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READABILITY QF SELF-ILLUMINATED SIGNS
CBSCURED RBRY BLACK FUEL~-FIRE SMOKE

Introducticn.

Minimal design requirements for emergency exit signs used in ciwvil
air transports are specified in Federal Aviation Regulations (FAR)
25.812. These requirements insure adequate visibility and readability
under normal'viewing conditions. However, some emergency conditions,
such as postcrash fires, may introduce smoke into the cabin ares and
obscure the signe at a time when their prominent visibility is most
critical.

The present study, using black fuel-fire smoke, is a partial replica-
tion of an earlier study (7} that used an inert white smoke to investi-
gate the readability of smoke~ocbscured, self-illuminated emergency exit
signs of varicus sizes and background iuminance levels. The use of an
inert white smoke cffers many practical advantages as a researct tool,
put a quantitative comparison with black smcke is required to determine
its effective relative wvisual screening ability before it can be eguated
with, or used to predict visual performance in the presence of, black
fire-generated smoke.

Methods.

Subjects. Subjects consisted of 11 male znd 8 female aduit wvolun-
teers and paid participants. Six subjects required corrective lenses to
achieve 20/20 distant visual acuity. Ages ranged from 20 to 55 years
with a mean of 35 years.

Eguipmer.t. The eguipment arrangement is schematicaliy illustrated
in Figure 1 and is described in greater detail in the repcrt on the
study using white smoke {7).

The National Bureau of Standards (NBS) Photometric Smoke Measure-
ment System was mounted bensath the subjects® lire of sight and was
physically obscured from view. The system was modified and calibrated
for operation with a 50-cm (19.7-in} separation between the reaference
source licht and the phototube detector.

A Tirebox was constructed from steel drums in which cotton rags
soaked in JP-4 jet fuel and hydraulic c¢il were burned to generate the
black smoke. The smcke was drawn through a screen to filter ocut the
larger socot particles and ccllected in a cooling vessel, also con-
structed of steel drums. From there it was ducted to the smoke chamber
as needed and evenly dispersed by a2 small agitating fan mounted in a
corner of the cheamber.

Displays. The signs were composed of the characters "E, X, I, T"
except that the largest sign was limited to two characters. Character

3 E2

sequences were varied tc minimize anticipatory identificatior. The
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character format was based on that used by the Grimes* exit light sign
and is described in the e.rlier report. Table 1 gives the height and
strocke width of the characters together with the corresponding visual
angles for the 1926-cm (77-in) viewing distance. The smoke chamber
occupied 183 cm (72 in) of the total viewing distance. Sign No. 4
approximates the size commenly found on commercial aircraft.

TABLE 1, Character Sizes and Visual Angles of
Experimental Sicgns

Sign Character Height Visual Angle Stroke Width Visual Angle
G {rzn) {in) " {min) {mm) {in} {min)

1 211.5 (8.33) 371.4 25.40 {(1.090) 44.6

2 108.2 (4.26) 190.1 13.30 {0.52) 23.0

3 52.7 {2.07) 92.6 6.35 (0.25) 11.2

4 46.2 {1.84) 81.2 5.45 (0.21} 9.6

5 26.3 {1.04) 45,2 3.20 {(0.13) 5.6

& 13.4 (0.53) 23.5 1.60 {0.06) 2.8

7 6.4 (0.25) 11.2 0.77 (0.03) 1.4

The three luminance levels were the averacge of measurements taken
at 24 eaqually spaced grid points on the obsarver's side of the available
viewing area of the diffusing screen before a sign was mounted for view-
ing. The 89-cd/m2 (26-fL) luminance level is approximately the exit
sign background luminance level required by FAR 25.812. Th= 31- and
158-cd/m? {9- and 46-fL) values were the minimum and maximum levels
obtainable with the lighting system. ‘The candela {cd} is the Inter-
national System of Units (SI) unit of lumincus intensity. The metric
unit 1 cd/m2 is approximately equivalent to 0.29 fL.

Procedure.

Prior tc each test session the lenses and interior window surfaces
were cleaned, the chamber sealed, the recording svstem zeroed to base-
iine, the largest sign inserted in the mounting slot, the luminance
adjusted to the desired level, and the smcke introduced into the chawber
antil it reached a density at which the recording system no longer
registered a measurabie light cutput.

