous research by Glass, Howett, Lister and Collins (1983)
indicated that many of the standard safety colors (ANSI 253,
1979) are not perceived accurately under some high intensity
discharge (HID) light sources. Safety colors are used to encode
different types of warning and safety messages. Current ANSIT
(American National Standards Institute) 7535 draft standards call
for the following color use: :

Red - Danger
Orange - Warning
Yellow - Caution
Green - Safety
Blue - Information
Black/White - Contrast
Gray, Brown, Purple - Reserved for later application.

Glass, et al, presented data indicating that selected fluorescent
colors can be more effective than ordinary colors® under many
common light sources and suggested several candidate safety
colors. Their report did not provide any physical measurements
of these new colors, however, and focused primarily on red
samples (used to indicate dangerous conditions).

The present research was intended to extend the study by Glass,
et al, and provide an in-depth analysis of the effects of
variation in light source spectral composition on four different
types of safety colors - ordinary, fluorescent, retroreflective,
and retroreflective-fluorescent. The identifiability and
physical color characteristics for 58 different color samples
were studied for seven different light sources, including five
HID sources. The first goal was to determine if there were a set
of color samples that could be accurately identified for each
safety color name - red, orange, yellow, green, blue, purple,
brown, gray, black and white - under each of the seven sources.
The second goal was to provide physical measures of chromaticity
and luminance for each different color sample under all sources.
The present study included a number of color samples used by
Glass, et al, as well as some additional samples. It extended
the number of light sources to include clear mercury, cool white
fluorescent, and a mixture of high pressure sodium and metal
halide, as well as the incandescent, metal halide, high pressure
sodium, and low pressure sodium sources used in the earlier
experiment.

* In this report, an "ordinary"color sample is one which is

neither fluorescent nor retroreflective.
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1.2 Previous Research

Two recent studies also evaluated the effectiveness of safety
colors under different light sources.

Jerome . (1977) asked 20 observers to identify the prlmary color
name of the ANSI standard safety colors under each of six sources
(daylight fluorescent, incandescent, metal halide, deluxe
mercury, clear mercury, and high pressure sodium). Jerome did
not use low pressure sodium because pilot research had indicated
that any differences between colors seen under this source were
due primarily to brightness differences rather than color
differences. As a result, he claimed that all colors would be
confused under this source. In Jerome's study, the illuminance
level was only 0.5 fc - the level specified by IES for emergency
lighting. Each observer was shown the safety colors presented in
a random sequence which included a single duplicate of each color
as well as white, gray, and black. A total of 40 observations
was made for each color under each source.

A two-step data analysis procedure was followed in which Jerome
first tabulated the percentage of responses for each sample under
each source. Then, he set criterion levels for performance:
defining a slight confusion as 5-10 percent wrong answers; some
confusion as 10-20 percent wrong answers; and a definite con-

fusion as more than 20 percent wrong answers for a given color
sample.

Jerome found no real confusions for the safety colors under
daylight fluorescent 1light. For incandescent light, he found
some confusion (10-20 percent errors) of green with blue, and
purple with red. For metal halide he found some confusions
between red and orange, blue and green, and gray and yellow.
Under deluxe mercury, he found definite confusions between purple
and red, yellow and white, gray and green, and black with both
blue and purple. For clear mercury, Jerome found numerous
definite confusions. These occurred between red, orange, and
yellow, black and blue, and red with both purple and black, and
green with white. In fact, purple was termed red more often than
it was termed purple whlle black was termed red, blue or purple
with equal fregquency.

Under HPS Jerome also found many definite confusions. Again red,
yvellow, and orange were confused with each other, as were green,
blue, and black. Orange, in fact was termed yellow 69 percent of
the time. Red, purple, and orange were confused as were yellow
and white, Gray was confused with both green and yellow. It
should be noted that some of these confusions may have been due
to the 1low illuminance provided (0.5 fc}. Such a low level
reduces the ability to make accurate color discriminations since
it is below the level of photopic (color) vision. This may be




one reason for the observed confusions between yellow and white,
and green, blue and black.

Jerome concluded (1977, p.182) that "there are some light sources
being used extensively under which the safety colors cannot be
identified positively with any degree of certainty. Under these
circumstances, if the safety colors are to perform their assigned
function, supplementary lighting must be provided for the colors

under which their identification can be determined without
ambiguity."

Jerome also discussed the prediction of safety color appearance
using the CIE Color Rendering Index (CRI). When the special
indices of the CRI were computed for each color, it was found
that the indices did not correlate well with the data. Jerome
suggested (1977 p. 182) that "Apparently the answer is not how
faithfully the colors are rendered, the attribute indicated by
the Color Rendering Index, but how well the colors can be
perceived as different from the other colors. That is, if the
red can be identified as red and not some other color, even
though it may differ greatly from its daylight appearance, it is
performing its function as a safety color satisfactorily." Thus,
the important attribute for safety colors is the difference in
chromaticities between colors. Jerome calculated the gamut of
coloration for the safety colors for the six sources studied on
the CIE Uniform Color Space diagram (U*, V¥). This analysis
suggested "that if the adjacent colors are separated by at least
40 U#%*,V* units they can be distinguished at least 90 percent of
the time" (1977, p. 182). The converse is not always true, since
some colors separated by a smaller distance were identified
correctly. Jerome concluded that "If the chromaticities of the
safety colors illuminated by a particular source, plotted on the
U*,V* diagram, are separated by less than 40 units confusion may
exist and further investigations should be made to determine the
extent of the problem and to determine what supplementary
lighting may be necessary to eliminate it" (1977, p. 183).

In another effort, Thornton (1977) conducted a theoretical
analysis designed to determine the chromaticities of a set of
safety colors that should be more identifiable under common HID
and tri-phosphor sources. He suggested that the problem was one
of selecting object colors which would be identified correctly
when presented by themselves. Thornton's solution to the problem
of safety color identification was to redesign the colors
themselves. When he calculated gamuts of coloration for the six
standard ANSI colors under different illuminants, he found that
the gamut of coloration for HPS and clear mercury was severely
reduced, particularly for ANSI red.

Thornton suggested that altering the spectral reflectance of
color samples to suppress blue-green and yellow reflectance could
improve the recognizability under a number of sources. For lamps
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such as LPS and clear mercury, which have limited spectral power
at wavelengths 1longer than about 570-590 nm and which cannot
render reds properly, alterlng the spectral composition of the
safety colors in these regions will have little effect. For
these sources, the use of fluorescent materials appears to be the
solution.  Thornton presented suggested spectral reflectances for
redesigned safety colors that would be nore accurately identified
under all sources.

Thornton also noted (1977, p. 95) that "auxiliary illumination on
safety colors is simple in principle, and effective. For
example, incandescent lamps may illuminate the safety colors, at
added footcandle levels considerably below the footcandle levels
of the offending main illuminant and good identlflablllty can be
restored. However, in practlce, auxiliary illumination is both
expensive and unwieldy since many objects marked with safety
colors are movable"...and could requlre complex, movable light
sources.

In view of the preceding studies, the best solution to the
problem of safety color identification appears to be the redesign
of either the safety colors themselves or of the light sources.
Although Worthey (1982, 1985) has pointed out that ‘many
convent;onal 'illuminants tend to decrease differences between red
and green object colors, ‘thus reinforcing the need to improve
their color rendering propertles, the present study was an
‘attempt to ‘determine if alterlng the spectral reflectance of
particular object colors would improve their recognizability for
sources already in common use. Several different types of safety
colors and color pigments were thus studied under a variety of
lllumlnants to provide baseline data on the effectiveness of
“1mproved" safety colors.



2. Approach

2.1 Participants

Ten employees of the National Bureau of Standards, three females
and seven males, participated in the experiment. Their age
ranged from 20 to 53. All participants had normal (20/20) or
corrected-to-normal visual acuity. They also had normal color
vision, as verified by the A.0.H-R-R Pseudo-Isochromatic Plates.

2.2 Apparatus

All experimental sessions were conducted in the NBS Illumination
Color Laboratory which contains a smaller illumination chamber,
3.9 m by 2.5 m with a 2.4 m ceiling. For the experiment, gray
canvas walls were used on three sides of the chamber with a
movable black wall as the fourth side. The floors were of light
grey speckled tile. The ceiling consisted of two layers of
translucent plastic diffusers, above which were mounted seven
different types of 1light sources. These sources represent
commonly occurring energy-efficient or high color-rendering
sources. Sources included 1low pressure sodium (LPS), high
pressure sodium (HPS), metal halide (MH), clear mercury (MER),
cool white fluorescent (CW), incandescent tungsten (TUN), as well
as an equal luminance mixture of high pressure sodium and metal
halide (HPSMH). The overall vertical luminance 1level at the
sample location was between 79 and 550 cd/mz. It was at the
highest level only for LPS to maximize color recognition, if at
all possible. Excluding LPS, the mean luminance was 107 cd/m2.
The overall illuminance was varied by means of mechanical
shutters, so that problems of altering spectral power distri-
bution by electronic dimming were avoided. Table 1 provides
vertical luminance data measured for each source, while figure 1
presents measured spectral power distribution data for each of
the seven sources used in the experiment.

Four types of color samples were used in the experiment: ordinary
surface (0) colors, fluorescent (F) colors, retroreflective (R)
colors, and retroreflective fluorescent (RF) colors. (A fluor-
escent color is one which absorbs light at a given wavelength and
reradiates it at a longer wavelength, while a retroreflective
material is one which contains glass beads designed to reflect
incident light back along the axis of incidence, thus increasing
its night visibility.) All four types of materials are commonly
used on safety and highway signs. The samples represented eleven
nominal color name categories used in safety alerting. These
included Red, Orange, Yellow, Green, Blue, Purple, Magenta,
White, Grey, Brown, and Black. The color samples included the
standard ANSI Z53 (1979) safety colors (ordinary colors), as well
as several fluorescent and retroreflective colors that had been
identified as effective in the previous experiment (Glass, et al,
1983).




Table 1. Vertical Luminance Data Reflected from a PTFE Standard
Measured at the Sample Position During the Experiment.

Incandescent light
78.8 cd/m2

Cool White Fluorescent Light

113.0 cd/m?2

Clear Mercury

124.2 cd/m?

~Metal Halide

85.1 cd/m2

High Pressure Sodium

108.0 cd/m?

Low Pressure Sodium

550.0 cd/nt

High Pressure Sodium/Metal Halide Mix

136.4 cd/m?
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Although previous research by Glass, et al, had suggested that
retroreflective samples were more identifiable -than other
samples, this finding was confounded with colorant type. Because
it was not clear whether the effect was due to the colorant or
the retroreflectance, in the present study several color samples
were tested in both a retroreflective and an ordinary version.
In particular, samples in the series 11 through 32 were available
in both a retroreflective and non-retroreflective version.
Strictly retroreflective samples were made in an ordinary form
(e.g. 11 and 12), while retroreflective-fluorescent colors were
produced in a fluorescent version ohly (e.g. 13 and 14). Samples
15-18 and 19-22 also represent variations of the same nominal
color pigment. This approach allowed the effects of
retroreflectance and fluorescence to be assessed for the same
nominal color pigment.

Table 2 identifies the colors (using the manufacturer's color
name}, the sample type (0, F, R, oOr RF), and the sample number
identifier. The eleven cases in which a pair of samples involved
the same basic pigment in both a retroreflective and non-
retroreflective version are listed at the bottom of table 2. In
six of these pairs, the common pigment was ordinary, and in five
pairs it was fluorescent, Although retroreflection was the
principal difference between members of each pair, other con-
founding factors may have been present, including the thickness

of the colorant layer and the nature of the substrate or backing
material. ' '

A total of 58 color samples was used in the experiment. They
included the following nominal color names: eleven red, ten
orange, eight yellow, ten green, six blue, five purple/magenta,
two brown, four white, one gray and one black. Each sample was
mounted in a plastic frame 12.7 cm by 17.8 cm.

2.3 Experimental Procedure

2.3.1 Spectroradiometric Measurement Procedure

Measurements of chromaticity and luminance were made for each
color sample using a spectroradiometer. Illumination was
provided by an incandescent source consisting of a small 1l2-volt
spotlight with diffusing plastic mounted in front. The light was
powered by a voltage regulated DC-source. It had a chromaticity
of about x, 0.453, y = 0.419 or CIE 1960 u, 0.254, v = 0.353.
Although the light was incident along the normal to the spot
measured {about 7" away), the spectroradiometer was aimed at 45°
to the normal so that the spectral measurements had a 00-45°
geometry - thus excluding the specular component of reflectance
for all practical purposes. For the ordinary samples, these
measurements also provided spectral reflectance factor data.



Table 2. Identification of
. Each Nominal Color Name.

RED

Sample Number Type .

6 O (ANSI)
11
12
13.
14
33
34
45
57
58

l-q .

o el Bl B Bes B )

YELLOW

Sample Number ijé

4 O (ANSI)
19 RF

20
21 ,
22

36

37

49

50

MO

BIUE

Sample Number Type

2 O (ANSI)
27 R .
28 )
40 R
52 F
54 R

Samples Used in the Experiment for

ORANGE
Sample Number Type

‘5 O (ANSI)
15 - RF

16
17
18
35
42
46
48
56
47

‘g HW O
s |

GREEN

Sample Number  Type

3 O (ANSI) -
23 ‘RF :
24
25
26
39
43
51
55

W KK OdH

PURPLE/MAGENTA

' sample Number  Tvpe

1 O (ANSI)
29 RF
30 O F
44 F
53 'F
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Continued.

Takle 2.

