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nificantly affected by the turbidity differences . Results suggest that dis—
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need to be closer to the eyes , brighter , and larger than displays viewed in
air; also the shorter wavelengths (blue/green) were more legible than the -.
longer wavelength s (yellow/orange) .
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I

LEGIBIL ITY OF SELF-LUMINOUS DISPLAY VARIATIONS VIEWED
THROUGH ARTIFICIALLY TURBID WATERS

I. INTRODUCTION

Divers are required to read visual displays In dark and turbid waters ,
but the di splays are not designed to account for the particular optical and
perceptua l effects chara cteristic of this unusual viewing environment . A
substantial research literature has developed in the area of display design
for In—a ir applications (for summary reviews 3ee Ketchel and Jenny, 1968; - •

Mei ster and Sullivan , 1969; Grether and Bakei , 1972; Carel , et al , 1974)
and on the eff ects of underwater environments on basic visual processes
such as acuity, depth perception , size and distance estimation (see Kent
and Weissman , 1966; Kinney, et al, 1968 and 1970; Luria , 1968; Lurla , et al ,
1967 and 1972) . Minimal effort , however , has been directed specifically
to the problem of optimizing displays for underwater applications . Poock ,
1972 a and 1972b , has studied the effects of color and viewing distance
variations using a waterproofed voltmeter display viewed through water of
varying degrees of opaqueness. The scattering effects of naturally turbid
waters were not included in these studies , however , since a black dye and
not suspended particles was used to simulate turbidity .

The simulation of natural water turbidity, i .e •,  particles suspended in
the water , is critical to the co~duct of research on underwater displays . The
particles have two important impacts on light transmission: first , the

--particles cause forward scattering of light in the pathwa y between the display
and the observer ’s eyes; and , second , the particles dissipate light energ y

by scattering in all directions . The consequence of forward scattering is to
reduce brightness contrast between the display and the ba ckground , th ereby
reducing legibility of the display; the consequence of the second effect is to

1
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• selectively reduce light energy according to its wavelength . Very small
particlcs , for example , selectively scatter light In the shorter (blue) wave-
length area of the visible spectru m relative to the longer (red) wavelengths ,
thereby reducing the visibility of blue light . This scattering phenomenon
contrasts with the absorption of light energy by non—turbid water which is
selective according to wavelength in the opposite direction , i . e . ,  the longer
wavelengths (red) are absorbed more quickly (over a shorter transmission
pathway) than the shorter wavelength s (James and Birge , 1938) . The optical
eff ects of light transmission in turbid water in turn affect• perception under-
water; for example , th e visibility of variously colored obj ects is a function
of the specific turbidity condition; and size/distance perceptions in turbid
water are differ ent than in clear water (Kinney, et al , 1967 and 1969) .

Laboratory research on display legibility in turbid waters is made ~tffi-
cult by the instability of natural water when removed from Its original loca-
tion . Living organisms tend to either grow or die, suspended materials tend
to flocculate and settle out; a constant viewing mediu m is impractical to
maintain over the time required for a typical experimental effort . Because of

• It s importance as an environmental factor in display legibility , the simulation
of natura l wat~~ turbidity by artificial means was a priority obj ective of the
present research . Guidelines for the selection of turbidity conditi- ’ns to be
simulated were derived from an analysis of environmental determinants of
display legibility (Vaughan and Williams , 1976) . This analysis identified

‘Harbor ’ and ‘Ocean’ categories as typifying the range of operationa l waters

of concern to Navy divers . These two categories are comparable to Jerlov’ s
• ( 1968) Typ e 9 and Type 5 , and to Navy designations of ‘inshore’ and ‘near-

shore’ waters . The physica l characteristics of ‘Harbor ’ turbidity to be simu-
lated were based on data reported by Schubel , 1969 and 1971; and by Schubel ,

et al , 1970 , who mea sured the sizes and concentrations of particles suspended

in samples of water taken from Chesapeake Bay . The physical characteristics

2
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of ‘Ocean ’ turbidity to be simulated were based on the work of Sheldon , et al ,
1972 , who took similar measurements in oceanic waters . As an initial effort
in the physical simul-~tion of these two viewing environments , the median size
of suspended particles was selected as the turbidity simulation objective :
1 micrometer diameter particles for ‘Harbor ’ and 25 micrometer diameter
particles for ‘Ocean ’ .

Since the turbidity environments of oceans and harbor s are known to be
physically and optically dissimilar, different perceptual effect s were antici-
pated in the two simulated environments; consequently, two experiments were
carried out . In the first , displa y variations were assessed for legibility in two
concentrations of ‘Harbor ’ turbidity; in the second experiment , display varia-
tions were assessed in two concentrations of the ‘Ocean ’ turbidity environment .

Selection of the visual task to be performed , the type of displa y format
and the characteristics of the display to be included in the two experiments
were based on a requirements analysis (Vaughan and Williams , 1976). The ef-
fect of the requirements analysis was to focus the experiment s on quantitative
reading as the most common visua l task , and on transilluminated or self-luminous
display formats as the preferred means of display support for this task . Dis-
play size , luminance , wavelength and viewing distance were identified as the
main determinants of legibility. As contrasted with design guides for in—air
application s , the requirements analysis suggested that underwater displays
would need to be larger, less luminous and viewed at shorter eye—to—console
distances . The analysis of wavelength suggested three alternative optimiza-
tion possibilities: a 555 nanometer peak wavelength to optimize cone-mediated
vision , a 505 nanometer wavelength to optimize rod-mediated vision and 585
nanometer or longer wavelength to best match the physical transmissivity
characteristics of the turbid medium .

The two experiments were designed to provide more concrete design
guides for underwater display applications . Table 1 present s the several
variables included in the experiments .

1
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Table 1. Organization of Variables Included in Experiments

Turbidity Display TypeObserver Type of Characteristics andCharacteristics Visual Task of the Water Characteristics 
• I

Normal Color Quantitative ‘Harbor ’ simulation Self-luminous
Vision Reading by 1 micrometer digital display

diameter particles Siz20/20 Near e
Acuity ‘Ocean ’ simulation Luminance

• by 25 micrometer WavelengthDark—Adapted t-!iameter particles
Viewing

Accommodation Concentration s of Distance
Near-Point particles at 10 and

30 parts per mil-
lion

4

______ ____



— -_ __ •_ • __ • _ _ i _ _ __  - 
~~~

—-. 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-.--
~~~ ~~~~~~~~~~~~~~~~ r ”~~~~ 

-

I
I

~~ METHOD

A. Turbid Water Simulation
The physical characteristics of two categories of natural water were

simulated : ‘Harb or ’ water turbidity was defined by concentrations of
1 micrometer diameter particles; Ocean’ turbidity was defined by concentra—
tions of 25 micrometer diameter particles . Latex spheres were used to repre-
sent naturally occurrLig suspensoids. The ‘Harbor ’ turbidity was simulated
by polystyrene spheres having a mean diameter of 1 .101 micrometers and
standard deviation of .0055 micrometer . The ‘Ocean’ turbidity was simulated
by styrene dlvinylbenzene sphere s of 25 .7 micrometers mean diameter and a
10.1 micrometers standard deviation . These spheres are prepared by either
emulsion or SUS~~E nsion polymerization techniques by the Dow Chemical
Company for a variety ci scientific applications such as the calibration of
electron microscopes. In addition to their availability in a range of sizes ,

the latex spheres compare favorably with natural silts and clays in their index
of refraction , 1 .59 vs 1 .53 . Unlik e natura l materials they are white In color ,

unif ormly spherical in shape , and less dense , 1 .05 grams per cm 3 as corn—

• par ed to 2 .65 grams per cm 3 characteristic of clays and silts . As ma-

terials for simulating natura l turbidity, however , they have several -advan-

tageous characteristics: they are sterile , do not flocculate , and have

• very low settling rates . These chara cteristics suggest that a constant
viewing medium can be maintained over time , that the subjects tested on
the last day will encounter er;. !ronmental conditions acceptably similar to
the first,

The ~mount of particles in suspension in natura l water Is defined as total
suspended load and expressed as a ratio of weight of material to weight of

water; usually milligrams of suspended material per kilogram of water . Since
there are a million milligrams in a kilogram , total suspended load is described

S
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as parts per million . In order to simula te 10 and 30 parts per million sedi-
ment loads of natura l waters , the difference in the densities of natural and
artificial materials had to be accounted for . Since the density of latex
spheres is 1 .05 grams per cm 3 while the density of clay particles is

about 2 .65 grams per cm 3 , more latex spherical particles would be
present in a given suspended load than clay particles . Consequently, in
order to obtain the same number of individual particles in an artificially turbid
sample , the value of grams of suspended material was decreased by the
ratio of the density of latex to that of clay . For example , to optically simu-

late with latex particles a sediment load of ten parts per million , the sedi-

ment load of 10 was divided by the aforementioned ratio (2 .65 -
~
- 1.05 = 2.52 )

resulting in an equivalent suspended load of 3.97 parts per million . In this
manner a suspended load of 3.97 parts per million of latex particles will
contain the same number of individual light scatterers as a load of 10 parts
per million of suspended sediment; 11 .90 parts per million will be the latex
equivalent of 30 parts per million of natural sediment .

Particle loads of 10 and 30 parts per million have substantially different

meaning in the two natural environments as well as in the ‘Harbor ’ vs ‘Ocean ’
simulations since the number of indiv idual scatterers present in each gram

of suspended material varies markedly with the particle size . Since the

mass of each particle is directly related to its volume and the volume is

directly related to the cube of the diameter , any small increase in particle

diai ~eter will result in a large increase in the mass of any given particle .

Suppos e , for example , we calculate the number of particles present in a

load of one part per million if the diameter of each particle is assumed to be

one micrometer (10 4 cm) . Using the formula for total su spended load in

milligrams per kilogra m (L) and solving for the number of particles per cm3(N):

L = 1 .33ivR 3dN x 106

6
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or

I
1 .33wR 3d

I where:
R = particle radius in cm

I d = particle density in gms per cm 3

106 = multiplying factor so that L can be expressed in parts per million
i (mg/kg) raLher than parts per part (g/g)
I Letting R be 0.5 x i0~~ cm , L = 1 ppm , and d = 2 .65g/cm3 N works out

I to be 7.2 x i0 5 particles per cm 3 for every part per million of suspended
I load . In other words , if the load were 10 parts per million , there would be

1 7 .2 mIllion part~cles in every cubic centimeter (milliliter) of water . A load
of 30 part s per million would have three times as much or 21.6 million particles
In every cubic centimeter of water . Thus , it may be seen that when the load
of these very small particles is increased from 10 to 30 parts per million ,

- 14.4 million particles are added to every cubic centimeter of water .
On the other hand , if we let R be 2 .5 x iO~~ cm (25 micrometer diameter)

with d still the density of naturally occurring silts and clays (d = 2.65) , we
find that N work s out to be 46.4 particles per cubic centimeter for every part
per million of suspended load . A load of 10 parts per million of 25 micrometer -

•

• particles would contain 464 particles per cubic centimeter of water , while a
load of 30 parts per million of these larger particles would contain 1 ,392
individual scatterers in each cubic centimeter . In this case increasing the
load from 10 to 30 part s per million would add 928 particles per cm3 as corn-
pared to 4 , 400 ,000 particles in the case of the 1 micrometer diameter particles .
The magnitude of the differences in number s of particles (i.e., individual
light scatterers) per cubic centimeter of Harbor vs Ocean water can be seen
fr om Table 2 .