The subiject, who had spent several minutes adapting to the mesopic
ambi=nt lighting condition, was then seated behind the rear viewing
window with eye height adjusted tc give normal line-of-sight viewing of the
signs through the smoke-filled chamber. Smoke was then drawn out of the
chanmber by an exhaust fan at a controlled rate until it reached the
d2psity at which the subiject could first distinguish the light from the
sign. From this point the remaining smoke was allowed to dissipate at
its slower normal rate until the sutject correctly identified the sign.
When a s'‘gn had heen identified the next smaller sign was immediately
presented until all seven signs had been identified,

*Crimes Mfg. Co., Urbana, Chic, Emergency Exit Light 10-0067-3.
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The output of the photometric smoke measurement system was recorded
on a strip chart recorder. BAs the cutput rose from zerc in dense smoke
toward the clear air value, the chart was indexed at the values at
which the subjects responded to each size of sign. The millivolt (mv}
values recorded from the measurement system were converted to optical
density values by the formula:

Optical Density = 1/@ log Tc/Ts

where: d is the unit distance between the reference
light and the phototube {(0.5m),

Tc is the clear zir (mv) value,
and

Ts is the (mv) value at which the signs were
identified.

Residual smoke deposits on the interior surfaces of the viewing
windows resulted in an apparent increase in the effective smoke density
2s viewed by the subjects over and zbove the density measured by the
system. These deposits, with a mean combined density of 0.17, and ail
falling within a narrow range of values, were found to accumzlate
during the time the chamber was being charged with, and during the
initial evacuation of, the smoke prior tec identification o the first
sign. 1Ir the absence of significant increases of such deposits during
the period of subject responses, a constant correction factor of 0.17
was added to the individual density values calculated from the output
of the smoke measurement system.

Results.

The wmeans, standard deviations, and ranges of ths optical densities
of black smoxe at which the subiects could read the seven sizes of signs
at three backgrocund luminance levels are listed in Table 2. Figure 2
plots the means for the total density values.

Increasing character sizes and background luminance levels made
the signs readable at higher overall density levelg, but the gains were
relatively small in comparison to the magnitude of increases in physical
gize and luminance levels.

Figure 3 shows the density values two standard deviations below
the means for the three background luminance levels. These are the
values at which approximately 98 percent of the general population with
20/20 distant visual acuity ané comparable brightness and contrast
discrimination thresholds can be expected to he able %o read similar
signs under similar conditions. The ranges of density values spanned
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TABRLE

2. Means,

tandard Deviations, and Ranges of the Optical

Densities of Black Smcke at Which Signs With Seven Character
Sizes Were Identified When Presented at Three
Background Luminance Levels

Smoke Density

Sign (total)}

No. Mean 5.D. Range

31 cd/m?2 {9 fL)
i 3.88 0.45 3.25 - 4.7%6
2 3.74 C.46 3.08 - 4.560
3 3.58 0.43 2.%6 - 4.40
4 3.50 0.41 2.87 - 4.28
5 3.37 0.39 2.78 - 3,98
6 3.10 0.30 2.49 - 3.49
7 2.55% 0.23 2,11 - 3.07

89 céd/m2 (26 fL)
1 4.05 .47 2.98 - 5.08
2 3.91 0.42 2.92 - 4.73
3 3.75 0.43 2.83 - 4.73
4 3.63 .38 2.82 - 4.17
3 3.48 0.38 2.75 - 4.03
& 3.20 g.38 2.%56 - 3.80
7 2.71 0.33 2.33 - 3.56

158 ed/m2 (46 fL)
1 4.00 0.46 3.0 - 4,71
2 3.88 0.48 2.95 - 4,80
z2 3.75 G.49 2.87 - 4.77
4 3.67 0.47 2.83 - 4.5%
5 3.55 $.45 2.70 - 4.36
& 3.32 C.38 2.56 - 3,80
7 2.84 0.26 2.20 - 3.3C

Smoke Density
(per meter)