BROWN

Sémple Number Typé

7 O (ANST)
38 R .
WHITE

Sample Number Type

10 O (ANST)
31 A R
32 O
41 R

11

GRAY
Saﬁplé Number  Type
9 0 (ANSI)

BLACK
Sanmple Number Type
8 O (ANSI)



Measurements were also made under each source used 1in the
experiment. All samples were first measured under TUN. For each
illuminant, several measures of spectral reflectance were also
taken for a PTFE (polytetrafluoroethylene or white diffusing)
sample (Weidner and Hsia, 1981), yielding the data shown in
figure 1. These measures provided baseline spectral power
distribution data which allowed computation of the spectral
radiance factor distribution for each sample.

The 27 fluorescent and retroreflective-fluorescent samples were .
also measured under all seven sources. These additional
measurements were taken to determine the variation in spectral
radiance factor as a function of light source due to fluorescing
of the samples. All measurements were made with the sample
mounted in the same position used for the observers. In this
case, the light source was approximately 45° from the normal to
the sample, while the spectroradiometer was focused along the
normal. Again the intent was to exclude specular reflections.
Since some of the samples had glossy plastic covers, additional
care was taken to exclude specular reflections for them.

2.3.2 Psychophysical Measurement Procedure

The psychophysical experimental sessions began with a 15 minute
adaptation period to the light source during which the observer
read material consisting of black print on a white surface. This
adaptation time was sufficiently long to allow full light
adaptation (about 1 to 2 minutes, according to Cornsweet, 1970).
The overall light level maintained in the chamber was high enough
(50-100 fc or 500-1000 lux) to permit each light source to reach
maximum color rendering capabilities. Colored objects were
removed from the chamber so as not to influence color judgements.
The observer was also draped with a black cloth to remove
supplemental color information and reflections from clothes.
The observer was seated 1 m from the sample exposure area at a
comfortable height.

During each experimental session only one light source was used.
Observers saw all 58 color samples during a session. Some
observers viewed the sample set twice, if they were not tired,
and if the 1light source allowed easy identification of the
colors. Because LPS caused so many problems in accurate color
identification, all observers saw the full set of samples only
once under this source in a session. The entire sample set was
randomized for each exposure. The samples were exposed one at a
time in the center of the black vertical wall at the Observer's
eye level (1.2 m). Samples were exposed briefly, but long enough
to allow observers time to identify them.

Tn all, 140 experimental sessions were conducted, for a total of
8120 sample presentations. Every sample was viewed 20 times
under each of the seven sources. _
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A set of five responses was selected for the observers to give
for each sample under each light source. The first response was
that of a simple, overall color name for the sample. This
response was intended to determine the correspondence between the
color name and the desired safety color for safety alerting
purposes. To simplify the data analysis, observers were asked to
restrict their choices to the following color names, or
combinations thereof: Red, Yellow, Orange, Pink, Tan, Olive,

Green, Blue, Purple, Gold, Magenta, Brown, White, Grey, and
Black.

The other four responses, involving primary and secondary hue,
lightness, and saturation, were chosen in an attempt to tie the
observer's responses to existing color order systems, two in
particular. The basic approach required of the observers for
specifying color appearance paralleled the Munsell system, which
categorizes colors in terms of hue, chroma (saturation), and
value (lightness). Because hue was considered to be the most
important variable in the present experiment, a fairly precise
measure of hue was sought. Use of the number/letter notation for
Munsell hue is abstract and difficult for inexperienced subjects
to use. As a result, the observers were trained on the hue
notation of the Swedish Natural Color System (NCS), which is tied
direct to wvisual perception. The NCS characterizes colors in
accordance with opponent colors theory using four fundamental hue
perceptions - red, green, yellow and blue - and characterizes any
hue as either being one of these, or as being some percentage of

the way between two of the adjacent fundamental hues (Hard and
Sivik, 1981).

Since 1lightness and saturation were considered to be less
important than hue, and to avoid prolonged training on the
numerical Munsell scales for these two dimensions, observers
rated both variables on a three-point scale of High, Medium, and
Low. It was expected that hue, saturation, and lightness would
all vary for a given sample as a function of light source.

To summarize, the second response given by the cbservers was the
identification of primary hue, while the third was the name and
percentage of secondary hue. As an example of hue response,
cbservers were told that one Orange sample might be a Red with 40
percent Yellow, while another might be a Yellow with 40 percent
Red. The observer's fourth response was the lightness of the
color in terms of High, Medium, or Low. As an example, they were
told to consider brown as a dark orange. The fifth response was
the saturation or vividness of a color, again in terms of High,
Medium, or Low. Thus, an observer's response to a pink color
might be: Pink, Red, 10% Blue, High Lightness, Low Saturation.
Table 3 presents the instructions given to the observers.

Observers were first trained on the concepts used for the
responses with the Munsell Book of Color - Glossy Finish (1976).
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They were shown a page in the book and told that it presented a
series of colors which were the same hue but which wvaried in
lightness and saturation. They were shown how lightness
decreases toward the bottom of the -page,  and how saturation
increases toward the outer edge of the page. This procedure was
repeated for each of the hue families. Once the experimenter was
confident that an .observer understood -  the concepts of hue,
lightness, and saturation, he or she was given a practice session
in the illumination chamber.” For this session a set of colors
used in the previous experiment by Glass, et al (1983) was used
under incandescent (TUN) 1light. Observers went through the
response procedure, with the experimenter providing feedback if
the observer expressed difficulties or if the response seemed
inappropriate. ' Once the experimenter believed that the observer
understood the procedure, the experimental sessions were begun.
A source with at least reasonably goocd color rendering was chosen
for the first session so that the experimenter could be sure that
the observer's responses. were appropriate. As Hard and Sivik
(1981): reported, observers were able to make consistent, reliable

judgements of color appearance with only 15-30 minutes of
training. '
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Table 3. Instructions to Observers for

Experiment on Safety Color Appearance

We are conducting an experiment on the appearance of colors under
different types of light sources. The colors have been carefully
chosen to be easily recognized under daylight illumination.
Under dlfferent light sources, however, they may not be recog-
nized as easily. As a result, we are conducting an experiment to

determine what the colors 1ook like under a variety of commonly
used light sources.

In this experiment we will ask for five different types of
information from you about the appearance of each color.

The first 1is your very first reaction to the color--its color
name. This is your initial reaction to the color. We want you
to tell us what color you see. If possible, please restrict your
choices to the following color names, or combinations thereof:

Red, Yellow, Orange, Pink, Tan, Olive, Green, Blue, Purple,
- Gold, Magenta, Brown, White, Gray, and Black

Secondly, we want to know what the underlying hue is. For this
judgement, you may think of a color circle with RED at the top,
YELLOW at the right, GREEN at the bottom, and BLUE at the left.

RED
BLUE YELLOW
GREEN

Third, we want to know what the secondary hue is, if any.
Because any color may be formed by a combination of two of these
hues, we want you to give us the primary hue, followed by the
percentage, if any, of the secondary hue. For example, you may
think of orange as a RED with 40% YELLOW; or a brown, as a YELLOW
with 30% RED and also low lightness and saturation.

The percentage of secondary color may be any number up to 50%.
For example, you may see a blue green that is mostly blue, but
partly green. You would term that "BLUE", 20% {or some such
percentage) green. A fifty percent mixture would mean that the
color was equally blue and green. We will provide you with some
examples under good 11ght to demonstrate what we mean.

The fourth type of information concerns the lightness of the
color. 1Is it light or dark? Light means that there is a great
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deal of white in the color; dark means a great deal of black.
Again, we will show you an example.

The fifth type of information concerns the saturation or vivid-
ness of the color. This relates to the amount of chromatic
guality in the color--~or the strength of the color. It is a
measure Of how much a color differs from a gray of the same
llghtness.' A color can be saturated ‘and either 11ght or dark.

Pleaee note that we are considering that whlte, gray, and black

have no saturation. Also by definition white is high in 11ght-
ness, and black is low.

To explain color name, lightness, and saturation further, We will
show you examples from the MUNSELL BOOK OF COLORS.

Each page of this book presents a series of colors which vary in
lightness and saturation for one color (or hue, in the Munsell
system). As you dgo down the page for the color, the lightness
decreases.. Thus, colors higher on the page are lighter; colors
lower on the page are darker.

Variations in saturation are shown in the horizontal -direction.
As you go out from the spine of the book towards the edge, the
saturation increases. Thus, colors near the spine are dull or
low in saturation; colors near the edge are vivid or high in
saturation. Colors along a row all have the same lightness,
while colors in a column all have the same saturation.

We would like you to retain. the idea of both lightness and
saturation as dimensions which additionally define the appearance
of a color. To do this please indicate the amount of lightness
by saying HIGH, MEDIUM, or LOW LIGHTNESS. Similarly, please

indicate the amount of saturation next by saying HIGH, MEDIUM, or
LOW SATURATION.

Thus for this experiment, we ask you to:
Give the color name;
Give the primary hue;_in'terms of RED, YELLOW, GREEN, or BLUE.

Give the secondary hue; and the percentage of secondary hue, if
any, up to 50 _

Give the lightness of the hue,_usingﬂHigh, Medium, or Low;
Give the saﬁutation of the hUe,'usihg High, Medium, or Low;
If you get confused, the experimenter will remind you which

variables you have mentioned.
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3. Psychophysical Results

3.1 General Findings

3.1.1 Tabulation Procedures

Each observer's responses were recorded for each color chip as
they were uttered. The color name was recorded first, followed
by the primary hue name. The secondary hue name, and percentage
of secondary hue, if any, was given next. The observer then gave
the lightness and saturation judgments for the sample.  For about
half the observers, these data were recorded by hand and later
transcribed into a computerized database management program. For
the other observers, the data were recorded directly by a
computer into a database management program.

Data recorded included sample number, cbserver identifier,
source, date, color name, primary hue, secondary hue, percent
secondary  |hue, lightness, and saturation. -~ The database
management program was then used to sort the data by observer and
light source for each sample number. The summary tabulations
enabled the data for each color sample to be examined for a given

source so that anomalies such as repeated entries could be
detected readily.. :

Because of the amount of raw data, the database was further
organized. In this step, data for selected samples were compiled
and combined. The first step was to convert color names to one
of the categories initially given to the observer to use. The
following categories were selected based on the originally
suggested responses and the actual names given by the observers:
Red, Red-Orange, Orange-Red, Pink, Orange, Gold, Yellow, Yellow
Green, Tan, Olive, Green, Blue-Green, Blue, Purple, Magenta,
Brown, Gray, Black, and White. This categorization was intended
to identify those cases where a color name was used that was not

a valid safety color. The following rules were used for this
categorization:

a) Any modifier referring to lightness or saturation was
dropped, e.g. "Light", "Dark", "Pale", "Dull", "Bright", "Fluor-
escent", "Brick", etc., because lightness judgments had been
obtained separately. :

b) Combined colors were categorized with the non-safety
color part of the pair; e.g. Olive-Green as Olive; or Yellow-Tan
as Tan. Red-Brown was tabulated as Brown since the sample was

obviously not seen as safety Red.
c) Red-purple and Purple-pink were categorized as Magenta.

d) Maroon (given by only 2 observers) was categorlzed as
brown rather than purple or magenta, since it was generally
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reported to have a red primary hue and a yellow secondary with
low lightness and saturation. While purple might appear to be an
appropriate name, no nominal purple was ever termed marcon under
any source. Rather, use of maroon was confined to some nominally
red samples under certain sources, such as mercury.

e) Where observers combined color name categories, these
were generally retained. Combined <categories  included
red-orange, orange-red, yellow-green, and blue-green.
Yellow-green and blue-green combined all responses that were
either green and yellow, or blue and green, regardless of order.
Red-Orange and Orange-Red were treated as separate categories
because of the importance of both Red and Orange in signaling the
presence of a hagzard.

A series of 58 detailed tables (one for each sample) was
generated based on the categorization described above. Each
table <c¢ontains five tabulations: Color Name, Lightness,
Saturation, Primary Hue, and Secondary Hue for each individual
color sample. In the first block, the 19 possible Color Names
are listed along with the fregquency of occurrence of that name
for each source. Twenty responses for Color Name (two from each
of 10 observers) were obtained for each source. The next block
presents the frequency with which a sample was categorized into
one of the three lightness levels. Similar tabulations were made
in the third block for each of the three possible saturation
levels. In the latter case, responses may not sum to 20, since
some colors were seen as dgray, white or black under selected
sources. Gray, white, and black have no saturation, by defini-

tion. (Some grays and whites were seen as highly saturated
vellows under LPS, however.)

The fourth tabulation was that of primary hue. This block of the
table lists the frequency that each of the four primary hues
(Red, Blue, Green, and Yellow) was given for each sample under
each source. In addition, the block lists the mean percentage of
hue assigned to the primary hue  component. Two steps were taken
to obtain the percentage of primary hue. First, the individual
percentage of primary hue was obtained by subtracting the
percentage of secondary hue associated with that primary hue from
1.0 (meaning 100%) for each hue given by a observer. Thus, if a
observer termed a particular sample as Red only, its primary hue
would be recorded as red and the percentage as 100. If a
secondary hue were given, such as blue-10%, the percent of red
would be calculated to be 90%. All calculated percentages for
each hue name were then summed and divided by the number of
responses for that hue name to obtain a mean percent of primary
hue. Note that the total frequency for the primary hue was
sometimes less than 20 in cases where a sample was seen as
neutral (white, gray, or black).
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The fifth tabulation provides similar information for secondary
hue. The same procedure for calculating mean percentage was
followed, except that the initial percentages did not have to be
calculated. Because there were numerous cases in which secondary
hue names were not given, fewer than 20 responses occurred for
many sample/source combinations. This means that in a number of

cases the mean percentage of primary hue and of secondary hue do
not sum to 100.