7
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Table 2. Theoretically Determined Numi er of Particles per Milliliter
of Water Defining 10 and 30 Parts per Million Suspended Load

for ‘Harbor’ and ‘Ocean’ Turbidity Condition s

Suspended Load
Turbidity Condition

10 ppm 30 ppm

‘Harbor ’ 7 .2 x 106 2. 16 x 10~(1 micrometer diameter particles)

‘Ocean ’ 4.64 x 102 1.39 x 10~(25 micrometer diameter particles)

B. Display Variables
The experiments were directed to the legibility requirements of self-

luminou s , numeric displays . This general category includes a variety of
di splay generation techniques; light emitting diodes (LED) , electroluminescent
fil ms (EL) , transilluminated panel cutouts , and electronically—generated dis-
plays . The element used to represent this general class was a 7-segment
Incandescent filament bar display, Pinlite DIP 640 , manufactured by Refac
Electronics , Inc. Three of these units constituted the basic displa y stimulu s
as shown in Figure 1. The basic , unfiltered display had a color temperature
of 1700° Kelvin and an average filament luminance of 1800 ft—L as mea sured
by a Spectra Pritchard Photometer Model 1980 using a 2 arc—minute spot
centered on a single filament bar . Experimental variations In ,
luminance and size were generated by optically modifying this basic display .

1. Wavelength
Wavelength of the light emitted by the experimental displa y was

varied in order to assess the effect on legible viewing distance . Wavelength

is typically varied as a means of producing perceptions of color , but in the
pre sent experiments , display luminances required for legibility in the dark
by dark-adapted observers were often below the threshold of cone-mediated
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vision; therefore , the 3-digit display was typically read with no accompanying

perception of color . Wavelength was expected to be a significant factor in

legibility according to one of three competing hypotheses: display wave-

length could be optimized for legibility based on rod sensitivity , cone

sensitivity or physical transmissivity through the turbid medium . Displays

at wavelength 505 nm are optimal for rod—mediated vision , at wavelength

555 nm for cone-mediated vision , and at the longer wavelengths 580 - 640 nm

for transmissivity through small-diameter particle turbidity as represented

b-y the ‘Harbor ’ simulations .
Experimenta l wavelengths were controlled by means of three narrow-

band Interference filters manufactured by Bausch and Lomb , Inc. ,  whose

transmission characteristics were close to the theoretical optima at 503 nm ,

552 nm and 579 nm. Table 3 present s the main characteristics of the three

fi lters . In addition , the unfiltered display was at a relatively low color

temperature of 1700°K and approximated a dominant wavelength at 590 nm .

The tristimulus values and chromaticity coefficients for the three inter-

ference filters were computed (see Appendix B) and plotted on a 1931 CIE

chromaticity diagram . Table 4 presents the chromaticity coefficients and

Figure 2 locates the three filters and the raw display on the chromaticity

diagram.  0

Table 3. Transmission Characteristics of the Interference Filters

Peak Percent Transmission Half-Band Pass
Wavelength at Peak Wavelength (Bandwidth at 50% Transmission)

503 nm 43% 498—508 nm

552 nm 35% 548—556 nm

579 nm 38% 575—583 nm

10
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Table 4 . Chromaticity Coefficients of the Three Interference Filters Used
to Modify the ‘Color ’ of th e Basic Displa y

Interference Chromaticity Coefficients
Filter x y z

503 nm .0350 .5382 .4268

552 nm .3038 .6813 .0149

579 nm .6085 .3900 .0013

At luminance levels adequate for cone vision , th e raw display at 590 nm ap-
peared orange , th e 579 nm filtered light appeared yellow , the 552 nm green ,
and the 503 nm a greenish-blue .

2. Luminance 1

Luminance was manipulated by placing combinations of neutra l density
glass filters over the basic display. Several 2 x 2-inch square neutral density

filters of variou s nominal densities between 0. 3 and 4.0 log units were obtained
from Fish—Churman Corporation . Each filter was calibrated with each of the three
interference filters and the manufactu rer’s nominal values adjusted to actual
values. Appendix B contains a description of the calibration procedurt~s and re—
suits. Given empir ically determined densities of each filter, combinations could
be specified which produced disp lay luminances at half>log intervals between
.001 ft-L and the maximum output of the display-interference filter combination ,
i .e . ,  approximately 10 ft-L for the blue/green display, 30 ft-L for the green and
yellow displays, and 1000 ft-L for the clear display. Luminance was varied in
half—log intervals since brightness perception is generally regarded as a power
function of the stimulu s whose exponent is 1/3 to 1/2 (Stevens , 1975) .

Although display luminance was defined by measurements from single
filament bars of the seven-segment display, whole digit values were measured 01

1All luminance values were referenced to the source and measured in air using 01

a photopically calibrated Spectra Pritchard Photometer Model 1980. Since our
photometer was calibrated in foot Lamberts , this unit rather than the metric unit ,
cd/rn 2 , Is used throughout this report . The formula for conversion of ft-L to
cd/rn 2 is as follows: (ft—L ) (3 .42 6) = cd/rn 2 .

11
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Figure 2. Spectra l Location of the Wavelength Variations Used
in the Legibility Experiments
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using a 10 spot . Table 5 presents these whole—digit values of photopic lumi-
nance . Digits 0-9 are ordered in the table according to the number of filament
bar s used to create the digit . For example , the digit “8” uses all seven seg-
ments , “0” uses six , digits 2 , 3 , 5 , 6 and 9 use five segments , etc . These whole—
digit luminance variations were taken into account in the selection of 3—digit —

numbers to be presented to the observer trial—to—t rial.

3. Size

Two display sizes were used in the experiments: large and small . The
large display was defined by the dimensions of the 7-segment unIts , 8 mm in
height and 4 mm in width . The small display was created optically by inserting
a negative lens 11 cm in front of the display , a distance which halved the digit
image to 4 mm in height and 2 mm in width . The lens and its effect on display
size are illustrated in Figures 3 and 4.

The range of viewing distance was limited by the apparatus design between
a near setting of 5 cm and a far setting of 64 cm. Using the digit height as the
primary dimension of display size , visual angle of the large display ranged be-
tween 9 ~~ and 43 arc—minutes . Similarly the visual angle of the small displa y
at the nearest possible viewing distance was 4 o35~~, and at the far extent of the
apparatu s , 21 arc-minutes. Figure 5 shows the visual angle subtended at

Table 5 .  Whole-Digit Luminances for Display Filters
(1 0 spot covering digit; photopic)

Clear Display 579 nm Filter 552 nm Filter 503 rim FilterDigit at 1000 ft—L at 34.0 ft—L at 32 .0  ft—L at 7 . 6  ft—L

8 46 .5  3.43 2 .80 .74

0 40 .5  2 .98  2 . 4 5  .64

2 , 3 , 5 , 6 , 9 34.0 2 .50 2.05 .54
4 28.0 2 .07  1.72 .45
7 21.4 

- 

1.57 1.35 .34

14.5 1 .09 .90 .24

13
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the eye by the large and small displays at viewing distances within the limits
of the experiment .
C. Apparatu s

— A watertight test tank was constructed of 1/2—inch (1 .27 cm) plexiglass .
Overall dimensions of the tank were 36—Inches (91 .44 cm) in length , 31-—inches
(78 .74 cm) in width and 22—inches (55 .88 cm) in height . Liquid capacity of the
tank exceeded 70 gallons (265 liters). A standard full facemask was mounted at

one end of the tank . A drywell , open at the top was constructed to fit inside
the tank; dimensions of the drywell were 8—Inches (20 .32 cm) by 31—inches
(78 .74 cm) by 16—in ches (40 .64 cm) . With water in the test tank , the drywell was
positively buoyant and pressed upward against aluminum railings which ran the
length of the test tank on either side . Teflon rollers on the drywell engaged the
underside of these aluminum rails enabling the drywell to roll along the longi-
tudinal dimension of the test ta nk . The drywell also engaged a pair of threaded
drive rods which were driven by a reversible motor at 1/4-inch (.635 cm) per
second . Toggle switches mounted near the facemask at the viewing end of the
test tank enabled the viewer to move the drywell longitudinally, in either direc-
tion , the full extent of the tank . With the drywell against the back wall of the
test tank, 25-inches (64 cm) of water were between the faceplate and the face of
the drywell; at the most forward position , 2—in ~~es ~(5 cm) of water separated the

two surfaces . A meter stick was mounted along the edge of the test tank and a
pointer was mounted on the leading face of the drywell enabling the experimenter
to note and record viewing distance; the linear distance between the faceplate
and the face of the drywell containing the display.

The 3-digit display assembly fitted ~n the drywell in line with the face-
mask . A control box located at the experimenter’s station permitted any com-
bination of 3 digits between 000 and 999 to be displayed on any given trial.
The display assembly included slots in front of the digits , machined to the
dimensions of the interference filters and the neutra l. density filters . Forward

17
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of the slots was the reduction lens mounted on a shaft so that it could be
positioned in or out of the line of sight from the facemask to the 3—digit dis—
play . As the drywell was open along Its top, the experimenter could modify
the stimulus from trial-to—trial in any of three ways.: display-- s-i~.e was made
large or small by changing the position of the reduction lens; display wave-
length was varied by the selection of interference filters; display luminance ,
by the specifi c combInation of neutra l density filters placed in the slots in
front of the display .

The test ta nk and drywell apparatus are shown in Figure 6.

D. Legibility Criterion

The severa l combinations of displa y variables (wavelength , luminance
and si ze) , viewed through four turbid water conditions , were evaluated by a
measure of maximum legible viewing distance . A data collection procedure
similar to the traditional psychophysical method of limits was used . The
experimenter positioned the drywell beyond the limit of visibility for the
turbidity condition , then turned over control of drywell position to the observer .
The test obser-ier moved the drywell forward until he could accurately read the
3-digit di splay . Using the identical combination of display variables the
reverse procedure was followed , i.e • ,  the display was positioned close to
the observer who then moved the drywell further from the facemask to a limit
of leç~ibility . As a check on accura cy, the experimenter changed the 3—digit
displa y readout four times using a pre-designed series of random numbers .
The mean of the values of maximum viewing distance obtained from these two
procedur -Is wa s used as the dependent variable measure . The greater the
value of max ir iium legible viewing distance , the more optimal was the corn-
binat ion of display variables for the turbidity condition .