Mean 8.0. Range

2.20 0.25 1.85 2.68
2.12 0.25 1.76 2.5%
2.04 c.24 1.70 2.48
1.8% 0.22 l1.65 2.41
i1.92 c.21 1.59 2.25
1.77 0.18 1.44 1.99
1.47 0.1i3 1.23 1.82
2.29 0.25 1.71 2.85
2.21 0.23 1.87 2.66
2.13 G.23 1,82 2.66
2.06 0.21 1.862 2.36
1.98 0.21 i1.58 2.28
1.83 0.2 1.48 2.16
1.5%5 0.18 1.35 2.02
2.26 0.25 1.72 2.65
2.20 0.26 1.6% - 2.76
2.13 0.26 1.65 2.68
2.08 0.26 l1.62 - 2.59
2.02 0.25 1.55 2.46
1.89 0.2% 1.47 2.22
1.63 g.14 1.28 1.88
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TOTAL OPTICAL DENSITY
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4.5 ~0.003
4.0t -0.010
3.5} <0.032
3.0F < 0.100
2.5+ X 3jcd/m2 * 40.320
O 89 cd/m?
A 158 cd/m?
2.0 41,000
’P
{, ] 2 =N } } & BN §

I 2 3 4 5 6 7
SIGN NUMBER (Size)

Figure 2. Means of sucke density values at which seven sign
sizes were identified when presented at three
background luminance levels.

PERCENT LIGHT TRANSMISSION
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TOTAL OPTICAL DENSITY

0.032

0.100

0.320

1.000
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3.0
2.5
20 X 3 Cd/fﬂa
O 89 cd/m?2
7 A 158 cd/m2
| ) | ) T i
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SIGN NUMBER (Size)
Figure 3. Density values two standard deviations below the means

at which seven sign sizes were identified when presented

at three backgrocund luminance levels.
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Ly these data effectively reduce the apparent brightnegs of the signs
%o tetween 0.08 ang 1.00 percent cf the clear air Valﬂes. Increasing
Character sizes Still compensates in part for increasipg smoke density,
byt the role of backgrougd Juminance pecomes less Speciftico.

Discussion.

The density Values reporied in Tahie 2 are baseé on threshold
Qeterminations of what is just recognizabliv visible ang do not evaluate
The overall effectiveness of the signg in meeting theiy intended Dur-
Poses in the presence of smoke. The subiects® knowledge of the location
and cature of the signs, directed attention to the task, lack of situa-
ticnal @distractiong, and absence o any direct comiact of the eves with
the smoke contributed to better visual performance than can be expected
for aircraft passengsrs and crew under conditions involving smoke in
the cabin area. For these reasons The reported density values should
Re considered the upper 1imits at wiich the signs Can be read rather
than the values at which comparadble signs can be effectively read under
Actual emergency Conditions.

Many Zactors contribute to establishing the brichipess ané contrast
discrimination thresgholds that determine visibility or legibilicy (1}.
At dim brightness levels, contrast rasies become more eritical than at
higher brightness levels {1C,11). If a reacticn time criterion is
adéed to that ¢ sSimple recognition, the advantacge of hicher contrast
Tatios and higher brightness levels becomes even more apparent (6,11}.
These thresheolds arxe also relat=d to age {8). A number of investicators
have demonstrated s need by older aze groups for more light and hicher
Contrast ratios tC make effective Eigeriminations than is recuired bwv
Younger groups {(4,6,10).