Because of the sheer volume of data, the 58 detéiled tables are
presentéd and discussed in Appendix A.

3.1.2 Overview of the Results

Table 4 compares the data on dominant color name for the ANSI
standard samples (indicated by an asterisk) with the data for
several new samples. The new samples are those that emerged as
"Best" in terms of percentage of accurate color recognition. The
table tabulates the percentage of times the sample was given the
dominant color name as appropriate for the nominal color
categories shown in Table 1. In cases where no color name
emerged as dominant, secondary color names are also given.

Inspection of Table 4 réveals striking effects due to the light
source. While findings for each color sample are discussed in
detail in the appendix, inspection of table 4 indicates that the
ANSI red sample was rarely termed red by all observers under
every source. Performance was particularly poor under HPS, LPS
and MER. Performance was also poor for the ANSI Orange under
these particular sources. For both red and orange, performance
was much better for the new fluorescent samples (57 and 48),
although it still remained rather poor under LPS. Light source
had less apparent effect on the appearance of yellow, although
both MER and MH diminished performance for the ANSI yellow
sample. Light source, however, had a notable effect on the green
samples, with neither the ANSI nor the "best" sample being seen
as green under LPS. Both these samples tended to be called blue
green or dgreen under all sources except LPS. While almost all
blue samples were named correctly under most sources, only one
sample {the "best" one, sample 28) was also named correctly under
LPS. Purple, white and brown also were not named accurately
under LPS.

For a detailed discussion of the results for each sample, please
see Appendix A.
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Table 4.

Percentage of Time

Under Each Source.

Sample

57

48

22

26

28

Blue-green 45

W

Mame

Red 55
Orange

Olive

Brown
Red-orange
Red 85
Brown :
Orange 65
Yellow '
Gold

Orange 90
Yellow: 75
Yellow Green
Yellow - 80

Green 55
Gray
Blue-green 50
Green 50
Gray

Blue 100
Purple

Gray

Blue 100

HPS  Mi

Mominal

75

85

. Nominal

G5
100
Nominal

95

95
Nomihal

50
40

75
10

Hominal

100 1

100 1

20

x  LpS
Red
45
40
75 40
35
Orange
50 o
. 100
25
90 100
Yellow
85 100
a0 100
Green
45
50
65
70
25
85
Elue
00
60
g0 70

MER

100

a0

60

100

40
50
65

85

-85

40

95

" MH -

45

95

55

100

go
-85

40
60

60
35

100

100

TUN

85

85

95

85
85

35

45
55

100

100

s Sample Given Dominant Color Name
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Table 4 Continued.

Sanple Hame

1 Purple
- Gray
7 Brown
Olive
Tan
10 White
Yellow
9 Gray
Olive
B Black

Cw

100

100

100

95 . .

100

HPS  Mix LPS
Nominal Purple

95 100

35

Nominal Brown

55 75

35 30

30

"Nominal White

100 100
100
Nominal Gray '
95 " 95 :
o 45

Nominal Black

100 90 80

21

MER

100°

55
35

95

100

90

MH

100

90

95

100

100

TUN -

75

95

100

95

100




3.2 Statistical Comparison of Samples

Several color samples were available in different formulations of
the same nominal pigment; such as ordinary and fluorescent,
retroreflective and retroreflective-fluorescent, etc. The
performance for these different sample types was compared, to

determine ' if adding retroreflectivity to a sample altered  its
appearance under different sources.

Chi square comparisons of the results given in Table 5a indicated
few significant differences between pairs of samples containing
retroreflective materials. This analysis compared the fregquency
of responses for the nominally correct dominant color name for
the two samples for each light source. The only significant
differences emerged for samples 25 and 26 (retroreflective vs.
ordinary); samples 15 and 16 (retroreflective-fluorescent vs.
fluorescent); and samples 19 and 20 (retroreflective-fluorescent
vs. fluorescent). In these cases, performance was superior for
the non-retroreflective samples. Consequently, one cannot Qdraw
any conclusions about the benefits of retroreflectance in
improving safety color appearance under LPS or any other source.

Further chi square comparisons were made between the original
ANSI standard samples and new versions of the samples to
determine if the new samples were identified significantly more
correctly under all light sources. Table 5b presents a summary
of these comparisons. Inspection of table 5b reveals that two
red samples, 57 and 58; three orange samples, 16, 48, and 42; two
green samples, 55 -and 39; and one blue sample, 28 performed
better than the appropriate ANSI standard. All yellow samples
performed well under all sources so that no significant
differences in performance were observed. On the other hand, no
purple, white or brown sample did better than the ANSI standard -
with none of these samples, regardless of composition, being
correctly identified under LPS.

Additional comparisons were made between several "new" samples
for a given nominal color name relative to each other. These
comparisons involved samples 21 vs. 22 and 20 vs. 36 for yellow;
samples 57 vs. 58 for red; 55 vs. 39 for green; and 16 vs. 48 and
15 vs. 42 for orange. Of all these comparisons only that of
sample 16 vs. 48 was significant (p<.025). This difference is
attributable to the better performance for 48 under LPS, where it
was correctly identified by 20 observers (compared with one
correct response to sample 16).

The fregquency of errors in the observations was examined for
samples, sources and observers for the ten ANSI standard samples
and the six best samples. This analysis examined the frequency
of errors in color name - or those times in which a sample was
given a color name that was different from either the dominant
color name or the correct color name.
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Tablé 5. Statistical Comparisons Between Sample Types Studied.

5a. Compariéon of Nomifal Pigment Types

Nominal Color Comparison = Sample Type Significance
~ 1st - 2nd

Red 11 vs. 12 R O NS
Red-orange 13 vs. 14 RF F NS
Orange 17 vs. 18 R o NS
Orange 15 vs. 16 RF F Sig
Yellow 21 vs. 22 R ‘0 NS
Yellow . 19 vs. 20 RF F Sig
Green 25 vs. 26 R F Sig
Green-yellow 23 vs. 24 RF F NS
Blue 27 vs. 28 R B ¢ NS
Magenta 29 vs. 30 : R RF NS
white . 31 vs. 32 R ) NS

'5b. Comparison of ANSI Standard with New Samples

Nominal Color Comparison New Sample Type Significance
'Red 6 vs. 58 F p<.001

6 vs. 57 F p<.001

6 vs. 33 R p<.01
Orange 5 vs. 16 F p<.05

5 vs. 48 F p<.001

5 vs., 42 .F p<.001
Yellow 4 vs. 36 R NS

4 vs. 20 F NS

4 vs. 21 o NS

4 vs. 22 R NS
Green 3 vs. 55 R . P<.05

3 vs. 39 R p<.01

3 vs., 24 F NS

-3 vs. 23 RF NS

Blue 2 vs., 28 o] p<.05

2 'vs. 27 R NS

2 vs., 52 F NS
Purple/magenta 1 vs. 44 F NS

1 vs. 53 F NS
White 10 vs. 32 o} NS
Brown 7 vs. 38 R . NS
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Table 6 presents a tabulation of errors for each sample, source
and observer. For each sample a total of 140 observations were
made, as shown in Table 6a. The mean frequency of errors for all
sources was low (20.9 or about 15%), with a range of 2 to 50. Of
interest are the five sample types for which both an ANSI
standard and a new sample exist - red, orange, yellow, green and
blue. The mean number of errors for the ANSI set was 28.6 while
the mean number for the new set was 14.0 - a noticeable reduction
in the frequency of errors.

The error rate also varied as a function of source and observer.
Table 6b tabulates observer errors for each source, along with
observer and source statistics. The mean number of errors per
observer out of the 224 possible observations is quite small,
between 3.00 and 8.14 (about 2 to 4 percent). Two observers, 1
and 6, had slightly higher error rates, however. They were the
oldest observers in the study and may have had some yellowing of
the lens which affected their color judgments. Similarly, errors
for sources ranged from a low of 2.3 for TUN to 9.1 for LPS (or
0.7 to 2.8 percent). Thus the fewest number of errors occurred
for the source with the highest color rendering index (CRI),
while the greatest number of errors occurred for the source with
the lowest CRI, as might have been expected.

3.3 Selection of Improved Safety Colors
Based on the preceding. comparisons of performance, several "new"

color samples can be considered as candidates for standard colors

which are more accurately identified under the seven sources
studied.

Two approaches wefe followed for selecting new candidate safety

colors. The first was the statistical comparisons discussed
above. The second was a rank-ordering using the following
criteria: 1) high frequency of desired color name; 2) high

frequency and high percentage of desired primary hue; 3) low
percentage of secondary hue (except for orange and purple where
equal percentages of red and yellow or red and blue as primary
and secondary hues were desirable); 4) appropriate lightness
(high for yellow but low for blue); and 5) high to medium
saturation. When several samples appeared to meet all criteria
equally, they were given the same rank. This situation occurred
frequently for the blue samples where there was little difference
in performance among several samples. Where a sample could not
be ranked, such as white or purple under LPS, it was given an X.
Table 1B of Appendix B presents only the sample numbers receiving
ranks 1-3 for each safety color for all sources. In this way,
one can examine Table 1B and determine which samples were ranked
1, 2, or 3 most frequently for all sources.

Based on the statistical comparisons and rank ordering, the best
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Table 6. Freguency of Color Name Errors for Each Sample, Source,
and Observer. § S

Gamole

nrrot

Table a. Errors for Specific Color Samples -

140 Observations

ANSI ANSI New  ANSI
Purple Blue Blue  Green

1 2 28 ' 3
13 16 7 1

ANSI HNew ANSI New

New
Green

26
9

ANSI
Brown

7

.34

Orange Orange Red Red
Sample 5 A8 6 57
Error 39 5 50 29
iiean '
Lrrors 20.92
Table b,
Observer CWF  HPS  LPS  HER
1 -1 1 15 9
2 2 1 6 6
3 6 4 3 6
4 3 4 7 5
5 7 7 17 9
6 5 1 6 8
7 7 4 5 4
8 2 1 10 2
9 3 3 9 4
10 1 6 11 4
Source
ilean 3.70 3.20 9.10 5.70
Percent 1,1 1 2.8 1.8

Gt Dev. 2.24 2.00 3.99 2,24
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27
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9
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2,28

O b 00 Nl

New
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20
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10

Frequency of Errors for Observers and Sources

Cbserver
liean %
5.7 2.5
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choice for a mafety red is sample 57 followed by 58, Both
samples were significantly different from the ANSI standard (6):
and were identified correctly under all light sources including
LPS (this latter at a much lower rate). Although sample 33 was
identified correctly under TUN, CW, HPS, HPSMH, and MH, its poor

performances for both MER and LPS should eliminate it from
consideration. o . . -

For Orange, performance was significantly better for 16, 48, 42,
and 15 than for the ANSI standard (5), with a significant
difference arising between 16 and 48. Sample 48 appears to be
the best choice because of its good performance under LPS, as
well as the other sources, although 15 is a close second.

For Yellow, 22 appeafé to be the best choice, although 4 is a
close second. Sample 4, however, was not seen as yellow under
MER as frequently as sample 22. No statistically significant

differences in performance emerged for these two color samples,
however.

For Green, the best choice for a blue green appears to be sample
26, which was consistently identified as green or blue green
under all sources except LPS. Sample 23 is a good yellow green,

although its performance was not as good under MER as that of
sample 26. '

For Blue, the best choice is sample 28 because of its good
performance under all sources including LPS. '

For Purple, only sample 1 was identified as purple - the others
were considered to be pink. No sample, however, was identified
as either purple or pink under LPS, meaning that any color coding
using purple under this source would be ineffective. Sample 1 is
.~ quite effective under the other sources, however. ‘

For Brown, there was very little difference 1in performance
between sample 7 and sample 38, although sample 38 was identified
accurately somewhat more frequently than 7. Only 2 observers
identified either sample as brown under LPS. As a result, the
ANSI standard appears acceptable.

For White, performance for sample 10 was as good as for 32 under
all sources, except LPS where neither was identified as white.
Sample 10, the ANSI standard, thus appears to be a reasonable
candidate for Safety White. Similarly, sample 9, ANSI gray, -had
good performance under all’ sources except under LPS where it was
generally identified as olive or yellow. Sample 8, ANSI black, .
was .identified accurately under all sources. Thus the ANSI Gray
and ANSI Black are successful safety colors (except under LPS}).
While this approach tended to weight all light sources equally,

thus giving LPS as much importance as better color rendering
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sources, the sample selection would not be markedly altered if
results for LPS were dropped from consideration. '

Samples with the best performance for red, orange, and green

tended to be the fluorescent ones. Thus the red 57 and 58, the

orange 48, and the green 23, were typically ranked 1 or 2 for all’
sources. Yet, ordinary surface colors were effective for yellow

(22), blue green (26), and blue (28) . In the present study,

there was no tendency for retroreflective samples to perform

better than their counterpart ordinary or fluorescent samples.