E . Ambient Luminance
Both experiments were conducted in a small room provided by the Naval

Special Warfare Group , Atlantic at the Naval Amphibiou s Base , Little Creek ,

18
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Virginia . The room was made as light proof as possible in order to simulate
the dark surroundings typical of night diving operations . Luminance measure-
ments were taken from seven locations in the darkened test room using the
Spectra Pritchard Photometer Model 1980 and a 30 aperture . Two of the seven
locations were darker than the lower limit of the instrument (1 .OOx ~~~~ ft—L) ;
average luminance of two samples of readings from the remaining five loca-
tions was 2 .10 x i0~~ ft—L. The most luminous area of the room was

4.30 x 10~~ ft—L.

Luminance measurements were taken from eight locations in the immediate
area of the display: between the digits and adj acent to the outer digits . With
the display luminance at 1 ft-L all readings from the eight test spots were
beyond the limits of the photometer; at a display luminance of 30 ft-L , test
values were between 2 .62  and 4.10 x 10 ft—L; average value was 3.44 x
i~

-
~ ft-L. Readings were taken with a 2’ spot through 26 cm of Rarbor—30

turbidity . Figure 7 illu strates the appearance of the displa y under these
conditions .

F. Test Participants

Twenty-one officers and enlisted men of Underwater Demolition Team ,
Twenty—One (UDT-2l) Little Creek , Virginia , were the test participants .
Eleven men participated in the ‘Harbor ’ simulation experiment and ten partic—
ipated in the ‘Ocean ’ simulation . Each man was tested for color vision , near
visual acuity and accommodation near point . The American Optical Corpor-
ation ’s Pseudo-Isochromatic Plates were used to test for color deficiency.
The RAF Near-Point Rule was used to test near acuity at 16 inches (40 .64 cm)
and to determine accommodation near point . All had normal color vision;
twenty men had 20/20 near acuity and one 20/30; ages and accommodation
near points are shown in Table 6. The twenty—one test participants are
named and listed alphabetically in Appendix C. -
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Table 6. Test Participant Characteristics

Experiment *1 Experiment *2

Number of
Test Participants 11 10 ,

Age

Mean 27 30’

Range 22—37 23—39

— Accommodation
Near-Point

Mean 5. 5” (14 cm) 5 .5”  (14 cm)
Range 4—7” ( 10— 18 cm) 4—8” ~l0—20 cm)

G. Experimental Design and Procedure
Two separate experiments were conducted: Experiment *1 examIned

legibility of display variations under two concentrations of ‘ Harbor ’ turbidi t y,
10 and 30 parts per million equivalent suspended sediment load; Experiment

*2 was a similar experiment using two concentrations of ‘Ocean ’ turbidity .
The differen ces between the two artifically turbid waters were the size of
the susp ended particles,1 vs 25 mi crometer diameter , and -the number of
individual scatterers per condition of concentration: 10 parts per million of
the smaller particles Included more particles than 10 parts per million of the
larger particles by a factor of severa l magnitudes .

Both experiments were factorial designs with repeated measures; i .e .,
each test participant made legibility judgments for all combinations of dis-
play variables under ‘ Harbor-lO’ turbidity condition and then repeated the
entire set of j udgments for ‘Harbor—3 0’ . The ‘Harbor ’ experiment was a
2 x 2 x 3 x 4 factorIal: two concentrations of small particles , two display

sizes , thr ee wavelengths and four levels of luminance . The ‘Ocean ’

22
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experiment was a 2 x 2 x 3 x 3 factorial design: two particle concentrations ,

two display sizes , three display wavelengths and three display luminances.

Table 7 presents the specific values of the variables included in the two ex-

periments. Additional trials were included in the ‘Harbor ’ experiment to

extend the luminance variable beyond the level (10 ft—L ) at which all wave-

length s could be compared in the factorial design . The 552 nm (green) and

579 nm (y ellow) wavelength s extended to 30 ft—L and the unfiltered displa y

was extended to 1000 ft-L.
Test participants were briefed as to the purpose of the experiments ,

shown the apparatu s , the displa y and the optical devices used to modify the

displ ay,  practiced in the contro~ of the drywell , and instructed about the

trial-to-tria l procedure . Next , the series of vision tests was administered

in order to screen out any potential participants with less thaii adequate color

Table 7. Values of Experimental Variation s

‘Harbor ’ Simulation ‘Ocean ’ Simulation
(1. Micrometer (25 Micrometer

Particles) Particles)

Turbidity Concentration - 10 and 30 10 and 30
(ppm) 

I

Display Wavelength 503 503
(nm) 552 552

579 579

Display Size 8 x 4 8 x 4
(mm) 4 x 2  4 x 2

Display Luminance .1 .003
(ft—L ) .3 .01

1.0 .03
10

23 
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vision or near acuity, and the accommodation near—point was determined .
The test participant dark adapted for 30 minutes prior to the administration

of the experimental trials.
Schedules of trials were prescribed which randomized size/luminance

combinations within wavelengths. Half the test participants were tested in
a yellow-green-blue order and half in the reverse . Three-digit displa y read-
outs were presented trial-to-trial according to a table of random numbers ,

and four 3-digit numbers were used on each trial. Certain constraints on
complete randomness were imposed on the use of 0~s, 8’s , l’ s and 7’s in

order to reduce variation in the total number of filaments illuminated per pre-
sentation . For example , given the 7—segment numeric displays , the presenta-
tion “1 11” would have used only 6- segments; “888” would have used 21.

The experimenter turned off the display, inserted the appropriate com-
bination of filt ers to control luminance and positioned the reduction lens to
control size according to the values required by the schedule of trials . The
experimenter moved the drywell beyond the range of legibility for the turbidity
conditi on , turned on the display, and turned over control of the drywell to - 

-

the observer.  The observer then put his face into the facemask and operated
the control switches which moved the drywell . When the display was moved
to a position where it could be accurately read by the observer , the experi-
menter recorded the faceplate-to-display face distance from the meter stick
along the top of the test tank . Each observer made two settings per condition
of wavelength/luminance/size in each of two concentrations of artificially
turbid water . The arithmetic mean of the two settings was used to define
maximum legible veiwing distance for each observer for each combination of
display/turbidity variations . These values were used in the repeated

measures variance analyses and are the cell entries in the raw data tables
of Appendix D.
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[II. RE SULTS

A. Evaluation of the Turbidity Simulation s
Underwater visibility experimentation in the past has included descrip-

tions of turbidity in terms of its optical effects and not in term s of its physical
characteristics . One of the main purposes of the present experimental pro-
gram was to simulate the physical characteristics of naturally turbid waters
so that the viewing medium could be accurately recreated in future experi—
ments and so that optical and perceptual effects could be attributed to known
physical properties of the expe:imental water . Two areas of evaluation were
addressed: validity of the simulation vis-a-vis samples of natura l water , and
stability of the turbid ity condition over time . The first area , validity , con-
cerns prediction; results of perceptual experiments in artificially turbid waters
can potentially predict perceptual outcomes in natura l water to the extent
that the artificial water is an accurate representation of the natural . The
second area , reliability, is basic to the first since the accuracy of prediction
from artificial to natura l water ..s limited in the first place to the stability of
the characteristics of the experimental water over the period of the data
collection .

1. Reliability of the Artificially Turbid Waters
Four samples of artificially turbid waters were prepared and used as

viewing media for experiments in displa y legibility under water . These
samples were labelled ‘Harbor— lO’ , ‘Harbor—30 ’ , ‘Ocean— lO’ and ‘Ocean-30’ .
‘Harbor ’ and ‘Ocean ’ designations specified 1 vs 25 micrometer particle
diameters used to represent median sizes of naturally—occurring particles;
10 and 30 designated the concentrations of particles in parts per million:
milligrams of suspended material per kilogra m of water . The reliability issue
concerned the extent to which a given turbidity condition remained constant
over the interva l of time during which the legibility experiment was conducted .
Although air bubblers were used between test trials to stir the water and

25
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maintain the particles in suspension , it was expected that some settling
would occur , particularly with the larger particle turbidity conditions .

Stability of the turbidity condition over time was assessed by measuring
the optical transmissivity of samples of water taken from the test tank at
intervals during each experiment . Measurements were made using a Beckman
Model DK Spectrophotometer which compared optical transparency of the j
turbid water sample to a sample of distilled water over a range of wevelengths.
The transparency reading s were converted to optical den sity according to the
formul a:

/100D = log

where:
D = optical density

%T percent of incident light transmitted through a 10 cm path
length of turbid water as compared to a 10 cm path of dis-
tilled water .

Since th e legibility experiments included wavelengths in the range
503-590 nm , the portion of the spectrum between 500 and 600 nm was examined
via spectrophotometry for all samples of the four turbidity conditions . Figures
8 , 9 , 10 and 11 show the optical density value plotted against wavelength
In 10 nm intervals between 500 and 600 nanometers. Harbor-lO water was
sampled only twice which provided an estimate of the amount of settling
which occurred over a five week interval. However , th e first sample was
taken on 15 April and the first observer was not tested until 20 April , so the
variation in turbidity during the testing interval is not known . Other turbidity
conditions were sampled more frequently and coincident with the test schedule
as shown in Table 8 . Average standard deviations of the optical density of these
samples were .1245, .0066 and .0176, respectively; values approximately 8%, 5%

26 
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12% of the means of the three distributions . The maximum differences
among the severa l samples of a given turbidity condition were approximately
.3 log unit optical density for Harbor-30 , .015 log unit for Ocean—lO , and

.035 log unit for Ocean-30. Tempora l patterns of the sample—to—sample
differences were not regular and did not suggest a successive settling of
the particles over time . Differences were more likely a r’~sult of variation s
in th e effectiveness of the stirring technique employed; I .e., air bubblers
placed in the bottom of the test tank between trials.

Table 8. Schedule of Trials and rurbidity Samples

Turbidity Cc ’idition Data Collection Water ‘Sam5pling

Harbor—lO 20 April — 12 May 15 April
13 May

Harbor—30 26 May — 10 June 25 May
2 June
4 Jun e
8 June
11 June

Ocean-30 16 June - 24 June 18 June
22 June
25 June

Ocean-iC) 29 June — 14 July 28 June
2 J uly
6 July
14 July
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2. Validity of the Artificially Turbid Waters
Harbor- lO and Harbor-30 simulations were compared in optical

properties to samples of water taken from the Upper Chesapeake Bay . Natural
water samples were taken at the surface , 5 meters depth , and near the
bottom at severa l locations between the Bay Bridge and Baltimore Harbor .
The samples were collected on July 8 , 1976 from the U.S. Naval Academy
oceanographic research vessel . The first samples were taken at the Bay
Bridge at 10:30 a .m. after which the vessel proceeded toward Baltimore Harbor ,
collectthg samples along the way. The last samples were taken in Baltimore
Harbor at 12:30 p .m.  after which the vessel returned to the Naval Academy
dock at 2:30 p . m .  The samples were immediately analyzed in the spectro-
photometer in the order in which they were taken so that the maximum time
between collection and analysis was about 4 hours .