Commen design practices Zor improving legibility and attention
vValues of displays include increasing character size, increasing the
luminance lewel, and increasing the contrast ratic bebtyeen the legend
and the background, The character Sizes used ir This studv spanned,
and considerably euceeled, the range o gizes listes Dy smith {9} in
his summary of recommended leiier sizes used in various display appiica~
tions with unobstructed viewing. The largest character heicht exceeded
the high end of the recommended design range for critical dara with
fized position and z Iwminance level »elew 3.4 cd/m> {approximately
1.0 71} by moze than 10 to 1 and the low end of the degign rancge by
Bore than 19 te 1. sSign No. 4, which asoroximetes the gipge and format
Of the exit sign fommonly found in Yhe cabin area of Commercial air—
traft, exceeded these design recormendations by Sfactorg of 2.2 to i and
4.3 to i, respectively. The characte: sizes in Signs Xos. 1 and 4, for
exampie, have a heicht ratic of 4.5 4o 1, but the inCreased densities
at which the larger sign was identifisg were onlv doubled; f.e., che
Tequired iight transmission was only halved. Increasing character
Sizes would therefpre seem to be an inefficient method Zor overcoming
increasing smke dgnsities.
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Within the range studied, there is = marginal overall increase in
the mean smoke dansities a2t which the signs can he read ¢z & function
of increasing backgroumdé luminance ievels. However, increases past
88 cd/mf {26 £L) agpear to be effective only for the signs with the
smallest character sizes. The values two standard deviations below the
means show the 89-cd/mf (26-£1) luminarce level o be most eective
for a2i1 but the two smalliest characier sizes. This change from the
relative mean values resulits from variablilitv of +the standard deviations
of the means at the 8%-cd/mf {26-fL) Iluminance level.

With the opacue black letters uged in the signs, an increase in
background iuminance should not onlv provide more light dut also increase
the contrast beiween the chazacters and the background. In the presence
of smoke, however, the backerooad licht tz-ds to be scettered throuchout
the chazhber. This causes the ambient level to be rzised orce the smoke
density falls below the value *hat Dlocks the visibie licht. This
scattering also causes some oF the light to be reflected back on the

face of the sign, reducing the effactive contrast ratio. The loss of
sign efifectiveness in the presence of smoke, therelfere, is not only a
Function ¢f light attenuation, dut aisc a degradation of coherence or
Sefinition of the transmitred Light and a greater reducticn In contrast
ratio than would be the case Zor a coxparable change in background Iumi-
nance lovel vigwed under normsl condilions.

The use ©f z lunizous margin of fixed dimengions with 2l seven
sign sizes may nave Inflvenced the resuits ztiributed to the background
luminance level. #ith this design feature the sicgms with the smaller

characters had a larger ratic of juminous surface aresz ic the zrea

covered bv the characters than the signs with the larger characters,

while the signs with the argex characters had moTe total lumincus sur-
face area. It remains to be determined 1f toral Iumincus fio arrived

r RA

at by an optimel ratio of suriace arsa and lumincus intensity, may be
more effective than lumincus Intensity aloze as an independent variable
of legibiliiv of smoke cbscured signs.

The optical oroperties of smoRke are not the oniv Iactors that can
affect visicn. Sroke is ofiern accompanied Ty oxvgen dedlietion and
ircreased carbon monoxide concentraticonrns, which can impair not cnly the
visual process but alsoc the Judcmental functions and physical responses
reguired for sscape {2}. Depending on the composition of the cocwbustion
material, socoke Tav also contain varving concentrations of highly toxic
substances wrich, even at sublethal levels, may causge severe irritaticn
when Jisscolved In the molisture secreted by the gves’ mcous merbranes
ané lachrvmal glands, thus further reducing vigual efficiency (2,3,5).
mhe toxicity of the smoxe Sces ot necessarilv correlate wliih its optical
dengsizy and mav therefore te ouile rnigh at relaitively low cpiical densi-

tiez.

2 comperiszon of the mean optical demsities of black and whit
smoke at the 3%-od/m? (26-7L) luminance level indicates they ave
conroximately ecual In thelr ebilitv to mask the larcer signs, put the
biéck sToke 5bscu:es rhe smnller sign sizes at lower optical densities

W0
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{Sec Ficure 4}. The steeper slove of the curve for hiack smoke suggests
that sign size {character height and iominous surface aresa} is more
critical for readabhilitv in the presernce of black smoke than with white
smoke.

At two standerd deviaticns below the means, black smoke appears
consiferably more efective than white smoke in obscuring all seven
sign sizes. However, these more pronounced differences result from
the greater varisbility of the plack smoke data, with the standard
deviations being approxim=telv twice the magnitude of those Zfor the
whitz smoke data. Tiis qreater variabiiitv is not necessarily solely
attributable o a specific aptical grailitv of the hHlack smcoke itself but
may alsc be due in pari to uncontroliable variations in the character-
igtics of the black smoke orofuced on successive trials.
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