Data from the present experiment are consistent with those of
Glass, et al, (1983) who had also found samples 57 and 58 to be
some of the best reds tested. Although they had also found
samples 54, 55, and 56 to be the best blue, green, and orange
samples respectively, performance, while good for these samples
in the present study, was even better for several new samples.
Thus, - the blue sample 28, the green samples 23 and 26, and the
orange sample 48 (which were not studied by Glass, et al) were
the most successful examples of safety blue, green, and orange
respectively.
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4. SPECTRORADIOMETRIC RESULTS

4.1 Chromaticity and Luminance Data

As described in 2.3.1, spectroradiometric data were obtained for
each sample. First, all 58 samples and the PTFE standard were
measured under tungsten. Then the PTFE standard and the 27
fluorescent samples were measured under the remaining six
sources. The resulting spectral reflectance factor distributions
for each sample under each source were converted to data readable
by a perscnal computer (PC) which converted them to chromaticity
and luminance values in both the CIE X,y and CIELAB color spaces.

Figures 2 and 3 present spectral reflectance factor distributions
for the ANSI standard and '"best" samples under a tungsten
illuminant, and then under a mercury illuminant. The mercury
illuminant was chosen to demonstrate the effects of sample
fluorescence. It should be noted that fluorescence will vary as
a function of the illuminant's spectral power distribution, so
that these graphs are not representative of .all seven sources.

A series of additional calculations was performed for the
ordinary samples, including the ANSI standard samples (1-10).
Since these samples were actually measured only under the
incandescent source, spectral reflectance factors were calculated
for the six additional sources used in the experiment as well as
for the standard CIE illuminants - A, B, C, and D-65. CIE ¥,X,y
and L*a*b* chromaticity and luminance values derived from these
data are presented in table 2B of Appendix B. Table 2B also
presents similar data for the "Best" samples. For fluorescent
samples, chromaticity and luminance values are given only for the
source under which the sample was actually measured.

4.2 Uniform Color Space'

Once spectroradiometric measures of each sample were obtained,
they were converted into a uniform color space for easier
comparison. A uniform color space, CIELAB, was used to compare
different samples under different illuminants because the spacing
between samples in this space corresponds more closely to the
human visual response than it does in the original CIE X,y space.

The CIE (1978) defined two uniform color spaces for use with
color difference formulae. The first space defined by the CIE,
CIELUV, uses a modified version of the CIE 1964 color difference
formula. CIELUV is particularly useful for assessing the effects
of mixing colored lights additively. The other space, CIELAB, is
a cube root version of the formula developed originally by Adams
and Nickerson. The CIE stated (1878, p.92) that: "The cube-root
version of the Adams-Nickerson color-difference formula is based
on a uniform color space, which for constant psychometric
lightness (L*) incorporates an (a*b*) diagram in which straight
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Figure 2. Comparison of spectral reflectance factors of ANSI
standard green, blue, and yellow samples with "best" samples

under tungsten illumination.
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lines in the CIE 1931 (x,y) chromaticity diagram become, in

general, curved lines". This space is defined as follows:
L* = 116(Y/Y,) /3 - 16
a* = 500[ (X/Xp) /3 -(v/y,)1/3)
b* = 200[ (¥/¥)Y/3 - (2/2,)Y/3), where

X/Xns ¥/Y¥n, 2/Zp > 0.01.

In the above formulae, the quantities X; Y, and Z represent the
CIE 1931 tristimulus values, while X,, Yn, and 2, represent
tristimulus wvalues of an ideal white sample (a perfectly
reflecting diffuser represented in the presented experiment by

the PTFE standard) - illuminated by the same light source in the
same geometry. o :

Robertson (1977) compared both CIELUV and' CIELAB and found that
Munsell loci of constant hue and chroma were represented somewhat
more accurately in CIELAB. He noted, however, that neither
formula was completely accurate in representing color differences
so that users should use their own best judgement in selecting a
color difference space. Nevertheless, the CIELAB space has
become widely used for industrial applications such as textiles
and dyestuffs, and for surface colors in general. As such it
appears more appropriate for presenting data on safety colors
than does the CIELUV space, which is now more widely used for
data on self-luminous colors. - Consequently, the data discussed
in this report are presented in a CIE a*b* space to demonstrate
variations ‘in color space as a function of illuminant.

Figures 4-6 present data for the 10 ANSI samples as calculated
for each source, while figures 7-8 present data for the "best"
samples as measured under the seven sources actually used in the
experiment. These plots demonstrate shifts in chromaticity as a
function of illuminant which mirror the shifts in dominant color
name found in the psychophysical portion of the experiment.

The CIELAB data discussed above can be compared with the
psychophysical data. for color naming. For each sample and
illuminant combination, Table' 3B of the appendix presents the
CIELAB data, the dominant color name and frequency, the primary
hue and percentage, the secondary hue and percentage, and the
median lightness and saturation. Table 3B, thus, can be examined
for detailed information about changes in prlmary and . secondary
hue,lightness and saturation, as well as changes in CIELAB values
for all samples under ‘each source. Further ‘comparisons can be -
made by examining figures 4-8 which also show the domlnant color
name given for each sample.
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Placement of the dominant color name for the ANSI standard
samples relative to the a*b* values for these samples measured
under TUN can serve as a reference for the other six sources.
Examination of figure 4 indicates that ANSI red is seen as red
only under TUN, CW and Dgg. It shifts to orange for HPS, HPSMH,
and MH, to brown for MER, and to olive for LPS. Similarly ANSI
orange shifts to gold for HPSMH and yellow for HPS, MER, and LPS,
while ANSI yellow shifts to yellow green under MER. Figure 5
demonstrates that ANSI green, ANSI blue, and ANSI purple shifts
towards black or grey under LPS, while ANSBI blue also shifts
toward purple blue under MER. By comparison, the shifts in
figures 7 and 8 are much less pronounced, with the only shift
being that of red-57 toward red brown, and green-23 and 26 toward
olive or grey under LPS.

4.3 Gamut of Coloration

one way of presenting the effects of ‘an illuminant on a set of
colors is in terms of .a "gamut" of coloration. In this type of
presentation, CIE a*b* values for the six meaningful safety color
samples are presented in one graph for each illuminant. Thus,
the location of safety red, orange, Yyellow, green, blue and
purple (representing Danger, Warning, Caution, Safety,
Information, and Radiation hazard) in a*b* can be shown for each
illuminant studied, allowing easy comparison of the effects of
each illuminant on the set of safety colors.

The CIELAB space can be thought of as an opponent color space in
which the variables a* and b* -~correspond to the opponent
chromatic channels of an opponent-colors model. To a first
approximation, positive a* indicates the redness of a color,
while negative a* indicates its greenness. Similarly, positive
b* corresponds to a color's yellowness and negative b* to its
blueness. The separation between two color points in the a*b*
diagram indicates the degree of difference between then. A
particular case is the distance from the origin (the white point
0,0) which should correlate with saturation and with the
difference from neutral. Thus, the larger the difference (or
"gamut") between the six plotted points representing the safety
colors in CIELAB space, the more discriminable these colors
should be, both from each other, and from neutral. Increasing
such discriminability is a key objective of a comprehensive
safety color system.

Figures 9 and 10 present gamuts of coloration showing the six
ANSI safety colors - Red, Orange, Yellow, Green, Blue, and Purple
- under the seven sources used in the experiment and the six
"pest" colors - fluorescent red, fluorescent orange, Yyellow,
fluorescent vellow-green, blue green, and blue. Inspection of
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High Pressure Sodium
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these figures for the safety colors - shown by the solid lines-
reveals that the color gamut shrinks dramatically along the a* .
axis as one goes from TUN or CWF to HPS and LPS. The collapse of
the color gamut in the red-green direction (a* axis) 1is most
apparent for mercury, high pressure sodium, and low pressure
sodium. These plots essentially confirm the psychophysical data
which had indicated that red and green samples were particularly
difficult to identify accurately under these three sources. They
also confirm Worthey's (1982; '1985) theory that light sources
such as sodium and mercury tend to collapse red-green contrasts.

The gamuts shown in figures 9 and 10 indicate much less collapse
along the a* axis for the "best" colors, shown by the dotted

lines, even for mercury and high pressure sodium. In fact,
figure 9 indicates that the best red and orange samples even have
some significant redness under LPS - a statement reinforced by

the psychophysical data showing greater accuracy in identifying
these two samples under LPS. Figures 9 and 10 indicate that the
use of the best samples, including fluorescent ones, is
successful in expanding the gamut of coloration for the various
HID sources including LPS.

The data collected in the present experiment reinforce the idea
that the use of different pigments, including fluorescent ones,
is successful in expanding the physical color gamut for safety
colors - even for LPS, as well as increasing the accuracy of
recognition for these same colors. Nevertheless, even the use of
fluorescent or redesigned ordinary pigments is not particularly

successful in providing a green which can be recognized as such
under LPS. :
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5. Discussion

5.1 Summary of Psychophysical Results

The preceding discussion of results for each color sample
indicates that for many of the safety colors, a new color was
identified that was more successful than the original ANSI
sample. Typically, these new colors were termed the dominant
color name more frequently, had higher percentages of the desired
primary color, lower percentages of a secondary color, medium
lightness and medium to high saturation - for all seven light
sources. The exception to this latter statement arose with LPS
where samples tended to have lower lightness and saturation.
Nevertheless, examples of red, orange, yellow, blue, and to a
lesser extent, green were identified that were accurately
recognized under all seven light sources. No totally effective
examples for purple, brown, gray, and white were identified
because of the poor performance of these sample groups under LPS.

It should be pointed out that LPS is not in widespread use for
indoor applications in the U.S. Its use is increasing for
outdoor applications such as loading docks, parking lots and
highways, however, because of its extremely high efficiency and
long life. This means that color coding for nighttime situations
must consider whether LPS is likely to be used. Any critical
safety messages using color to code information should probably

.have supplementary high color-rendering lighting when LPS is the
primary source. D -

Performance in the present experiment was also poorer under HPS
and MER where the appearance of reds, oranges, and greens was
often distorted. There are, however, color corrected versions of
both sources now on the market which have higher color rendering
indices and should provide better color fidelity. Further
research with these sources is needed to determine the
effectiveness of individual safety colors. Interestingly, the
HPSMH mix was reasonably successful, as was MH alone, with
relatively few serious confusions. Nevertheless, even under CW,
a widely used source, there were distortions in the standard ANSI
colors relative to TUN with red appearing somewhat orange, and
orange appearing somewhat yellow.

5.2 Supporting Research

Other researchers have developed and used the concept of color
gamut as a way of expressing the impact of a light source on a

set of colors. Boyce and Simons (1977) conducted a series of
studies involving the effects of light source type and illum-
inance on a hue discrimination task. The effectiveness of

several light sources, including clear mercury, metal halide, and
tri-phosphor fluorescents was assessed in terms of both the CIE
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Color Rendering Index, and the Color Gamut approach. Boyce and
Simons defined the color gamut as the following: "It is not a
measure of accuracy of color rendering, rather it is related to
the perceptual differences between colours produced by the lamp
of interest. The CIE gamut area for a particular lamp, which is
the measure to be considered, is defined as the area enclosed in
the 1960 CIE-UCS diagram by.a line joining the positions of the

same 8 standard test colors as are used "in the calculation of
CRI." . | , ,

When it is understood that 1light sources may differ in their
ability to make object colors appear saturated, color gamut area
is a fairly obvious means to quantify this through calculation.
Pracejus (1967) assumed the eight reference colors of the Color
Rendering Index to be lit by a variety of lamps, and computed the
resulting octagon areas in the 1960 CIE-UCS diagram. To deal
with the confounding effect of lamp color, he compared this area
with that of a reference source. These measures showed some
correlation with "acceptability" of light sources to subjects.

Thornton (1972) proposed computing essentially the same gamut
area, divided by a fixed reference area and expressed as a
percentage. This number, which he called "Ccolor-Discrimination
Index" was to be computed with no adjustment in the color of the

reference source, hence no allowance for the color of the lamp
being evaluated. ' :

-

Boyce and Simons (1977) used very much the same idea of color
gamut area as Thornton, but since they did an experiment using
the 100-hue test, they computed gamut areas in the 1960 CIE-UCS,
based on the 85 colored papers of the 100-hue test. Like
Thornton, they took no step that would adjust the results
according to lamp color. They did find some correlation between
illuminant gamut area, and the scores that subjects made on the
100-hue test. Their data are consistent with the results of the
present experiment which show changes 1in color gamut as a
function of illuminant.

While it is fairly obvious that color gamut area should show a
correlation with color discrimination under various 1lights, no
author has directly addressed the question of the confounding
effect of light source color. Without some correction, it will
be found that all lights of low color temperature give small
gamut areas. Since the visual system tends to correct for
illuminant color (Worthey, 1985), some color constancy correction
must be in order; this will tend to boost the gamut areas at low
color temperature. Pracejus —apparently achieved a constancy
correction through use of multiple reference illuminants. In the
present paper, the correction is intrinsic in the formulas of the
CIELAB uniform color space,. in which the gamuts are plotted.
Like Boyce and Simons, we found that the colors of interest in
our experiment naturally formed a polygon in chromaticity; hence,
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our gamuts are based on those colors, rather than some other
reference set. T -

Data from the present experiment are in general agreement with
the predictions made by Thornton (1977) and the data collected by
Jerome (1977). They confirm that the ordinary ANSI colors are
not accurately recognized  ,under many commonly used sources -
particularly HPS and MER. 1In addition, the present data indicate
that it is ©possible +to alter. the spectral reflectance
distribution of candidate safety colors and improve their
recognizability under a wider variety of illuminants.