The samples were collected by means of a pump and hose arrangement .
One end of a hose was weighted and lowered to the depth of interest , while
th e other end was attached to a pump placed on the deck of the research vessel .
Sample s could be taken very quickly since a hose 50 feet long and .75 inches
in diamet er has a total volume of only 0 .15 cubic feet , allowing total flush—
ing of the hose eight times per minute at a pumping rate of 10 gallons per
minute .

Mean optical density values of the Chesapeake Bay samples were
plotted and compared to mean values of the severa l samples taken of Harbor-lO
and Harbor-30. The several plots of optical density vs wavelength are shown
in Figure 12 . Additi onally each turbidity condition was described by the re-
gresslon equation for optical density (y) as a function of wavelength (x) .
Harbor- lO optical properties are approximately midwa y between those of the
Chesapeake Bay at 5 meters and near the bottom at 13 meters; Harbor—30 ,
while more opaque than the near-bottom Bay water does not approximate
conditions near the bottom of Baltimore Harbor . The slope of the wavelength

32 
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vs optical density functions for both Harbor- U’) and Harbor-30 were somewhat
less steep than the naturally turbid water samples which they most closely

approximated in opaqueness . Natura l Bay and Harbor waters favored trans-
mission of longer wavelengths relative to the shorter wavelengths and this
characteristic , while in the same direction , was less pronounced in the

artificially turbid simulations.
No data were available from near shore ocean environments with which

to compare the ‘Ocean ’-lO and ‘Ocean ’-30 simulations. In general , however ,
ocean water is optically more transmissive than harbor water at all wave-

lengths and the larger sized particles suspended in oceanic water are not

considered to be wavelength—selective scatterers . Figure 13 shows the results
of spectrophotometric analyses of the two artificially turbid ‘Ocean ’ simula-

tions. Both functions are relatively ‘flat ’ with respect to wavelength and the

two concentrations 10 and 30 parts per million are optically, as well as

physically , not very different .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - .00O4x + .3819

Ocean 10

1 1 

y = — .000Sx + .3873

500 510 520 530 540 550 560 570 580 590 600
Wave length (nm)

Figure 13. Optical Density of Artificially Turbid ‘Ocean ’ Water
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B. Displa y Legibility in ‘Harbor’ Turbidity

The limits of legible viewing distance permitted by the test tank were
between 5 and 64 centimeters (approximately 2 and 25 inches) . In the tur-
bidity condition s defined by a low concentration of small-sized particles ,
Harbor-lO , the range of displa y luminances between .01 ~nd 1000 ft—L ex-
hausted these limits . At display luminances of .003 ft—L and less , the drywell
cont aining the displa y could not be moved close enough for legible viewing;
at luminances beyond 1000 ft-~ , the display was easily legible to all subjects
at the most distant position permitted by the apparatus . While response
data were collected at half-log intervals of luminance between .01 and
1000 ft-L , a more restricted set of values was used for the analysis of vari-
ance . LuminanLe values less than .1 ft-L could not be seen legibly through
the high er density turbidity, Ha-bor-30. Since the use of narrow bandwidth
interf erence filters severely reduced 1uminanc~ of the display, values above
10 ft-L eliminated the 503 nm wavelength and va lues beyond 30 ft—L eliminated
th e 552 and 579 nm wavelengths . Consequently, although the graphic pre-
sentations of results will show means of data collected at all luminances
included In the experiment , the analysis of variance included only four levels
of luminance .1 , .3, 1.0 and 10 ft— L .

Table 9 is the analysis of variance summary table for the viewing dis-
tance data obtained via a repeated measures design in two concentrations
of small-particle turbidity, Harbor-i 0 and Harbor-30 . As indicated in the
table , ea ch of the main effects , particle concentration , di splay wavelength ,
size , and luminance was statistically significant . Three second—order inter-
actions and one third—order interaction were also significant . In addition to
the significance tests , an estimate of proportion of variance accounted for
by the significant treatment effects was calculated , & 2 (Hays , 1973) . Vari-
ations in particle concentration , displa y luminance and the concentration x
luminance intara ction accounted for 89% of the total variance in legible
viewing distance responses . The result s are illustrated in Figures 14 , 15, 16
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Table 9. Analysis of Variance Summary Table for Displa y Legibility
in ‘Haibor’ Turbidity 

_____________ ______

Source df MS F

Particle Concentration (C) 1 32188.5208 491.19 1*5* .60

Display Wavelength (W) 2 149.3495 5~ 75*

Display Size (D) 1 1011.3912 73.64** .02

Display Lum inance (L) 3 4333 .0516 1116.33** .24

cw 2 11. 4649 1.04

CD 1 253.6137 42.88**

CL 3 914.7305 48 1.29** .05

WD 2 5. 0856 2.78

WL 6 120. 8155 69.99** .01

DL 3 3 .9468 2 .72

CWD 2 1.6270 1.17

CWL 6 32.6286 23.83**

CDL 3 .3539 <1

WDL 6 .7985 <1

CWDL 6 1.2105 <1

*p < .05
**p < .01
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and 17. Figure 14 reveals the strong effects of display luminance and particle
concentration indicated by the analysis of variance significance tests and
Hay ’s strength of association statistic . Maximum viewing distance increased
linearly with iogarithmic increases in displa y luminance , and the slope of
the relationship was markedly influenced by particle concentration .

Figure 15 shows the marginal a lthough statistically significant effect of
variations in di splay size when viewed through turbid Harbor water . The
large—sized displa y (8 x 4 mm) , was consistently read at greater viewing
distances than the smaller display (4 x 2 mm) at equivalent luminance . The
significant particle concentration x displa y size interaction is also
apparent fro m Figure 15; ir. the more turbid condition , Harbor—30 , the effect

of di splay size on viewing distance was lessened as compared to the
Harbor- 10 condition .

Figures 16 and 17 illustrate the significant Wavelengi!h by Luminance
interaction and the significant Concentration by Wavelength by Luminance
interaction . Figure 16 shows the WL interaction; as luminance levels de-
creased below 1 .0 ft-L the blue/green display (503 nm wavelength) was
legibly viewed at greater distances than the other wavelengths. Figure 17
shows that as particle concentration increased , the effect of wavelength
was diminished; an effect similar to that of concentration on displa y size .

C. Display Legibility in ‘Ocean’ Turbidity
Ten dark-adapted observers made maximum legible viewing distance set-

ting s for displays which varied in luminance , size and wavelength and which
were viewed through two concentrations of ‘Ocean ’ turbidity . Because of the
difference in size between the Ocean and Harbor particles , far fewer particles
(and , therefore , individual scatterers) defined Ocean-lO as defined Harbor-lO
by severa l magnitudes . Furthermore , the differencc s between 10 and 30 parts

37
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per million of the small ‘Harbor ’ particles was a far larger difference than
- -  - the comparable concentrations of ‘Ocean ’ particles . Results of the displa y

legibility experiment reflect this relatIve lack of physical differences between

the two concentrations of ‘Ocean ’ turbidity .

Table 10 is the analysis of variance summary table for the displa y legi-

bility experiment using ‘Ocean ’ turbidity as the viewing medium . Particle

concentration was not a significant fa ctor affecting legibility . All display

variables were significant as main effects , and several second and third

order interactions were statistically significant . According to Hays ’ method

for estimating strength of association (Hays , 1973) display luminance ac-

counted for 73% of the total variance in legible viewing distance responses .

The importance of luminance as a determinant of lealbility In these

relatively clear waters can be seen from Figure 18. The luminance variable

was Included in half-log steps between .001 and .1 ft-L . Only the 503 nm

display could be legibly read at the lower level of luminance , and only the

unfiltered dIsplay, 590 nm , needed to be as bright as .1 ft—L in order— to be

legibly read to the limits of the apparatus. Consequently, only three levels

of luminance could be included in the ANOVA: .003 , .01 and .03 f t ’4 .  The

insignificance of 10 vs 30 parts per million particle concentration is also —
apparent from Figure 18 .

Figure 19 illustrates the contribution of displa y size to maximum legible

viewing distance . At comparable levels of luminance , the larger display

could be read at a viewing distance approximately 10 cm fu rther than the

smaller display. At a luminance of .1 ft—L , both large and small sized dis—

plays could be read to the limit of the apparatus .

Figure 20 shows the effect of variations in display wavelength . Viewing

distance was systematically related to wavelength , the shorter wavelengths

}~iing more legible than the longer wavelengths. Most reasonable interpre-

tatlon of these results is that legibility tracked the sensitivity function of

42
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-. Table 10. Analysis of Variance Summary Table for Display Legibility.. in ‘Ocean’ Turbidity

Source df MS -
- F

Particle Concentration (C) 1 173.6111 <1

- Display Wavelength (W) 2 1336.9750 7~99** .02

Display Size (D) 1 13838.3999 l46.02** .10

Display Lum inance (L) 2 52582 .6743 614.52** .73

cw 2 315.4528 12 .33**

CD 1 2.1779 <1

CL 2 32.9194 1.02

WD 2 122.5748 5 74*

WL 4 260 .9500 7.50** .01

DL 2 646.9746 10.54** .01

CWD 2 73.3526 
- - 

4.64 *

CWL 4 45.9111 3.76*

CDL 2 23.9516 1.06

WDL 4 22 .4748 1.24

CWDL 4 23.3020 2 .05
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rod-dominated vision . Table 11 shows the advantages of the shorter wave-
length s when display luminance was measured using a scotopically corrected
filter . At photopic values of .001 ft—L for example , the scotcpic value of
the 503 nm wavelength was .01 ft-L , while the scotopic value of 552 nm was

.001 ft-L and the longer wavelengths were beyond the limits of scotopic
measurement .

Table 11. Scotopic Luminance Values for Displa y Filter Conditions
at Selected Photopic Levels

(Single filament bar; 6’ spot)

Photopic N Filt ~~~ nm 552 nm 503 nm
Values (ft—L) ~ er Filter Filter Filter

.1 .03 .07 .24 2.50

.03 .01 .02 .06 .50

.01 .003 .007 .03 .16

.003 .001 .003 .008 .05

.001 —— —— .001 .01
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IV. SUMMARY AND RECOMMENDATIONS

A. Latex Spheres Approximate Natural Turbidity
Use of latex spheres to simulate the optical and thereby perceptual ef-

fects of natural turbidity was initiated in the present research program with
encouraging results . As a first effort , the simulation was limited to median
particle sizes only; a more sophisticated effort would more closely approx-
imate the known size distributions of natural water suspensoids. Even at
this first level of simulation by median—sized particles , the optical effects
were acceptable simulations of actual bay and harbor water samples . The
‘Ocean ’ simulations were not validated , but their particle content was ap-
proximately one order of magnitude greater than known deep-ocean samples
and their optical densities were only slightly greater than tap water; .10
to .15 log unit for the ‘Ocean ’ simulations , .055 to .075 log unit for tap
water. Oceanic water in the dark is not likely to be a problem for display
legibility; at high ambient luminance levels , however , the question should
be raised again .