5.3 Recommendations

The psychophysical and spectral reflectance factor data presented
in the preceding sections allow the selection of several new
safety colors which are more accurately identified under both HID
and common fluorescent sources. The improved colors for red,
orange, yellow, green and blue are more readily identifiable
under the seven sources studied and can be recommended as serious
candidates for new safety colors. In particular, it is possible
to recommend a fluorescent red, (57), orange (48), and green (23)
sample for use under lighting conditions where the ordinary ANSI
color might not be recognized accurately. 1In addition, ordinary
colors which are more effective than the corresponding ANSI

safety colors include a yellow (22), a green (26), and a blue
(28). No recommended changes can be suggested for safety purple,
brown, white, gray, or black. Lighting .conditions for which

problems in accuracy of recognition might occur include HPS, LPS,
MER, and to a lesser extent HPSMH and MH.

One problem with recommending the use of fluorescent colors is
that the durability of these colors has not been tested in either

outdocor situations or over time. Fluorescent colors degrade
faster under some exposure conditions than do ordinary colors, so
that the use of special coatings should be explored. Their

greater recognizability makes exploration of the durability issue
a critical one, however.

In addition to changing the color sample under light sources that
distort color, in situations where accurate color recognition is
critical, the use of supplementary good color-rendering lighting
should be explored. The present experiment demonstrated that the
mix of HPS and MH was generally effective in bringing color
appearance closer to MH than to HPS. Further experimentation
could explore the amount of incandescent, fluorescent, or metal
halide 1lighting necessary to improve the accuracy of color
identification under LPS.

The presentlétudy has also pointed out that the current ANSI
orange and red are often not recognized accurately, and are often
confused with each other and with yellow. Such confusions
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between red, orange, and yvellow are potentially serious because
of the importance of the safety messages assigned to each color.
The data presented here indicate strongly that use of a three-
level system for indicating the level of hazard can only be
successful if good color rendering light is used.

In conclusion, the present study has demonstrated that the
current ANSI colors are not accurately identified when
illuminated by many of the most common light sources. To deal
with this problem, the present paper has presented a set of color
samples which are much more accurately identified under these

sources, and which show smaller shift in color gamut using CIELAB
values.
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Appendix A. Detailed Psychophysical Results

A.l1 Results for Each Nominal Color Name

A.1.1 Red Sample Results

Tables 1A through 11A of the appendix present results for
nominally "red" samples. The tables located at the end of this
appendix are arranged in numerical sequence with Number 6, the
ANSI Red sample, being first. Each table presents the 19
possible color names, the frequency with which the sample number
was given that name under each source (CW, HPS, HPSMH, LPS, MER,
MH, and TUN, in that order), frequency counts for 1lightness
judgements, again under the seven sources studied, frequency
counts for saturation judgements, frequency counts and average
percentage Jjudgements for primary hues and for secondary hues.

Each table thus allows one to compare the performance of a given
sample under the various sources.

Table 1A presents data for ANSI Red sample number 6. For ease in
‘discussing the results, the color name receiving the highest
frequency of responses will be termed the "dominant" color name.
Inspection of table 5 reveals that red was the dominant color
name for sample 6 only under CW and TUN - and that with
relatively low frequency. Under HPS and HPSMH the dominant name
was orange, under LPS it was olive, under MER it was brown, and
under MH it was red orange. The sample had medium lightness
under all sources except MER, and medium saturation under all
sources except LPS and MER. While red was the most frequently
occurring primary hue under all sources except LPS where yellow
occurred most frequently, the percentage of red was always below
85%. Yellow was the secondary hue under all sources except LPS
(for which green is the secondary). The percentage of yellow was
relatively high, ranging from 17% to 31%. Sample 6 is, thus, not
a particularly effective safety red for most sources studied.

Similar trends toward orange are found in the data for sample 11
(table 23), sample 12 (table 3A), sample 13 (table 4A), and
sample 14 (table S5A). In fact, samples 13 and 14 should really
have been considered as orange or red-orange, since red was never
given as their dominant color name.

The data for sample 33 (table 6A) suggest that it is a more
effective red than the ANSI standard. Red was the dominant color
name under each sources except LPS and MER, and was the primary
hue for all sources. The percentage of red primary was high (85%
to 88% under LIPS and MER to 93-95% for the other 5 sources).
Conversely the percentage of yellow as a secondary was low -
around 8-17%. Lightness was either medium or low (LPS, MER and
MH), while saturation was medium under HPS and MER, low under
LPS, and high under all other sources.
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Tables 7A, 8A, and 9A present data for samples 34, 45, and 47,
all less successful red samples, The pattern of performance for
Ssample 34 tended to be similar to that for sample 6, with sample
34 being termed red primarily under TUN and CW, and brown undex
MER. Sample 45, a fluorescent red, tended to be called pink or
orange, while sample 47 (also a fluorescent sample) was always
termed orange. The latter sample is again a much better orange
than a red, having high percentages of yellow secondary.

Tables 10A and 11A present data for some of the most successful
red samples, numbers 57 and 58 (both fluorescent). Red was the
dominant name for sample 57 under every source, even LPS. It had
medium lightness and saturation under all sources except HPS (for
which it had 1low lightness) and LPS (for which it had low
saturation). The primary hue was always red (mean percentage 90%
or greater), while the secondary hue was yellow under HPS, LPS,
and TUN, and blue under the other sources. The percentage of
secondary hue was relatively low, however. The pattern of
results was similar for sample 58, except that the frequency of
dominant color name was somewhat less across sources and the
percentage of red as the primary hue was slightly lower. -

The performance of the different red samples can also be conmpared
for each light source. Under TUN and MH seven of the eleven
samples were termed red, while under CW six were termed red.
only three samples were termed red under HPS, HPSMH, and MER, and
only 2 under LPS. Across light sources, the overall performance
was good for samples 58 and 33 but best for sample 57. Red was
the dominant name and primary hue for these three fluorescent
samples under most sources. All had medium saturation and
lightness, and relatively small percentages of blue or yellow as
the secondary hue. For sample 57, however, the percentage of red
as the primary hue was always above 90%, with all participants
giving red as the primary hue and many giving red as the dominant
color name. As a result, it can be considered as a good candidate
for safety red, replacing the ANSI standard (sample 6).

A.1.2 Orange Sample Results

Tables 13A through 21A present data for nominally orange samples.
The color "Orange" can be considered as a 50-50 mixture of red
and vyellow. Table 13A indicates that sample 5, the ANSI
standard, was not a particularly successful orange, receiving
orange as the" dominant color name only under CW, HPSMH, MH and
TUN. Under HPS, LPS and MER, this sample was termed yellow, and
even under CW it received a number of mentions of gold as the
dominant color name. Yellow was also the primary hue under all
sources, ranging from 72-76% under CW, MH and TUN to 96% under
LPS. The percentage of red as a secondary hue varied from a low
of 6% under LPS to a high of 28% under CW and MH. The sample had
medium lightness and medium to high saturation for all sources.
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The data for samples 15 and 16, given in tables 14A and 154,
suggest that these are more successful orange samples. In fact,
sample 15 was given orange as the dominant color name under all
sources with a frequency of 17 or greater, and had medium
lightness and medium to high saturation for all sources. In
addition, the primary and secondary hues were almost evenly
divided between yellow and red. Although sample ‘16 is a fluor-

escent version of the retroreflective-fluorescent sample 15, it
was a less successful orange under LPS, where it shifted toward
yellow. The primary hue for this sample was always yellow, with
red as a smaller secondary. Both lightness and saturation were
medium to high. Samples 17 and 18, which are retroreflective and
ordinary versions of the same nominal pigment, were even less
successful oranges. Each had a lower frequency of orange as the
dominant color name and a greater tendency toward yellow as the
primary hue. Sample 17 was characterized by a shift in dominant
color name to gold under LPS and brown under MER and fluctuation
in primary hue between yellow and red depending on illuminant.
The primary hue for sample 18 was yellow, regardless of source.

Sample 35 (table 16A) also showed a strong shift toward yellow as
the dominant color name for LPS and MER with yellow as the
primary hue under all sources, and relatively small percentages
(7-31%) of red as the secondary hue!

Sample 42 (table 17A}), however, was termed orange under all
sources with a frequency of 17 or more. Its primary hue was red
for all sources except LPS and HPS, while the secondary was
yellow at relatively high percentages (39-45%) meaning that this
sample is an orange that is neither noticeably red nor yellow.
The sample had medium lightness under all sources and high
saturation for all except LPS.

The next orange sample, 46 (table 18A), was clearly a red orange
rather than a true orange. Only under LPS and HPS was it termed
orange with a high frequency. Under the other sources it tended
to be termed red, red orange, or orange red. The primary hue was
red with relatively small amounts of yellow as a secondary

(except under HPS and LPS). The sample had medium lightness and
high saturation.

The final two samples to be considered, 48 and 56, (tables 19A
and 20A) are some of the best examples of an orange that is
neither red nor yellow. Sample 48, a fluorescent sample, was
termed orange with a frequency of 18 or greater for all sources.
Its primary hue was red (55 to 60%), while its secondary was
yellow (40-42%), except for LPS where the primary hue was yellow
(69%) and the secondary was red (31%). Lightness was medium, and
saturation was high (except for LPS). Although sample 56 was
also a good orange, its performance was poorer under LPS where
the frequency of orange as the dominant color name dropped to 13
and the saturation dropped to low. The primary hue also shifted
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to yellow for HPSMH, LPS,r MER, and TUN at perc¢entages o. 60 ..
77%- > . l, Kl .

Performance for the different orange.samples can alsc be compare.
for all seven light sources. All ten samples were termed orange
under TUN, CW, and HPSMH, while 9 samples were termed orangec
under HPS and MH. Under HPS, only the ANSI standard, sample 5,
was not termed orange. Under MER and LPS, only 5 samples .werd
termed orange.. When data for the seven light sources are
compared, samples 15, 42, and 48 were consistently seen as orangc
with both red and yellow as nearly equal hue contributors. OY
the nine orange samples studied, however, sample 48 is one of the
best candidates for safety orange, having orange as the dominant
color name and relatively even mixtures of red and yellow as the
primary and secondary hue ~ for all sources including LPS. Its
performance was even better than that for samples 42 and 15,
which were also good examples of orange.

A.1.3 Yellow Sample Results .

Eight yellow samples were studied (tables 22A-29A) in an attempt
to find a yellow which is neither red nor green, but pure yellow.
The ANSI sample (4) given in table 22A came close to meeting this
criterion, except under MER, where its dominant color name
shifted to yellow green. This shift was reflected in the primary
hue data, where the percentage of yellow was above 90% for all
sources except MER. Although green was the secondary hue for all
sources, - the percentage of green was higher (18%) under MER.

Sample 4 had high lightness (except for TUN) and medium to high
saturation. ; '

The shift to yellow gfeen was even more apparent for the next two

samples, 19 and 20 {tables 23A and 24A). These are
retroreflective fluorescent and fluorescent versions of the same
basic pigment. Sample 19, the RF version, was markedly more

yellow green, being termed yellow mainly under LPS. Although its
primary hue was yellow (71-95%), this sample had high percentages
of green as the secondary hue (14-31%). Both 1lightness and
saturation were high (except under LPS and HPSMH). Sample 20 was
somewhat more successful being termed yellow green only under CW
and MER. Its primary hue was yellow (81-97%), with green as the
secondary hue (12-19%). This sample always had high lightness
and saturation. . .
Samples 21 and 22 .(tables 25A and 26A) are retroreflective and
ordinary versions of the same pigment. Sample 21 tended to be
termed yellow under HPS, LPS and MER, and yellow, orange, and
gold under CW, HPSMH, MH, and TUN. Its primary hue was generally
a high percentage of yellow (85-97%), while the secondary hue
shifted between red and green depending on the source. Both
lightness and saturation were medium.
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Unlike the other three samples in its series, sample 22 had
yellow as the dominant color name for all sources, including MER.
The percentage of yellow as the primary hue was high (92-96%) for
all sources. The secondary hue was green under HPS and MER
(11-13%), but red under HPSMH, LPS, MH and TUN (7-13%), and
either red or green for CW. Sample 22 also had high lightness
and saturation, for all seven light sources, making it one of the
best examples of yellow studied. ‘

Performance was not as good for the remaining three yellow
samples. While sample 36 (table 27A) had yellow as the dominant
color name for all sources, the frequency was much lower than for
sample 22. The percentage of yellow as the primary hue was
slightly lower (85-96%, with only LPS and CW above 90%). The
secondary hue was red under HPSMH and TUN and green for all other
sources (9-19%). Both lightness and saturation were medium for
all sources. For sample 37 (table 28A), the dominant color name
shifted toward tan for CW, HPSMH, MH, and TUN, and to yellow for
HPS and LPS. While yellow was the primary hue for all sources,
the percentage was somewhat low (88-92%), while the percentage of
green as a secondary hue was high (9-16%). Lightness was medium,

but saturation was low, except under CW, HPS, and LPS. The
performance was even poorer for sample 49 (table 29A), which was
termed orange for all sources except LPS. The percentage of

yellow as the primary hue also dropped to between 64 and 75% for
all sources except LPS, while the percentage of red as the
secondary hue increased to between 25 and 36%. Lightness was
medium to high, while saturation was high.

Again, performance for the various samples may be compared for
all seven light sources. Only under LPS were all eight yellow
samples termed yellow, although under HPS seven samples were
termed yellow. Under MH five samples were termed yellow, while
under TUN, CW, and MER only four samples were termed yellow.
Under many of these sources the yellows shifted toward green, or
to a lesser extent, toward orange.

Of the yellow samples studied, the best performance for all light
sources was obtained for samples 4 and 22. Performance for the
latter was superior in that it was termed yellow even under
mercury and had a somewhat higher percentage of yellow as the
_primary hue. It consistently had medium to high saturation and
lightness, with relatively little green or red as a secondary
hue. Sample 22 thus appears to be the best candidate for an
effective safety yellow. The ANSI sample, 4, is a good candidate

except for 1its somewhat . yellow-green appearance under clear
mercury.
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A.l1.4 Green Sample Results

The next series of tables, 30A-39A present data for the ten:
nominally green samples. Table 30A gives the data for the ANSI
standard, sample 3. The dominant color name for this sample was
green or blue green, except under LPS, where it was termed gray.
Although the primary hue was green (84-89%), blue was a strong
secondary hue (20-53%) under most sources. It should be noted
that the ANSI Green was deliberately designed to be a blue-green
rather than a yellow green to avoid red green confusions by color
defective observers. Consequently, the strong blue secondary hue
noted by the observers in the present experiment is line with
this intention. Sample 3 alsoc had medium lightness, (low under
LPS and HPS), and medium saturation (low under MER.) If the
green and blue-green responses are combined, sample 3 1is a
reasonably effective green, except under LPS.

Sample 23 (table 31A) is an another example of a good green,
being termed green under all sources, except LPS, where it was
termed olive. It did receive two mentions of ¢green under LPS,
however. Under all sources, its primary hue was green (78-92%),
and the secondary hue was yellow (13-24%), meaning that this
green was considerably yellower and less Dblue than the ANSI
standard green. It had medium lightness and medium to high
saturation (except under LPS). Sample 24 (table 32A) is an
example of an even yellower green with yellow green being a
strong contender for the dominant color name under most sources.
Its primary hue was green (76-84%) for all sources except LPS,
while the secondary hue was yellow (18 to 24%). Sample 24 had

medium to high lightness and saturation for all sources except
LPS.

Sample 25 (table 33A) is another sample which was given green or
blue green as a dominant color name for all sources except LPS,
where it was termed black. The primary hue was green (74-92%)
(blue for HPS), while the secondary hue was blue (12-28%) Its
lightness was medium to low and its saturation was medium for all
sources. A similar pattern of responses was obtained for sample
26 (table 34A, except that this sample also received two olive
responses under LPS. Its primary hue was green even under LPS,

(range of 79-95%) and the secondary hue was blue (range 19- 259)
for all sources except LPS where it was yellow. Its lightness
and saturation were medium for all sources (low under LPS). The
performance for sample 26 compares favorably with that for sample
3 having about equal frequencies of green or blue green as the
dominant color name, similar percentages of green as the primary
hue, but slightly lower percentages of blue as the secondary hue.
Sample 26 was also more consistently seen as having medium
lightness and saturation than sample 3. As a result, sample 26
appears to be a reasonable candidate to replace sample 3 if a
blue green is desired.
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Sample 39 (table 35A) is another example of a blue green where
the dominant color name tended to be green or blue green. Under
LPS, however, this sample was termed blue. The primary hue was
green (range 62-93%), although it was blue or blue green under
LPS and HPS. The secondary hue was blue with a range of 7 to

38%. Lightness was generally low to medium, while saturation was
medium.

Sample 40 (table 36A) is a yellow green with a dominant color
name of yellow or yellow green. The primary hue was yellow
(range 74-97%) while the secondary hue was green (range 10 to
26%). Lightness was high (except for LPS), while saturation was
medium to high. Sample 50 (table 37A) is also a yellow green
with yellow being the primary hue (74-98%) and green the
secondary (16-26%). This sample was completely yellow under LPS
and also had high lightness and saturation. Sample 51 (table
38A) represents a return to somewhat greener samples, although it
still received a number of yellow and yellow green responses for
dominant color. The primary hue was green (78-86%) except for
LPS where it was yellow, while the secondary hue was yellow
{16-25%). Lightness was medium, while saturation was high for
CW, MH, and TUN; medium for HPS, HPSMH, and MER; and low for LPS.

Sample 55 (table 39A) is the sample that was the best green in
the Glass, et al, (1982) experiment. It is a good example of a
blue green for all sources except LPS, where it was termed black
or gray. The primary hue was green (79-89%) while the secondary
hue was blue (14-22%). Unlike sample 26, however, the lightness
was medium to low.. Saturation was medium except under LPS.

Under all 1light sources, green is one of the more difficult
samples to identify accurately. The ANSI Standard, 3, was never
seen as the best green, and often not seen as green at all under
some sources. If blue green and green responses for dominant
color name are combined, then 9 of the ten green samples were
termed green under HPS, 8 under TUN, MH, and MER, 7 under CW, and
6 under Mer. Under LPS 3 green samples were termed olive.

Of the green samples studied, sample 26 appears to be a good
candidate for safety green, and is consistent with the philosophy
of using a blue green to avoid red-green color confusions. In
addition, it is not a fluorescent color so it avoids the
potential durability problems that can occur with fluorescent
pigments. If a yellower green is desired, then sample 23 appears
to be a good candidate, particularly since it received two green
responses under LPS. Nevertheless, the picture for green
perception under LPS is very dismal. If the color green needs to
be perceived as such under this source, supplemental lighting
with a better color-rendering source must be used.

Selecting between samples 23 and 26 is difficult because the two
samples are quite different. Sample 23 appears to be closer to a
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green that is termed neither blue nor yellow, but sample 26
appears to be closer to the original ANSI desire to separate

green and red as much as possible to avoid confusions by color
defective observers.

A.1.5 RBlue Sample Results .
Unlike green, blue was one of the most successful colors for all
light sources, having a high frequency of correct dominant color
name and high percentage of blue as the primary hue. Tables
40A-45A present data for the five blue samples studied. Data for
ANSI sample 2 are given in table 40A. This sample was always
termed blue except under MER, and LPS (where it was never termed
blue). Its primary hue was blue with percentages as high as
97-99%, while the secondary hue was generally a low percentage of
red (except for TUN where it was green). Lightness was medium to
low, while saturation was medium (low for LPS). This pattern of
responses was similar for sample 27 (table 41A) which was termed
black under LPS, while receiving extremely high percentages of

blue as the primary hue and small percentages of red or green as
the secondary hue.

Sample 28 (table 423a), however, was termed blue under ‘all
sources, including LPS. It was one of the only blue samples
termed blue under LPS. Its primary hue was blue (95-98%) for all
sources while its secondary hue was green (8-13%) except for MER
where it was red (10%). Lightness was medium and saturation was

high except for LPS. Thus, sample 28 is a good candidate for
safety blue.

Although sample 40 (table 43A) was termed blue under most
sources, it was not a very successful blue under LPS. While it
received a high percentage of blue as a primary hue under the
other sources (and small percentages of red as a secondary hue),
its lightness was low for all sources. Its saturation was
generally high except for LPS and MER. Similarly, samples 52 and
54 (tables 44A and 45A) showed excellent performance for all
sources except LPS. Under that source they were rarely termed
blue, had low or non-existent percentages of blue as the primary
hue, and. had low saturation and lightness. Under the other
sources they had high (96-99%) percentages of blue as the primary
hue, and low percentages of red or green as the secondary hue.
Sample 52 had medium lightness and saturation, while sample 54
had low lightness and medium to high saturation.

When performance for different sources is compared, all five
samples were termed blue under TUN, CW, HPS, HPSMH, and MH, with
blue being given as the primary hue 97-99% of the time. Under
MER, the picture for blue changes slightly with only sample 52
termed blue by all observers. Samples 28, 27, 40 and 54 were
termed blue by 18 to 19 observers with percentage of blue as the
primary hue between 94 and 97%. Sample 2, however, was Sseen as
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blue only 12 times with a secondary hue of red (16%). Under LPS
only sample 28 was termed blue. While this sample had low
saturation and lightness,  its primary hue was given as blue 14

times with a percentage of 99. All other blue. samples were seen
as black or gray.

Thus, the most successful blue sample is 28, although this
characterization is only true when all seven sources are
considered. Again, the ANSI Blue (2) was less successful, having
poor identification as blue under mercury and LPS. Sample 28 had
medium lightness and high saturation under all sources except
clear mercury when the saturation dropped to medium, and LPS
where both lightness and saturation were low.

A.1.6 Purple/Magenta Sample Results

Tables 46A-50A. present data for the five samples studied for
safety purple. Only sample 1, the ANSI standard, emerged as a
good candidate for safety purple across light sources; all other
samples were termed magenta or pink but never purple.

Table 46A indicates that sample 1 was termed purple under all
sources except LPS, where it was termed gray, brown, tan, or
olive. 1Its primary hue was red under HPS and TUN (61-75%), blue
under HPSMH, MER, MH (59-65%), split between red and blue under
CW, and green under LPS. This sample had medium lightness and
medium saturation (except for LPS). Samples 29, 30, 44, and 53
(tables 47A to 50A) were successful pinks, receiving pink as the
dominant color name for most sources - and never receiving pink,
purple, or magenta as the dominant name under LPS. Under LPS
they tended to be termed orange, yellow, or red. Under the other
six light sources, the samples varied in the proportion of red
and blue mixtures, but all had red as the primary hue and blue as
the secondary. Samples 29 and 30 had generally high lightness
and saturation, while samples 44 and 53 tended to have medium
lightness and high saturation.

Regardless of light source, none of the new samples studied is an
effective replacement for the ANSI standard purple. In additien,
no sample, including ANSI purple, was an effective purple or
magenta under LPS. If purple is needed to transmit a message,
such as radiation hazard, supplemental lighting with a better
color rendering source must be used.

A.l1.7 Brown, White, Gray and Black Sample Results
Results for safety brown, white, gray and black will be discussed

together since only a few ~samples were studied for each color
name.

Two samples were studied for brown, samples 7 and 38, presented
in tables 51A and 52A. There was little difference in per-
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formance between the two samples, with both being termed brown
under all sources except LPS, -and tan or olive under LPS.
Performance was somewhat poorer for HPS and MER which are
frequently termed olive, even though the dominant color name was
brown. Under CW, HPSMH, MH, and TUN, red was the primary hue for
both samples, while under HPS, MER, and LPS it tended to be
green. For all sources, the secondary hue was generally yellow.
Both samples had generally low lightness and saturation. As a
result, there appears to be no reascn to switch from the ANSI
standard to a different brown. Although neither brown was
accurately recognized as such under LPS, both samples tended to

be termed tan or olive which could be interpreted as brownish
shades. :

Four examples of white were studied - samples 10, 31, 32, and 41,
presented in tables 53A-56A., Performance was very similar for
samples 10 and 32 which were almost always termed white under all
sources except LPS. Under LPS they were always termed yellow.
These two samples had high lightness and no saturation, except
under LPS where they were seen as highly saturated. Sample 31
was termed gray for all sources except under LPS where it was
termed yellow. The pattern of responses was mixed for sample 41.
It was termed gray under CW and MH, yellow under LPS, and white
under the remaining light sources. It had high lightness except
under LPS where it also had medium saturation. Only two
candidates for white (samples 10 and 32) were successful with
about equally good performance so that sample 10, the ANSI
sample, continues to be a reasonable Safety White., It should be
noted, however, that no white sample was recognized as such under
LPS. Rather, each was termed yellow. As a result, it appears
likely that a white sign on a black background under LPS might
well be interpreted as a Caution message in yellow and black.
Again, the use of supplementary, good color rendering light is

essential if white is to be distinguished from yellow in critical
situations.

One example each of gray (table 57A) and black (table 58A) was
studied. Results for gray were similar to those for white, with
confusions with yellow and olive under LPS and accurate recognit-
ion under all other sources. As might be expected, gray had
medium lightness and no saturation (except under LPS where it had
low saturation). Black was consistently termed black for all
sources with low lightness and no saturation.

A detailed tabulation of the results for each color sample is
presented in the following pages. Results for the red samples
are given first, followed by those for the orange, yellow, green,

blue, purple, brown, white, grey, and black samples in Tables 1A-
58A. ' A
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Results for Sample 12, Ordinary Red.
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Table 4A.

Regults for Sample 13, Retroreflective-Fluorescent Red Orange.
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Table- 5A.

Results for Sample 14, Fluorescent Red Orange.
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Results for Sample 33, Retroreflective Dark Red.

Table 6A.
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Results for Sample 34, Retroreflective Red.

Table 7A.
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FREQUENCY

4

GSmA COLOR SkmLE NO.

FREQUENCY

! HPS IHPSML | LPS § MER T W)

Results for Sample 45, Fluorescent Red.

Table 8A.
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Results for Sample 47,

Table 9A.

Fluorescent Red Orange.
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Results for Sample 57, Fluorescent Red.

Table 10A.
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Results for Sample 58, Fluorescent Red.

Table 11A.
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Results for Sample 5, ANSI Orange.

Table 12A.
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Results for Sample 15, Retroreflective-Fluorescent Orange.

Table 13A.
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Results for Sample 16, Fluorescent (Qrange.