The great advantage of the latex spheres lies in their sterility and settl—
Ing characteristics by which a given turbidity condition can be prepared and
maintained over time. Laboratory experimentation is far more efficient than
experiments in natura l waters , ma ny options can be narrowed to a few
promising alternatives in the laboratory for final selection in the field . The
use of latex spheres enables an ambient viewing medium of known physical
properties to be created and used for visual/perceptual experiments over a
period of severa l weeks; furthermore , the same medium can be recreated in
another laboratory or in another year for replications and extensions of
earlier research .
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B. Di spla y Requirements for Legibility in Turbid Water.Are Different than in
Air
1. Viewing Distance -

Display consoles in military aircraft are approximately 71 cm

(28 inches) from the pilots ’ eyes. This distance most likely evolved as a

design requirement based on the arm reach of the 5th percentile man (Woodson

and Conover , 1966) . Display characteristics were based on this constraint

rather tha n a source of it. 
- -

Because of the turbidity of natura l water environments , console des-ign for

ambient submersible vehicles must use displa y legibility as a primary con-

straint on eye-to-console distance; the closer the display the fewer particles

in the visual pathway. A limiting condition on closeness is the accommoda-

tion near-point , the largest va lue of which in the present sample was 20 cm

(8 inches) . Based on the interaction of viewing distance and display luminance

and given 20 cm as a lower limit , the range of ‘comfortable’ eye—to-console

distances appears to be in the range of 25 to 50 cm (10-20 inches) . In oceanic

water s at these viewing distances , displays can be as dark as .01 to .03 ft-L;

in turbid harbor water , display luminarices in the range 1 .0 to 1000 ft—L may

be required .

2.  Luminance

In numerous studies , measurements have been taken of the luminance

of cockpit displays as set by operational Air Force and Navy pilots flying

night mi ssions (Cole , et al , 1950; Dohrn , 1967; Intarto , 1967; DeBruine and

Milligan , 1971) . The average value of photopic luminance reported in these

works has consistently been .03 ft--L and the ranges have been .01 to 0.1 ft-L.

Furthermore , these values tend to be confirmed in labora tory research where

dark—adapted subj ect s are able to control display luminance to a criterion of

‘comfort ’ legibility (King , et al , 1970; Semple , et al , 1971; Johnson and

Poston , 1976) .
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In the present experiments , ocean water as a viewing medium was

similar to air regarding requirements for display luminance; a 0 .03 ft—L dis-

play could be read at 50 cm (20 inches) and at .1 ft—L the 64 cm (25 inches)

apparatus limit was exceeded . The harbor turbidity condition , however ,

required subtantially different luminance levels for legibility . In ‘Harbor-lO’

turbidity a display luminance of .3 ft-L was required to be legible beyond the

limit s of accommodation and at 1000 ft— L , the display was legthle at a max-

imum viewing distance of 61 cm (24 inches) . In the more concentrated

turbidity condition , Harbor-30 , 100 ft-L was required to read the display at
a distance barely beyond the limits of accommodation , 21 cm (8 inches) and

at 1000 ft-L the maximum legible viewing distance was still only 25 cm

(10 inches) .

3. Size

Recommendations regarding display size for in-air applications are

generally in the 20-30 minutes of visual angle range; the larger sizes appro-

priate to the poorer viewing conditions of luminance or contrast (Woodson

and Conover , 196 6; Grether an-. Baker, 1972) . Results of experiments in

displa y legibility suggest display sizes more on the order of 10—20 minutes

visual angle (Reynold s , 1971; Carel , et al , 1974) . -

Viewed through the relatively clear water of the ‘Ocean ’ simulations ,

the 4 mm display could be read legibly at a distance of 45 cm; the 8 mm display —

at 55 cm at display luminance of .03 ft-L. These combinations of size and

viewing distances are 30 and 50 minutes of visual angle , respectively . In

the more turbid water of Harbor—lO where values of displa y luminance to

1000 ft-L were included , the 4 mm display could be read at 60 cm and the

larger 8 mm display at 63 cm: visual angles of 23 and 43 minutes. In the

most turbid water , Harbor-30,at an identical luminance (1000 ft-L) legible

displa ~izes were 55 and 110 minutes of visual angle .
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As turbidity conditions worsened from Ocean-lO to Harbor-30 , the con-
tribution of display size to legibility progressively decreased . In the rela-
tively clear water , the larger size displa y could be read 10 cm further than
the small display at each comparable luminance level . This constant gain
In legible viewing distance attributable to displa y size was reduced to 4 cm
in Narbor-lO and to 1 cm in Harbor—30 . For legibility in turbid water , dis-
plays need to subtend larger visual angles than required in-air , but the
important factor in creating large visual angles is the reduction in viewing

distance and not the increase in physical size of the display.

4. Wavelength

Wavelength or color typically is used in displays as a coding dimen-

sion and not as an aid to legibility . Also red light is often recommended for

use in military displa y applications as a means of preserving dark adaptation ,
although the practical value of red as opposed to any other wavelength light

at comparably low luminance is negligible (Luria and Kinney, 1967; Cavonthzs
and Hilz , 1967; Reynold s , 1971; Johnson and Poston , 1976) . In air , visual
acuity is not generally regarded as wavelength dependent , although Reynold-,,
1971 , has reported evidence suggesting that , at large visual angles , display
legibility is a function of wavelength In the order green , yellow , red .

Results of the present experiments suggest that given the combination

of low levels of display luminance and large visual angles , dark adapted ob-
server s read displays according to the scotopic luminosity function , i.e.,
505 nm (blue/green) was optimal for legibility . In the ‘Ocean ’ turbidity simu-
lation , i.e •,  relatively clear water , display luminance levels required for
legibility were .1 ft-L and less , observers were presumably in a mesopic

state of adaptation and the order of legibility as a function of wavelength was

unambiguous in the order 503 , 552 , 579 , 590 nanometers . In the ‘Harbor—lO’

turbidity simulation the 503 nm wavelength (blue/green) was of superior legi—

bility at luminarices between .01 and .1 f t—L.  At the level of turbidity
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represented by Harbor—30 the legibility function was , for practical purposes ,
entirely accounted for by luminance .

In none of the displa y presentations below approximately .1 to .03 ft-L
was a clear perception of ‘color ’ experienced by observers . All displa y pre-
sentations appeared a neutra l gra y which support s the assumption that the -

observer s were at least mesopically adapted .

C. Operational Applications with Qualifications

Results of the two experiments into the optimization of displa y character—
istics for legibility in turbid water should provide some guidance to display -

~

design , however qualified .
Recalling the context of the experiments , th e results have potential 1

application only to self- luminou s/transilluminated type of displays in support
of a quantitative reading type of task , when the task is performed in a very -

dark ambient environment by a dark—adapted observer . Also , since these were
experiments and not field tests , there are additional cautions . The observer
had only one task to perform , read the 3—digit display, with no time constraint -

on that single , simple task . The task was a short-term effort not comparable ,
for example , to the continuous visual monitoring requirements of a submersible
pilot . Finally, the criterion measured in the experiments was maximum legible -

viewing distance and not a measure of reading ease or comfort or speed . -

Given the above condition s and cautions we believe it safe to conclude 
-

the following: 
-

• For ambient console applications where long—duration continuou s
display monitoring is a requirement , design the console so that
the operatot can be comfortable at eye-to-console distances
between 25 and 50 cm (10—20 inches) . Closer than 25 cm viewing
distances would help overcome the turbidity problem but would be
fatiguing for the observer since the displa y would be too close to -

the limit of accommodation . -
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• At these relatively close viewing dlstances,25-50 cm , displays
do not have to be physically very large in size to subtend large
visual angles. At a viewing distance of 25 cm , for example , a - -

4 mm display has a visual angle of 55 minutes .

• In relatively clear water , displays need only be as bright as’
0.1 ft-L luminance .

• In turbid , harbor—type waters , however , th e brighter the better .
Viewing distance is a linear function of the logarithm of lum-
inance and turbidity effect s the slope of the function . Displa y
luminance must be at least 100 ft—L and 1000 ft—L is preferable .

• At low levels of display luminance appropriate to clear water ,
0.1 ft—L and less, make the display blue/green; i .e.,  use-a
filter or select a phosphor whose peak output is near 505 nm.

• At the high levels of displa y luminance needed for legibility in
harbor-type of turbidity , variations in wavelength will not make

- a difference .
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APPENDIX A

OPTICAL DENSITY VS WAVELENGTH FOR SAMPLES OF NATURALLY
AND ARTIFICIALLY TURBID WATER
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I
Table A-i . Optical Density Of Harbor-lO Simulation

Time Samples
Wavelength Mean

(nm ) 15 April 76 
— 

13 May 76

500 .9353 .5605 .7479

503 .9358 .5594 .7476

510 
— 

.9211 .5563 .7387

520 .9171 .5527 - .7349

530 .9055 .5470 
- 

.726 3

540 .9031 .5391 .7211

550 .8856 .5356 .7106

555 .8856 .5312 .7084

560 .8762 .5243 .7003

— 

570
_- 

.8565 .5195 - .6880

579 .8534 .5110 .6822

590 .8302 .5091 .6697

— ____ 

600 .8234 .4984 .6609
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Table A-3. Optical Density of Ocean-lO Simulation

Time Sample sWavelength Mean S D
- - (nm) 28 June 76 2 July 76 6 July 76 14 uly 76

500 .1597 .1461 .1473 .1528 .1515 .0062

503 .1564 .1454 .1454 .1503 .1494 .0052

510 .1546 .1400 .1430 .1454 .1458 .0063

520 .1486 .1336 .1366 .1396 .1396 .0065

530 .1422 .1273 .1308 .1338 .1335 .0064

540 .1391 .1244 .1290 .1302 .1307 .0061

550 
- 

.1344 .1181 .1216 .1233 .1244 .0070

555 .1303 .1141 .1210 .1193 .1212 .0068

560 .1302 .1146 .1169 .1192 .1202 .0069

570 .1250 .1096 .1136 .1130 .1153 .0067

579 .1227 .1057 .109 1 .1085 .1115 .0076

590 .1197 .1029 .1067 .1062 .1089 .0074

600 .1147 .0991 .1~ 30 .1002 .1043 .0072
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Table A-4 . Optical Density of Ocean-30 Simulation

Time SamplesWavelength ___________  ___________- Mean S.D.(nm) 18 June 76 22 June 76 25 June 76

500 .1547 .1449 .1836 .1611 .0201

503 .1552 .143 6 .1834 
— 

.1607 .02 05

510 .1509 .1388 .1775 .1557 .0198

520 .1456 .1348 .1725 .1510 .0194

530 .1422 .1303 .1664 .1463 .0184

540 .1379 .1249 .1612 .1413 .0184 j
— 

550 .1344 .1198 .1550 .1364 .0177

555 
— 

.1332 .1187 .1544 .1354 .0180

560 .1302 
- 

.1163 .1500 .1322 .0169

570 .1273 .1113 .1464 .1283 .0176

579 .1244 .1074 .1410 .124 3 .0168

— 590 .1197 .1067 .1384 .1216 .0159

600 .1181 .1019 .1338 .1179 .0160
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Table A-S . Optical Density- of-Chesapeake -Bay Water -Samples
at the Surface

Wavelength Sample 1 Sample 2 Sample 3 Mean(nm)

500 .2557 .4762 .2924 .3414

503 .251 8 .4685 .2890 .3364

510 .2480 .4609 .2823 .3304

— 

52 0 .2403 .4547 .271 6 .3222

- 

530 .2366 
— 

.4425 .2636 .3142

— 

540 .2292 .4330 .2589 .3070

550 .2233 .4225 .2526 .2995

555 .2219 .4202 .2503 .2975

560 .2197 .4145 .2487 .2943

570 .2147 .4067 .2411 .2875

579 .2090 .4012 .2366 .282 3

590 .2069 .3958 .2314 .2780

600 .2027 .3872 .2262 .2720

A-7



-- - - -
~
“— - .-“‘-U---—”-

~~ 
‘

~~~~~~~~~~~~~~~~~
-
~~~~~~~~ 

- -
~~~~~~

Table A- 6. Optical Density of Chesapeake Bay Water Samples
at 5 Meters

Wavelength Sample 1 Sample 2 Mean

500 .4449 .5719 .5084

503 .4437 .5686 .5062

510 .4377 .5575 .4976

— 

520 .4306 .5500 - .4903

530 .4179 . .5376 .4778

540 .4089 .5229 .4659

550 .3979 .5115 .4547

555 .3872 .5086 .4479

560 .3799 .5072 .44 36

570 .3768 .4949 .4359

— 

579 .3615 .4841 .4228

590 .3536 .4750 .414 3

600 .3458 .468 5 .4072

A-8
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Table A-7 . Optical Density of Chesapeake Bay Water Samples
Near the Bottom (13 Meters)

Wavelength
(nm) Sample 1 Sample 2 Mean

500 .9208 1.319 1.1199

503 .9208 1.310 1.1154

510 .9101 1.292 1.1011

520 .8861 1.259 ’ 1.0726

530 .857 0 1.229 1.0430

L 540 
— 

.8539 1.194 1.0240

550 .8300 1.168 .9990

555 .8239 1.155 .9895

560 .8182 
- 

1.149 .98 36

570 .8041 1.125 .964 6

579 .79 05 1.108 .9493

590 .7747 1.086 .9304

600 .7670 1.066 .9165

A-9
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Table A-S . Optical Density of Baltimore Harbor Water
at the Bottom

Wavelength Sample 1(nm)

500 3.893

503 3.872

510 3.819

520 3.737

• 530 3 .665

540 3.605

550 3.526

555 3.468

560 3.439

570 3.372

579 3.298

590 3. 233

600 3.188

L
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CALIBRATIONS

A • Description of Color by the C .1 . E. System 1

= The following is the procedure by which the chromaticities of (pin-light)
alpha-numeric displays in the present experiment were computed by first
computing the tristimulus values of the light as follows:

x n
X =E t

X
H

X~ >
~AX) (8.1)

Y = E  t \ H ~ (AX) (B . 2)
X A X X

x n
Z = Z t

X
H

X~ X
(A.X) (B .3)

Note: L~Xis cancelled out In our computation s since = constant where:

X 
= wavelength in nanometersnm

transmission by wavelength
H 

~, 
= relative spectral radiance emittance of a blackbody radiator at

“ 1700 °K (Mfg . measurement of color temperature of alpha-numeric
displays used In present experiment)

X
X

= spectral tristimulus values of equal energy spectru m , 1931 C .1 .E.
A standard observer , 2 ° field .

Following this calculation , the chromaticity coefficients x , y, and z were
computed by the following:

xx = ~~ +~~~~~ (B .4)

‘For a more detailed explanation of the C .I .E .  System see — Nimeroff , I .
çolorirnetry. National Bureau of Standards Monography 104. Washington ,
D.C. :  U .~~. Government Printing Office , 1968 .
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Y
~~~~~~~+ z  (8 .5)

zz
~~~~+~~ ÷~~ (B .6)

These values are used to compute the coordinates of each filter—light
combination so as to specify their location in the 1931 C .1 .E. chromatici ty

— diagra m , for comparison with other signal lights . The location x , y within
the C .1 .E.  diagra m helps to s~~ cify the dominant wavelength and purity of a
signal color .

In general, the spectral energy distribution of light shining in the eye

will determine the “ color ” of the light . However , the reverse is not true , -

that Is , two lights may be the same in color perceptually,- but may differ
widely in their spectral composition . Therefore , in order to accurately
specify the colors of lights , a uniform system called coborimetry was de-
veloped . This system was developed as a physical means of describing
stimuli for color vision , using as a reference, Internationally standardized
values of generalized characteristics for the vision of an average observer .

Figur e 2 , Section II , shows the color mixture diagram accord ing to the
1931 C .1 .E. standard observer and coordinate system . In general , a value
located on the perimeter of the diagra m indicates a 100% saturated spectral color .
Values located toward the internal center of the diagra m , tend to be desaturated
with “ pure white light” located in the region marked “ Standard C” .

1. Computa t ion of Chroma~ti~~ty Coefficients

In order to describe the colors used in the present experiment , the C .1 .E.
system of color notation was used .

All viewing conditions used a tungsten 1700°K alpha-numeric display.

Table B-i shows the relative energy by wavelength for a 1700°K source .’

1 Pivovonsky, M . ,  and Nagel , M .  R . Tables of Blackbody Radiation Functions.
New York : Macmillan Company, 1961 .
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Table B-i. Relative Energy of A Blackbody Radiator at 1700°K

- - X 1700°K 1700°Knm FIX 
nm

430 23.19 530 333.53

435 27.4 4 535 369.43

440 32. 32 540 408.23

445 37.91 545 450.10

450 44.28 550 495.17

455 51.51 555 543.59

460 59.70 560 59 .52

465 68 .92 565 651.10

470 79. 28 570 710. 48

475 90.88 575 773.80

480 103.82 580 841.22

485 118.22 585 912.86

490 134.19 590 988.87

495 151 .84 600 1154 .60

500 171 .31 610 1339.40

505 192. 72 620 1544.30

510 2 16.20 630 1770.20

515 241 .88 640 2018.10

520 269.90 650 2288.70 -
•

525 300.40

B—5 
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Table B-2 shows the percent transmittance by wavelength for each inter-

ference filter used in the present experiment .

Table B-2 . Transmittance vs Wavelength for the Three Interference Filters

Filter No. 503 Filter No. 552 Filter No. 579

X t \ %  t \ = %  t \ = %nm A nm A nm ATransmitted Transmitted Transmitted

430 0.00 440 0.00 545 0.00

440 0 .50 450 0.50 550 0.75

-
- 450 0.75 460 0.50 555 1.00

460 1.00 470 0.50 560 1.50

470 1.50 480 0.50 565 3.00

480 3.00 490 0.60 570 11.00

490 13.00 500 0.75 575 37.00

500 40.00 510 0.80 580 25.00

510 11.00 520 1.00 585 - 5.00

520 3.00 530 3.00 590 2.00

530 1.00 540 8.00 595 0.00

540 0.00 550 37.50

560 5.50

570 1.00

580 0.50

590 0.00

B—6
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Table B-3 shows the computations necessary for specifying the chromaticity
of the three colored filters in the present experiment when viewed through a

1700°K source.

The coordinates of the three colored displays and the “bare bulb” display
used in this experiment are :

Filter No. 503: x = .0350
y =  .5382

Filter No. 552: x= .3038

y =  .6813
Filter No. 579 : x = .4880

y =  .5110
Bare Alpha Numeric Displa y at 1700 °K: 1 x = .5610

y =  .4043

Pure White Light - “daylight” or Standard C: x = .3101

y =  .3163
A calibration for each filter used in the present experiment was performed

by comparing the transmittance of each filter at 10 nm intervals throughout the
visible spectrum . For the interference filters Figure B-i shows the trans-

mittance times the relative energy -of a typical 1700° K source for white
light ( 1700 °K) and for each of the three filters , numbered 503 , 552 , and

579 (Note: Filter numbers are their nominal peak wavelength) .

2. Calibration ofi~Neutral Denptt’t~f~ilters
Neutral density filters (Fish-Shurman) were calibrated by placing them in

front of a photomultiplier (Spectra — Pritchard Model 1980 Digital Photometer)
which is aimed at a uniform light source . The relative amount of light trans—
mitted is then recorded for each chromatic filter combination .

1Wy zeckl , G. , and Stiles , W. S. Color Science: Concepts and Method s,
Quantitative Data and Formula s. New York: Wiley and Sons , 1967 .

B—i

L ~~~~~~~~. ~~~~~~~
-- — — 

- - -- 
~~~~~~ 

-
~~~~~~~ -



~~~~~~~~~~~~ 
~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~

0 — ~~‘ C’) C’) 0 ~~ U) C’) U) 0 CD
0 C’) — to U) N N C’) — U) LI) 0IN~,, 0 C’) U) ~ ‘ C’) — C’-) U) C’) — N 0

‘ 0 C’) U) to — C’) U) U) C’) C’) 0 0 —5
0

0 U) U) C) C’) C’) — C’) (0 CV) q’ 044 C’-) ~ ~ ~~ — to r-.. to —
— C’) CO U) C’) 0

— U)

_ _ _ _ _ _ _ _ _ _ _ _ _ _  
- —  0

U) CD
(0 r 4  — C’) (0 0 C’) 0 C’) C’-) C’) C’) C’) O~ a)

I.. ~< U) N C’) 0) N C’) U) C’) U) U) C’) 0 N
~~ IN ~ ‘ ~~ to U) (0 N U) N -

~~‘ ~~~ C’) 
•o CV) N N to C’) U) ~~‘ C’) — 0 0 0 a,

U) • C’)— — — — — N 

~~ 
LI) ~

° ____ ___________________________________  OC’)  C’) U) ~~ —9 .. 
~~
. a~

~~ 
0 N 0 U) 0 0) U) C’) (0 0 0) 0 C’) — — EN >, 0 — C’) — C’~ C’) 0) LI) ~r N C’- 0 C’) C’) 

— 
C) — a,

‘ ‘  0 N tO U) C’) C) ~ ‘ C’) C’) U) o 0 N N — U)
p,i 0 C’) C’) U) U) C’) U) C’) C’) U) LI) 0 CV) U) — 0 ..-. .0

‘ ~• 0
C’) ~~~~

‘ 0 i-S C’) CD C’) C’) C’) (0 
~~‘ N 0 0 Cl) ~~

0 4-’ — ‘)‘ (0 — C) N U) CD N N •~~ 
—

U) - C’) C’) i-I U) C’) .- 0
C’) i-~ — + + ~ -b ~d _ _  

_________________ ~~~~~ N>I N~~~-.~~~~
+ + ~~~ a(0 C) 0 CD CD 0 0 0 0 CD 0 0 -b (I) U)

~~~‘ i-I C’) U) 0 — 0) U) C’) C’) CD C’) ‘~~‘ 
-
~~~ >< ~

44 
Is), 

— C’) C’) to 0) C’) 0 C’) 0 i-i to U) ii ii ii II II
0 CD CD CD 0 — C’) C’) U) N. U) 0) - ,.< ,< - -

>

~ 

N N 4-h UK

~ 
0 Lb C’) 0) (0 to CD U) C’) CD C’) CD :- --

-,..a ,~~~ 0 U) U) C) N U) C’) (0 C’- 0) 0 0 C’)
dO .,.e 0 C’) Lb U) C’) N- C’) N .-4 U) 0) 0 0 —

,< ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ CD 2
0 4-’ 0 LI) i—i N C’) 0) U) CV) C’) s-I U) C ~~~ 

. .
. — — C’) C’) LI) C’) C’) ~~

o .0

>1 0) C’) C’) U) ~)‘ 
(0 0 0’, CV) C’) U) -~~~ ~~~ . . .