Table 14A.
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Table 15A.

Results for Sample 17, Retroreflective-Fluorescent Orange.
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Results for Sample 18, Fluorescent Orange.

Table 16A.
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Results for Sample 42, Retroreflective Orange.

Table 1B8A.

OSHA COLOR SAMPLE NO.

e ey = o

- TR o B e

z|=%8°|8 3 seelg
-
| ~z=elg =|z2eelg
m ¥ _ g
i B R o
z|~=°ls F|uwelg
'y _ &
2 £
::::::: . S UOL A
s | |8 & -
iy x (B = x |8
&5 g |as
L 253
5 |= 3
- R EnEn Greh el WA AR A A A S . W gu N ke

FREQUENCY

| KPS iMPSMH | LPS

oooom < [—X-¥-R-X-R-X-R—J < (-2 —-X -2 -4

oooom (=] X -R-N-R-N_J-3-J o 0oOo0O

02107 L -] [-R-X-X-X—R—N-J—J o oooo

e e em e T e == - e m e A e we e T A S —s T = e S

oooom - [-R-F R _X-R-X-03-J o (=2 - R0 -]

S e tm e i W == mE TE AW aE ww WS o8 mE e e wS S s AW e =S

ozoom < ODOoOOQOoOD (=] (=X - 3R -]

20 B0 20 20 20

20

TOTALS

n T me m e W

—

" PRIMARY

1AVCL | FREQ AVCY | FREQ 1AVCY | FRER 1AVGE
17
0
0
2

HUES

.\-Rnb

Ommo

iER
:

—_— . P o -

i
!
}
|

— A e -

- s mm

g4

- e A aw AT oy we

20

a0 B0 20 20

a0

TOTALS

AVGY
.40
R
R
a3

- . == =-

- —m E —m —— =

- m———— e —— =

— e A m W S aw

20 20 . a0 20 20 a0

20

TOTALS

74



Table 19A.

Results for Sample 46, Ordinary Orange.
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Results for Sample 56, Retroreflective Orange Red.

Table 21A.
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. Results for Sample 19, Retroreflective-Fluorescent Yellow.

Table 23A.
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Results for Sample 20, Fluorescent Yellow.

Table 24A.

a0

U5he COLUR SAHELL NO.

TREQUENCY
HER

HPG (HPGMH | LPS

o]

LIGHTHESS

-]

==

2

[=4

¥

oY

g

wn
-
|

HPS

-L.-

3

COLOKH hadic

VI wy S
-

i (D e
w v

-

20
20

am - - - - ——

m -4 b= I =
17 ol m - o

w3 o Ty
Lol vt

20
a0

WS
-

VINo
-t

20
20

20
FREQUENCY
{ HPS 1HPGMH | LPS | MER

e -

Twoo
4

Dy
1

20

M ~0
-t

nNano
-t

20
20

N o
-

oo <
=

20
Cw
20

—— - A om Am we W

- TOTALS
TOTALS

HIGH
MEDILK
LOW

SATURATION
HIGH
MEDIUN
LOW

A e EE Ew mF am B — N o W e e o W A WR ad SE S gm W

o000 O Nﬁnv.n.i.ﬂoo o ooeo

aw = e m s v aw 4 o = e s e e o = -——t me e aw -

[~X-R-N—1-] =] 19000000 [~ =R -~

oo o L—J amuooooo = oo

[~ XN N —N=J < ﬂoa._aoooonvo S, o009

T e EE T W PE ae e & TE Sa RW W S o WS e Tl a- S

DoOO L=} naouoooo [~} D00

—00000 (=} Baoooooo (=] oo oo

DO [~ 4 anooooo (=3 (=R~ N =N

i - A M e W W W WA T me —e —s AW W M e oS s W s S
.

=
r m
%mmpu w

e % mm e mm AA mw T mm ed rm WE e TR ouw mS e B am T am sl —e mS s ==

DIJF!MGE

MGC HED
ME
GOLD
YELLOW
YELLCH &
tl IUE
GHEDH
GRAT
BLACK
WHITE

ar a0 20 20 20 20 20

TOTALS

B

>
L

z| =

{AUGY (FREQ 1AVGY | TREQ 1AVGY | FREQ AVGY | FREQ

.ﬂhﬂaﬂ?
= X
F-_Eonv

R e

oo
—

-—— s = -

gl

[Pyig=tpemg—

—m—m —m me —-

e

a0 20 20" a0 20 20

20

TOTAS

M

|AVGY IFREQ SAVGY | FREQ {AUGY | FREQ LAUGY i FREQ 1AVGY

-—

1
i

SECONUATIY

HUES

\FREQ 1AVGY | FREQ {AVGS IFREG

oomu
-

- =

Nomo

...A_RI.-AN
-
nv_.LnUﬂw

-

oo
]

——— ma-w-

o
-

2
aud
YA

16 15

20

12 19

19

TOTALS

80




Results for Sample 21, Retroreflective Yellow.

Table 25A.
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Results for Sample 22, Ordinary Yellow.

Table 26A.
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Table 27A.

Results for Sample 36, Retroreflective Yellow.
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Results for Sample 37, Retroreflective Yellow.

Table 28A.
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Results for Sample 49, Fluorescent Yellow-orange.

Table 29A.
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Results for Sample 23; Retroreflective-Fluorescent Green Yellow.

Table 31A.
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Results for Sample 25, Retroreflective Green.
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Results for Sample 26, Ordinary Green.

Table 34A.
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Results for Sample 39, Retroreflective Green.

Table 35A.
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Results for Sample 43, RetroreflectivenFluoresceﬁé.Yellow Green.

Table 36A.
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Results for Sample 55, Retroreflective Green.
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Results for Sample 27, Retroreflective Blue.
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Results for Sample 40, Retroreflective Blue.
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Results for Sample 52, Fluorescent Blue.
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Table 45A.

Results for Sample 54, Retroreflective Blue.
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Results for Sample 1, ANSI Purple.
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Results for Sample 29, Retroreflective-Fluorescent Magenta.
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Results for Sample 30, Fluorescent Magenta.

Table 48A.
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Results for Sample 53, Fluorescent Magenta.

Table 50A.
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Results for Sample 7, ANSI Brown.

Table 51A.
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Results for Sample 38, Retroreflective Brown.

Table 52A.
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Results for Sample 10, ANSI White.

53A.

Tahle

OsHA COLOR S0

L0

C.u

ik

FREQUENCY

¢ HPS IHPSMA | LPS 1 MER

CW

LIGHTNESS

M1 TUN

Y
ER

FREQUE

HFS THPSHH | LPS

i
+

Cu

COLOR NAME

SO o o0 o <>

- ——— -

[ R =0 ] -~

Q00

oo <

(=R

[~ - N-]

el e X -]
i

20

FREQUENCY
MER

i HPS (HPSM4 | LPS

SO0 (=]

oo

oo o (-]

SO o

200

200

2
20

CW
0

TOTALS
TOTALS

5
g3

EE

[—R=R-N—J—] < (- N=F-R-R— RN~ g L=} onvoﬂuc

oo0Qoo o COoOo0COo0Roo = ollom

=R~ N0 N o moooouﬂo (=] (=R =0-]

=2 —N=—R =N (=] OO oO = 000%

Qoo o (=] OO D a0 (=] 000“

loode g Bazpeed § 1

D ORANGE

DRANGE RED
YCLLOW GREEN
ACK
It

BLLE GRELN

YELLOW

OLIve

z

20 & 20 80 20 20 a0

TOTALS

20

¢

TATALS

E

L]

1

SECONDARY 4
HES

IFREQ AVGY | FREQ JAVGY FREQ [AVCY !FHEQ {AVGS ! FREQ 'AVGYS | FREQ LAVGY ! FREQ 1AVGY

L X X X
o oo
[y

0

TOTALS

109




Table 54A.

Results for Sample 31, Retroreflective White.
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Table 56A.

Results for Sample 41, Retroreflective White,

4

05144 COLOH SAMPLE WO,

FREQUENCY
¥R

oo | o [-F - -t
2|27 E 3
My § o oo § o
- 30 o £
ut  emo | O B o oM =
o | O m —_oo |-
-3 R -3
> &
wn foowe | o wn | oow |
&l o S
mao m coa [
3 3
llllllll wn T T wm
- - 2
5 p =]
5 Lot = =
&a 3a
Sga Inm

— o —

FREQUENCY
MEH

Cw

e e . i A R B e R s T e T o Mmoo

e . . — W e e S —m e e =S

i —— —— i A i ——h ek S T A W e e e S

w oo - ml.nunvoooo o oooo
3 .

m Do —ND O o000 0ooo < oqom
i

S

T e e e i A= e wm i ws R S o =
=

e o e e e e s mm am e —w G . - —w A . == A T S8 s =

OO0 L= [~F-X-N_R=R-R= )= = ouoq

o . — S . = = WA ma = e S W = o a5 o s

20 20 20 2 B0 20 20

TOTALS

TN

HPS

o o =

- -

I

a0

TOTALS

2

AUGY | FRER IAVGY |FREQ 1AVGE 1FREQ

\FREQ |

—-———

SECONURRY
HES

IAVGY | FEEQ (AVGS | FREQ {AVGY ! FREQ 1AVGY

Q

w3
gggd
e

Qo™

}
\
!
!

e -

5483

13

2

TOTALS

112



»iilts for Sample 9, ANST Gray.
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Results for Sample 8, ANSI Black.
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Appendix B. Additional Tables of Results

Table 1B. Rank Ordering of Samples for Each Light Source.

RANKS
RED
TUN CW HPS HPS MH MH MER
1 58 33 33 33 33 57
2 33 57 57 57 57 45
3 57 58 58 - 58 58 12
ORANGE
TUN GW HPS HPS_MH MH MER
1 42,16,56 15 56,16  15,16,56 42,48  48,56,15
2 48,35,15, 16 - ) 16 - ]
18 ‘
3 42,56 15 . . .
_ 48 42,48 42,48 56,15 16
YELLOW
TUN CW HES HPS MH MH MER
1 4,22 22 22,4 22 22 21,22
2 - b, - & 4 -
3 20 36 21,20 21,36 36,20 36
4 f - - . - 23
GREEN
TUN cW HES HPS MH MH MER
1 23 55 23 . 23 23 19,55
2 51 23 51 51 3 -
3 24, . 39,51 24 24 24 26,25,3
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Tagble 1B, Continued

w = M
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- 28,52 28,52
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PURPLE /MAGENTA
HES HPS_MH MH
1 1 1
53 53 53
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HPS HES MH  MH
38 38 7
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41 41 41
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Table 2B. CIE Specifications for ANSI and Best Colors in
and L*a*b* Coordinates

SAMPLE

ANSI
MIST
ARSI
ANSI
ANSIT
AlISI
ANST
ALBT
AlGT
ANSY
ANST

AT
hHEI
AMST
AlIBT
ANOT
ANGT
ANET
ANSI
ANET
AMST
AlISY

TANST
ANSI
ANSI
LRSI
ANLSI
ANSI
AUSI
ARSI
AUSIT
ANSI
AMSI

ANSI
AlISI
AST
ANST
- ANSI
IS
ANSIT
ANLEI
ATIST
ANST
ANST

RED
ne
RED
RED -
RED
RIED
RID
RIED
R¥D
RED
RED

ORANGE
ORANGE

ORANGE -

ORANGE
ORANGE
ORARGE
ORAMNGE
ORANGE
ORANGE
ORANGE
ORAHXGE

YELLOW
YELLOW
YELLOW
YELLOW
YELLOW
YELLOW
YELLOW
YELLOW
YELLOWY
YELLOW
YELLOW

GREEN
GREEN
GREEHN
GREEN
GREEN
GREEN
GREEN
GREEHN
GREEN
GRIEN
GREEN

LIGHT ®/C
TUN I
Cur -

MER

Il

- HPSHH

C
C
C
C
HPS C
LPS c
D-65 Cc
i C
B C
C C
Tun
CWF
HMER
A
HPSKH
HPS
LPS
D-65
A
B
C

—
—

NOOOOOoOOnoon

TUN
Cwr
HNER
MH
HPSMH
IPS
LPS
D-65
A
B
C

=
—a

nNnOoONOoOOOOnoOn

TUN
CWF
MER
it
BEPSUH
HPS
LPS
D-65
A
B
C

-
e
—

OO0

Y

19.4
12.7

6.3
12.3
14.9

© 18,6

17.2

©12.5

18.1
14.0
12,6

41.0
36.5
33.3
37.2
42,2
49.3
56.7
31.1
39.2
33.6
31.5

69.2
67.9
9.3
67.8
70.5
74.3
77.4
62.5
68.1
04,3
62.6

H
O NWO OO0

& & 8 & & & = = & &+ 2

wI s O U R IO

=

0.654
0.590
0.459
0.580
0.602

- 0,622
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0.574
0.585
0.646
0.608
0.584

0.602
0.545
0.465

0,543

0,563
0.582
0.571
0.547
0.594
0.563
0.548

0.541
0.483
0.427

- 0.454

0.519
0.558
0.569
0.455
0.527
0.479
0.458

0.302
0.284
0.332
0.276
0.327
0.437
0.557
0.204
0.281
0.224
0.206

0.333
0.360
0.423
0.374
0.372
0.371
0.425
0.331
0.334

0.333

0,327

0.391

0.441
0.520
0.444
0.429
0.415
0.428
0.423
0.397
0.415
0.420

0.442
0.489
0.554
0.488
0.464
0.435
0.430
0.486
0.450
0.475
0.481

0.549
0.524
0.576
0.537
0.517

0.472 .