~~ C’) U) to 0 I/) U) C’) ~~ 0) C’) U) 0 ~‘) — ~~ —
1 l)~ U) ~~ C’) 0) 0) 0) CV) 0 0 (0 to ~ ii o C’) ~~ ~‘) 0C’) C’) C’) C’) i-s 0 CD 0 0 0 — C’) N to N

U) U) a)
II II

o 0 0 0  N N
I-. C’) 0 N 0 0 CD 0

— 0 0 N. C’) 10 “) ~~ C’) CD C’) + + ..4Q lb 0) 0) . . . N U) 0 
~~ >.~ 

>~ ~~~ E
~ 0 i-I C’-) CD . . ~~~ C’) U) . . 0 a)

0 ~< C) - U) — ~~ U) N 0) C’) CD + +
44 • to C’) 0) — i-I N U) C’) 0 C’) . a)

0 — C’) U) s-s C’) s-s to C’) U) C5) CD ~< >~ w
.
-

~~~ II II II II II II II II II II II I! II II -
~~~ 

•~~~ _•4
0 — — — — — C’) C’) C’) C’) C’) C’) C’) K ~~ E -

~~ C’)
— C) CD 0 0 CD CD 0 CD 0 0 CD 0 0 dO 0)

— — — i-s — — — — — — — — ~~ —

K K K X X X  K K K K K K
o ~< (0 0 0 N C’) C’) 0) — 0 CD C’) C’) 0 U

U) C’) U) C) U) U) — C’) C’) 0) II) c’~ ..-s o N
‘~‘ s-s c’ C’) to c- ~‘ — (0 0) C’) U) a) —

CV, ~~~~~~~~~~~~~~~~~~~~~~~
C’) C’) ~~‘ U) N s-i — — C’) C’) C’) ‘

~~
‘ IX,< a,

.0 0 0 U) CD 0 0 0 0 0 0 0 0 ~ do a)
~ ,< 0 LI) N 0 LI) 0 0 CD CD 0 0 0 —

44 0 0 a)
0 0 CD — C’) C’) 0 CV) — 0 ~~ CV)

— ~~~ — U) ~‘ II II ft

~~

E o o o o 0 c 0 o 0 CD
~ C’) ~~ ‘1) tO N U) 0) 0 — C’) C’) ~‘

~~
. 

~~
. 

~~
. 

~
, 

~~
. ~~‘ ~~I U) U) Li) Si) U)

B-S

— — —~ -——_ ~~._ ~~~~~~~~~ — _-— - - _ — - —- - -_ _
- -~ - -~ - _ 

~~ _ , _  ~~~~ ~~~~~~
, • , .



- - - - ~~~~~~~~~~~ -—- ~~~~

U)

0

~~ CD ~~‘ C’) CD C’) U) LI) C’) to LI) N C) ~‘ C’) LI) 0
IN ~~ CD C’) C’) ~~ 0 U) LI) ‘0 CD C’) 0) ~~‘ N 0) — 0 0

P~. 0 C’) U) CD C’) ~‘ ~‘ C’) — C’) C’) U) N ~~‘ N 0 0 ~~~c- -i C’~CD 0) 0) — C.) N ~~ N — C’) (0 — C’) — 0 ~~ U)
4—’ C’) ~‘ U) ~~ C’) C’) C’) C’) ~‘ ~-O to — •

— U) 0
C’) U)p U)
C’) (i) C%

4.’ • 0-)
s-I C’) (0 0 C’) 0 C’) C’) C’) C’) N 0) i-I N —

- N C’) 0) N C’) U) C’) U) U) C’) 0 U) C’) C’) — —C) ,-< ~‘ N (0 U) — ‘.0 N Li) N ~‘ C’) 0 0 CD 0 o
IN N N to C’) CO ~~‘ C’) —s CD 0 0 0 0 0 0 0 II N

r—I .s . 4  5 N +
I-. N >~

.

+
0 — — N U) N CD Q~ 0) 0) . 4  s-5 C’) N — 0

• 0 ~~‘ 0) CD — ~~ 0 0) C’) 0 s-s C’) U) N C’) 0
e ~~~~~~~~~~~~~~~ 9 0 ) t o9~~~~~~~~0 0 ) C’) C) 0
0 ,.,C’ CD .-4 C’) N (0 — ‘.0 — C’) U) ‘.0 CO to LI) 0 N0 — ~~

‘ CO 0) ‘.0 — N II) N tO 0
N — U) — N
— ‘~ C’) U) C’) N.
I —

C’) 
___  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

s-s
U) 

— 
U)

0 0 0 CD 0 0 0 0 CD 0 0 0 0 CD 0 0 N
• C’) U) 0 — C) U) C’) C’) 0 C’) ~‘ U) Li) C’) CD N C’)

o ~< C’) C’) (0 
~ C’) 0 C’) CD — ‘.0 LI) 0) 0) U) N II’) II

Z I)-. CD 0 0 0 — C’) C’) Si) N U) 0) a~ 0) 0’, U) N.- -  . .  >‘ 0 0
N to

~h1 _ _ _  N C”-- ‘U)
..—. i CD C’) CD to C’) to CD 0) U) U) 0 0 C’) N LI) C) •

~ .s ~~~~~ CD -
~~~ CO ‘)‘ ‘.0 N C’) CD U) 0) 0 U) 0 Li) CD 0 

~~ 
0

-~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~ CD N CO N ~~‘ C’) s-s N S/) U) N N — LI) 0 0)
- . ~ ~ P” ,—.I (0 ~I ~I ~I U) ~~~I C’)

a) 4-’ — C) 0 0) U) C’)
U) — U) II

_ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
N

— - to
-
~~ U) +

o C’) C’) CO (0 0 o’, C’) ~‘) U) ~~ ~~ U) s-s ~~ ‘.~ 
0

o ~~~ U) (0 0 LI) U) C’) ~~‘ 
C)) C’) U) 0 C’) ~‘ C’) ‘.0 to

~ 
-
~ ~1’ C’) 0) C) 0) C’) 0 CD to ‘.0 0) C’) C) (0 — C’- — +- - ‘., IX ~~~ ~~ — ~~~ ~~ 0 ~~ 0 — C’-) ~‘ U) N C) 0 II —

‘ >< UI
-
~~~~~~ 

.~~ Li) >‘
- - - 44 N

0 0) U) to8 U) to 0 U) U) • C’) CO s-I
0 . -

~~~ U) -
~~~ -~ — ‘~~ ~ ) o~ • • ~~‘ ‘.0L. u.14,_< CD — CO (0 0) (1) • . • 0 LI) (0 U) • 0— -

~~ ~.‘ 
CD U) C’) 0) 0 10 U) N CD CD 0C) - C’) 0) 0) — CD C’-) N ‘.0 0 C’-) U) C’) — C’) • 0

- 
- CD Cl C’) C’) U) U) s-s — C’) — CV) — C’) N ~~ CD C’)

0 ft UI H II II II II II II II II II H UI II II ‘

— -I — — C’) C’) C’) C’) C’) C’) C’) C’) C’) C’) C’) C’) II
.2 0 0 0 0 CD 0 0 0 0 0 0 0 0 0 0 04.’ — — — — — — — — — — — — — — — — ~5 (0

K K X X X  X X X  X X X  X X X  X X
‘~ CD 0 N CD C’) C) — 0 0 C’) C’) N C’) U) C’) N— C’) CO 0) U) CO — C’) C’) 0) U) C’) — U) ~~‘ Cs) CO (00

50 C’) C’) to C’) C’) ~~‘ s-I to 0) C’) U) U) U) 0 — U) U)
o C’) C) 0) 0 C’) N — (0 CV) 0 0~ C) — ~~‘ U) CD N

C’) 0)
C’) ~~‘ LI) N — — — C’) C’) C’) ~‘ ~‘ Li) N U) 0) s-s CV)

_ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  I’

0 0 CD CD CD C) U) 0 0 CD CD 0 0 CD 0 0 N

a, CD U) U) U) U) (0 N U) 0 0 CD U) LI) CD Li) 0 +
— ~~~~~~ 

. . — . . _ . . • . • . • V V

.0 ~.‘ CD CD 0 0 0 CD 0 0 — C’) U) N U) — 0
0 0 C’) +

><8 0 0 0 0 0 0 CD 0 0 0 0 0 0 CD 0 0
~~ ~~‘ 

U) (0 N U) 0) 0 — C’) C’) ‘q’ U’) (0 N U) C)
.
~~ ~~‘ ~~‘ ~~ LI) U) U) LI) Ii) U) U’) U) LI) U) K

B—9

~~~~~— -- ~ -~~~~ -~~~~~~~~ - -. -



~~ r--~~~~~~ 
-

_ _ _ _ _ _ _ _ _ _ _ _ _ _  
C)

IN

0 C’) CD U) N — ~~‘ U) 0) 0) CD II - - -
-

~~~~ 0 (‘4 — ~~‘ C’) ~‘ LI) N C’) 0 4-’ C’)
U) u~ ~‘)

d~’ ~< 0 CV) C’) C’) U) (0 — U) (0 C’) 0 
~~ ~I

~~ 

4.1 — LI) C’) 5/) U)
— •

N —g ~‘ N. N 0) N — U) N ~~‘ — ~ 
C’) ,-< ,< ~,~~ C’) CO U) C’) C’) C’) — — — — — — N U) —

IN -4 CD 0 CD CD 0 CD CD 0 CD CD
0 CD CD CD CD 0 CD 0 0 CD 0

a) N N

2=  -

0 ~~~‘ 0 C’) 0 — CD U) ii) ~~‘ ~~‘ u~ CD N.:
I>-. 