0.434

0.491

0.543
0.501
0.476

L*

51.2
42,3
30.1
41.6
45.5
50,2
48.5
41.9
49,6
44,2
42,2

70.2
66,9
64.4
67.5
71.0
75.6
80.0
62.6
68.9
64.6
62.9

86.6
86.0
86.6
85.9
87.2
89.0
80.5
83.2
86,1
84.1
83.2

35.8
36.7
36.5
36,9
33.5
27.7
23,0
41.2
36.8
39.8
40.8

Y, X,¥Y,

56.96
45,57
17.58
41.463
37.17
28.82

1,94
57.44
58.58
58.54
55.32

38.47
27.11

7.10
28,58
23,65
14,69

1,04
36.65
39.84
38,27
33.85

10.07
-0.80
-12,91
2.81
3.69
3.07
0.24
-2.14
9.59
2.51
-4.05

-48.24
-41,57
-26.92
-43,65
-35.55
-18,24

-1.74
-59.33
-50.57
-56,11
-58.39

b*

54.31
39.04
17.84
37.74
44.28
51.87
38.10
38.42
51.60
42,37
38.87

83 .84
88.76
87.95
88.52
94,02
97.88
72.98
80,65
88.10
83.65
81,53

82,56
95.66
108.43
91.53
93.00
89.78
70.00
88.46
84,78
88,62
89.53

-1.47
13.87
32.14
10.99
4.30
-12,93
-16.64
16.86
2,68
13.18
16.89



Table 2B Continued

ANST
ANSI
ANSI
ANSI
- AUSI
ANSI
ANST
- ANSI
ANSI
AlST
AMSI

AlSI
ANGI
ANGT
ANSI
ANSI
ANST
ANSI
ANSI
ANSI
ARSI
ANSGI

ANSI
ANSI
ANSI
ANSI
ANSI
ANSI
» ANSI
ANSI
ANSI
ANSI
AlST

ANSI
ANSI
ANSIT
ANSI
ANST
ARSI
ANSI
ANSI
ANSI
ANSI
ANSI

BLUE
BLUE
BLUE
BLUE
ELUE
BLUE
BLUE
BLUL
BLUE
BLUE
BLUE

PURPLE
PURPLE
PURPLE
PURPLE
PURPLE
PURPLE
PURPLE
PURPLE
PURPLE
PURPLE
PURPLE

BROWN
BROWN
BROWN
BROWN
BROWN
BROWIN -
BROWN
BROWN
BROWN
BROWN
BROWH

WHITE
WHITE
WHITE
WHITE
WHITE
WHITE
WHITE
WHITE
WHITE
WHITE
WHITE

"D=65

TUN
CuWr
HMER
MH
HPSHH
HPS
LPS
D-65
A
B
C

TUNW
CWF

MER -

MH
HPSMH

HPS

LPS

A
B
o

TUN
CHF
MER
MH
HPSHMII
ps
LPS
D-65
A
B
c

TUN
CWF
MER
MH

" HPSMH

HPS
LPS
D-65

A

B

c

leRsleioieieieReReRe ]

e
-

0000000

OO0 NON0O0OX

OO0 0ORE.

-11.0

OONADWENAULAC
« & 8 B 4 4 & 8 = = 0w

MMNHON OU OB

Ll

—

Wl
-

ww

12.8
13,2
13.8
11,0
14.6
16.7
15,1
14.7

= :
GO Om~Iho o~
» ] - L ] - ] [ ] . - [ ] »

O ~IN OO =]k

81.5
81.3
81.3
81.3
81.5
81.8
82.1
81.1
81.4
81,2
81.1
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0.274
0.214
0.229
0.217
0.258
0.380
0.549
0.171
0.244

.0.183

0.170

0.554
0,385
0.305
0.391

.0.452

0.550
0,567
0.340

- 0,520
.0.389

0.336

0.574
0.507
0.444
0.511
0.539
0.568
0.570
0.479

0.561

0.506
0.477

0.479%
0.387
0.349
0,396

. 0.450

0.530
0.567
0.317
0.451
0.353
0.314

0.343
0.228

0.213 -

0.265
0.284
0.344
0.421
0.194
0.310
0.215

0.182

0.340
0.297
0.288
0.318
0.341
0.380
0.425
0.246
0.330
0.271
0.236

0.400
0.429
0.486
0.436
0.429
0.421
0.428%
0.398
0,403
0.401
0.392

0.417
0.389
0.416
0.407
0.412
0.421
0.429
0.334
0.408
0.356
0.321

29,9
30.3
27.8
30.8
28.1

- 23,7

20.7
35.8
31.0
34.3
35.7

48.6
43,2
39.6
42.5
43,1
44.0
39.6
45.0
47.9
45.8
45.2

32,0
31.0
30.3
31.4
33.2
35.6
38.1
28,7
31.4
29.6
28.8

92.3
92.3
92,2
92.3
92.4
92.5
92,6
92.2
92.3
92.2
92.2

-22,28
-3.69
15.85

-11,31

-11.31
-7.23
~0.77
-5.82

-21,28

—10 058
~-3.32

34.79
23,56
18,96
20,33
17.12
12,42

0.52
34,92
35.06
35,02
35.12

16.10
12,08

5.42
13.12
10.25

5.28

0.41
15.85
16.83
16,37
14.43

0.82
0.08
-0.72
0.08
0.22
0.29
0.02
-0.15
0.75
0.21
-0.22



Table 2B Continued

-*ANSI GRAY

AN

SI GRAY

ARSI GRAY
ANSI GRAY
ANSI GRAY

- AN

SI GRAY

"ANSI GRAY

AN
AN
AN
Aml

-ANS
+ANS
- -ANS
‘ANS
-ANS
-BNS
‘ANS
ANS
ANS
ANS
ANS

BEST
BEST
BEST
BEST
BEST
BEST
BEST

BEST
BEST
BEST
BEST
BEST
BEST
BEST

5I GRAY
51 GRAY
SI GRAY
SI GRAY

I BLACK
I BLACK
I BLACK
I BLACK
I BLACK
I BLACK
I BLACK
I BLACK
I BLACK
I BLACK
I BLACK

RED -
RED -
RED -
RED -
RED -
RED -
RED -

ORANGE
ORAMGE
ORANGE
ORANGE
ORANGE
ORANGE
ORANGE

o e IS e Bes Be Je |

i e Bcs Bcs ey Blos B |

TUN
CWF
MER
MH
HPSHH .
HPS

"~ LPS

D-65
A
' B
C

-TON
“CWP -
MER
114
HPSHH
"HPS
LES’
D-65
A
B
C

TUN
CWF
MER
MH
HPSMH
HPS.
LPS

TUN
CHF
MER
MH

HPSMH
HPS
LPS -

r~
—

M
M
M

M

M

M
o
M
M
H
M

NeleXsEeRe e XeNeRe e

OO0

19.2
19.2
19,3
19,2
19,3
19.3
19.3
19,2
19,2
19.2
19,2

bt et bt et e b e b

[o]
[+)]
~

10.9

]
(=]
.

w

12.8

A OO h

12,1

12,1
8.8

57.9
50.6
51.9
66.6
58.5
67.7
62.8

119

0,476

0.384
0.347
0.393
0.448

0,529

0.567
0.314
0.447
0.349
0.311

0.494
0.408
0.368
0.415
0.466
0.537
0.568
0.342
0.469

- +0.378
-0.340

0.647

-0.572
0.537

0.579
0.596
0.629
0.616

0.637
0.609
0.587

0,604

0.611

0.622
+0.596

0.418
0.387
0.412
0.405
0.412
0,422
0.429
0.332
0.410
0.355
0.320

0.423
0.414
0.450
0.430
0.428
0.425
0.429
0.368
0.420
0.384
0.356

0.325
0.341
0.35¢%
0.348
0.351
0.354
0.381

0.354
0.372
0.387
0.379
0.377
0.374
0.401

50.9
51.0
51.1
51.0
51.0
51,0
51.1
50.9
50.9
50.9
50.9

13.1
13.0
13,0
13.0
13.1
13.2
13.4
12.8
13.0
12,9
12.8

47.8
39.4
38.8

. 42,5

41.4
41.4
35,7

80.7
76.4
77.2
85.3

- 85,9

83.3

-0.48
-0.,32
-0.17
-0.30
-0.27
-0.24
-0.01
~-0.59
-0.48
-0.54
-0.62

0.82
-0.37
-1.30
-0.,32

70.03

0.22
0.02
-0.95
0.68
-0.34
-1.13

55.66
45,58
49.61
49,09
39.17
30.32
15.44

67.61
72.12
86.99
78.02
59.22
42,82
16.97

0.66
0.78
0.92
1.05
1.03
0.85
1.36
0.84
0.72
0.81
0.84

4,52
5.30
6.16
5.53
5.53
4.79
5.11
5.07
4.71
5.03
5.14

34.21
23.63
20,32
25.92

24,34 -

25.93
12.21

90.95
89.65
83.89
96.04
92.48
97.03

12.4



Table 2B Continued

BEST
BEST
BEST
BEST
BEST
BEST
BEST
BEST
BEST
BEST
BEST

BEST
EBEEST
BEST
BEST
BEST
BEST
BEST

BEST
BEST
BEST
EEST
BEST
BEST
BDEST
BEST
BEST
BEST
BEST

BEST
BEST
- BEST
BEST
BEST
BEST
BEST
BEST
BEST
BEST
BEST

YELLOW
YELLOW
YELLOW
YELLOW
YELLOW
YELLOW
YELLOW
YELLOW
YELLOW
YELLOW
YELLOW

GREEN
GREEN
GREEN
GREEN
GREEN
GREEN
GREEN

GREEN
GREEN
GREEN
GREEN
GREEN
GREEN
GREEN
GREEN
GREEN
GREEN
GREEN

BLUE
BELUE
BLUE
BLUE
BLUE
BLUE
BLUE
BLUE
BLUE
BLUE
BLUE

lsfoYoNoNoNoRoRoRoRoRe)

[ [N T S T I R NN N B B |

QOOQOOD0O000O0

00000000000 mMmmmMmmY

TUN
CWF
MER
MH
HPSMH
HPS
LPS
D=-65

TUN
CWF
MER
MH
HPSHMH
HPS
LPS

TUN
CWF
MER
MH
MIX
HPS
LPS
D65
A
B
C

TUN
CWF
MER
MH
HPSHMH
HPS
LPS
D-65
A
B
-C

OO0 0Nn =

NONOONDOGNOE

AOOCOOOO0ON0O0RE

70.0
68.6
68.6
68.1
72.7
79.2

82,7

61,0
68.5
63.4
61.3

23,1
29,2

-

o .
B AD = .00 83 0O =
L d - - » - - L] » .
PO W OO OV 4O ~l = O b

[

—
W -l
L ]

0.552
0.495
10.439
0,497
0.527
0.560
0.570
0.473
0.540
10,495
0.476

0.316
0,300
0.309
0.300
0.324
0.413
0.561

0.258
0.258
0.315
0.252
0.289
0.385
0.544
0,189
0.243
0.203
0.190

0.172
0.159
0.189
0.153

- '0.164

0.214
0.466
0.140
0.161
0.143
0.141
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0.433
0,480
0.544
0.478
0.457
0.435
0.429
0.471
0.440
0,462

0.467 .

0.647
0.653

0.648

0.658
0.634
0.565
0.433

0.560
0,507
0.557
0.521
0,514
0.493
0.439
0.452
0.543
0.471
0.436

0.345
0.205
0.164
0.248
0.251
0.270
0.393
0.197
0,309
0.214
0.182

87.0

86.3

86,3
86.1
88.3
91.3
82.9
82.4
86.3
83.7
82.5

47.1
53.9

55.5
47.8
37.3
23,6

" 53.6

56,3
58,5
55.8
50.6
41.5
28,7
61.4
55.2
59.6

61

40.3

34.0
41.4
35.4
23.3
12.2
51.4
42 .4
48.6
50.8

16.41
5.43
-6.40
$.91
8.19

3.71

0.32

16 62
11.47
5.52

-67.35
-68.32
-51.,59
-68.8
-61.4
-38.05
-1.14

“"7805
-62.19
-40.,12
-64.,46
-57.04
-36.45

-4.28
-79.75
-78,93

-78.38

-58.,57
-18,97

23,68
-34.95
-34.717
-24.,10

-4.32
-26.78
~55.56
-34.,20
-21.79

87.01
98.76
110.48
93.40
96.76
97.82
73.45
88.62
88.35
89,82
89.83

42.87
61,31
61.91

61.5
46,72
28.35

-5.1

-9.47
10,64
35.2
6.35
-3.43
-27.23
-41,68
13.35
-4,32
8.78
13,36

-73.30
-70.33
-75.34
-67.06
-77.87
-102.52
-109.04
~53.11
-69.39
-58.16
-53.79



Table 3B.
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O PURPLE
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BLUE
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33.
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89,
87
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.17
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.08
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. 25
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.42
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b*
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-21.
-31,
-21
-7.
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-50.
-56.
-47.
-45.
-49,

13.
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4.
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32.
10.

-1
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89,
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©91.
82.
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97.
9y,
72.
87.
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39.
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4y,
38.
17.
-37.
S4.
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34.
32.
30.
31.
30.

18
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34
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