Q L i) N~~~~~~~~~~~~~~~~~~~~~~~~~ L f ) U ) CD I>
x

~~ .< CD 0) CV) CO — CD 0) (0 U) N. CD —

° (0 
~~‘ U) — ~~‘ 0 0) C’) C)-) +CD C’) LI) CO 0) ~~ C’) C’) N 

~~~ 4.1

= 
44 - N (0 

~~ C’) - (0

I — — 
U) U) 

~~~~~ —

ftC) C’) C) C’ CD (0 0 ~~ 0 c’) CD o’, —N 
, 0 11) 0 Li) CO C’) Li) CD to N ~~ CD 

~< ,< U) to‘° #~~‘ CO 0) CD 0) N U) — N. — LI) C) LI)
• I>. 0) 0) CD 0) 0) C) 0) CO CO N (0 II II + C’)

— >4 >4 C’)
~~‘ CO

C) CO -s
44 < CD ‘.0 N U) C’--) C’) CO U) C’) Li) CD C’) CO

CD 0) C’) CD — CD C’) Cs) to N 0 IX — CD 
—~~~ U) U) i-sCD 0 0) — LI) (0 -i CD to 0) CD (I)

I ‘.0 N C’) C’) LI) C’) N (0 C’)S ~~~~~ —4 C’) LI) C’) 0) s-s C’) ~~
1 CD ,,., UI

Cl) — U) ‘)‘ 0) “)‘ C’) LI) LI) N N
. 0 )  

~~~ + +
50 — _____________________________________ 0)

II It
N ~~‘ s-4 Li) ~~‘ s LI) C’) to C’) N ‘ 

~-e + +C) C’) C’) ~~‘ U) C’) C’) to 0) (.0 (0 CO
o ,< U) C’) — 0) N (0 ~‘ — N C’) U) Li) N
0 1 K  ~~~~~~~~~~~~ ) L I ) to c UI H
‘-.1 —— ‘< ~< K ~

-.
>5 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _4-1
-I
C.) CD CD

~~ U) (0 U) CD ‘)‘

~~ 
CC C) U) C’) C’) • • C’) N
C’) U) C’-) - . (

~~ CD -
- CV) LI) C’) C’) ‘

~~‘ N CDo P< CD —I C’) C’) U) — to CD to N
4-’ CD N ~~‘ 0) 0) U) CO — Li) C)

• C’) LI) CO s-s N (‘4 C’) ~~‘ s-s
CD II II II It II II It It II

0 II 
~~ C’)

C’) CD CD CD CD CD CD 0 CD CD
0 CD i-s — — — — -4 — — s-s

~~ ,.-< — K X X X  X X X  X X
K N 0) C’) CD CO CD C’) (0 N— — LI) LI) — ~~ CO C’) CO COo CD LI) C’) LI) .~ CD C’) — C’) CO
U) 0) ~~

1 0) LI) s-I N ~~ s-I U) 0

0 ~~
‘ ~~‘ LI) LI) (0 N N 0) 0) 0) 0

U) CD LI) 0 CD CD 0 CD 0 CD CD CD

a, 
, < C D C D U) 0 0 0• 9 C D, CD

•
0

•44 — — C’) — N. U) LI) C’) CD
to — C’) C’)

—

8 CD Li) CD LI) CD LI) CD Li) ~~~C LI) Li) to so N N U) ~~ C) ~~LI) Si) U) U) If) U) If) U) LI) LI) U)

B-~ 10

- - ~~~~~ L ~~~~~~~~~~~~~~~ - _ _- - - - - - - ~~~~ —~~-----



__________________________________________ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~r- -~~~ 

- - -  — —----—
~~-~‘-- -

~ 
---

-- U- - 
~~~~~~~~~~~~~~~~~~~~ 

-
~~~

- - --f l-- - - —

~~

- -  - _ — -  — —  —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- 

- ~C) -

- 

_

- - - - - ---- -
~~~~

-- -
‘

- - - - -
~~
;-

- 

H 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

USc

- 

- ; 
~~~~~ ~~ O~S~ ~~

~~ : ~ 
-

- — — —- 

~

—

~~~\ 
—I-’ ~~ -1

.2
-~~~~~~ ------

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ots -

- - - - - H—---- \--
~~~~

-
k~~~~~°°~~~

- -—i

- 

- 
! ‘ \ ~~I

-
- ‘ z ~~~- —

- 0) 

- -- 

__
-O~~ —- 1~ - j -  ~~~1. s U - I r ~ I.;’

U)

- -- I -  

~~~ 
H—-T

\-T 

-
~—~ 1

-t - - -  - - - - - —--- - — ---r-——-----———
~ k~~

_

I s

F- --1 ---
~

--1-1- 
-

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
S 

- - 
j 

-— - - - I - -
- 

— —- f -- -

B-li

L ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- - - - —‘-‘— -

~~

- - 
-- 

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

,. . - - -- - - -

The actual density of a filter Is computed by formula B .7:

D = 1 og4 (B . 7)

where:

— T - No Filter Value ~~~~~ (B 8)— Attenuated Value (ft-L)

Table B-4 shows the calculation of density In the filters when used in

combination with the various interference filters . Using Tables B—4a through

B-4c the actual luminance levels used- in the experiment can be calculated as

shown In Table B—5 .

B Calibration of Alpha-Numeric Display

The display consisted of a 7—segment , incandescent filament bar display,

Pinlite D1P640 , manufactured by Refa c Electronics , Inc . Three of these units

formed the basic display . Color temperature* of the raw filament was 1700°K

(manufacturer ’ s description) .

*Note: Color temperature of this display compare a’wJtIi~the foUowi~g:

Color Temp .
__________

40 watt general service bulb approximately 11 .8 lumens/watt = 2650
75 watt general service bulb approximately 15 .4 lumens/watt = 2820
100 watt general service bulb approximately 17 .5 lumens/watt = 2900
50O watt photoflood approximately 34.0 lumens/watt = 3400
Daylight = 5500
Skylight = 12000—

18000

Source: Kodak Filters for Sçjentific and Technica l Uses. Rochester , New
York: Eastman Kodak Company, 1973. 

—__________ 
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Table B-4a . Calibration at 503 nm (at 7.63 ft—L) 
-

N Actual Densityominal Ft-L T (Log Units)
~ ens 

~ Measured When Used with(Log Units) 503 Filter

- .  4.0 .003 Log 2543 3.41
3.0 .007 Log 1090 3.04

2.OA .060 Log 127.17 2.10

2.OB .055 Log 138.73 2.14

1.OA .600 Log 12.72 1.10

l.OB .600 Log 12.72 1.10

0.7 1.800 Log4.24 0.63

0.5A l.8C-~’ Log4.24 0.63

0.5B 1 .900 Log4.02 0.60

0.4 2.350 Log 3.25 0.51

0.3A 2.710 Log 2.82 0.45

0.3B j 2.940 Log 2 .60 0.41
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Table B—4b . Calibration at 552 nm (at 32 .0 ft—L)

Actua l DensityNominal Pt-L (Log Units)Density Measured T When Used with(Log Units) 
552 Filter

4.0 .003 Log 10667 4.03

3.0 .030 Log 1067 3.03

2.OA .210 Log 152.38 2.18

2.OB .200 Log 160.00 2.20

1.OA 
- 

2 .410 L og l3 .2 8  1.12

l . O B  2.410 Log l3.28 1.12

.7 3.600 Log . 8.89 0.95

•5A 7.000 Log 4.57 0.66

.58 7 .35 Log 4.35 0.64

.4 99.35 Log 3.42 0.53

.3A 11.80 Log2.71 0.43

.3B 11.65 Log2 .75 0.44
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Table B—4c . Calibration at 579 nm (at 34 .0 ft—L) -

Actual DensityNormal -

D nsit ft-L T (Log Units)e 
~
‘ Measured When Used with

579 Filter

4.0 .003 Log 11333 4.05

3.0 .025 Log 1360 3.13

2.OA .230 Log 147.83 2.17

2.OB .240 Log 141.67 2.15

1.OA 2.670 Log 12.73 1.10

LOB 2 .500 Log 13.60 1.13
.7 3.800 Log 8.95 0.95
•5A 7.660 Log4.44 0.65

.5B 7.900 Log 4.30 0.63

.4 10.200 Log 3.33 0.52

.3A 12.850 Log2.65 0.42

.38 13.200 Log 2.58 0.41

B- 15

—-- ~~~~~~~~~~~~~~~ --~~~~~ - - — -—  — ~~~~~~~~~-~~~~ - — — -- - - - 
-



rr *013 o’es OCEANAUTICS INC ANNAPOLIS MD FIG 518
LEGIBILITY OF SELF—LUMINOUS DISPLAY VARIATIONS VIEWED THROUGH A—ETC(U)
AUG 77 w S VAUGHAN, R A GLASS, .J WILLIAMS N0001k—714—C—0276

UNCLASSIFIED NI.

2 OF 2
An

A043045

.
END

DAT E
F LIED

9—77
DEC



~~~~~~— ~~~~~~~~~~~ 
-
~
.

LI)

+
-4 ~~ 0 0 U)~~~(0 Q. uJ •

I:: U) • — -~
~ .1~~~~+ + + (0

3 6 6 c o o

~~ a) CI) ~~‘ 0 ‘0~ ~~ 
a)

(0 —. I 0 I CI) C4 ~~ C’) I

~ 0 I 0 + I ~~~ + 0 + ~~~+ 0 + i
1:; 0 cv) ~~c I ) )~~~~cI)~~~~ c~

) 4J~~~

g ~~~~—

-4 4J 10
— —

o
0 — •

— 
LI

(0 + + a)

~~ ~ 9 9
C’)

U) 
~~~~~~~ (D~~~ + + + + + _ C.)

+

e I CI) CI) C’~ CI) CI) CI) I..
~~ ~ CI) 4-~ • • • • • • a)
L4~~~~ ~~~~~> Lt) ~~ ~~ ~I)+ LI)+ ~~~+ 

~ ~~~+ ( ‘ ) +  +o ~~ 
U) (

~D ~~ ~~ ‘ C’) 0 0 ~i
. 0

(0 0) ~~ C) C’) C’) ~~ C) 4 0 ~~ 0 ~~ 0 
~~ 

1L. ~
(I) p_ • • • • . (I) • • •

C’) .-~ 0 — 0 0 • C) 0 -~~ C) •o~~ U) 4J
-4 -4 —____ _ _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _ _

—‘ ---
~~~~fl

u~E 1 0  0~~~) • U)o~~ ~ -
~~ + +

~~

~~~~~‘. 
.-i — C’) Cs) CV) ~V)

I •.4 + c I) +  ~~~~ t.~~+ •_4 + C’) + 
~~+

_ 
~~~~~~~~~

~~ 0 (1) “~ 
C) -~~ o —  0 0 -- 0 .— o- .— o •

a ) 0  ~~~~~~ —~~~~0 1 0  •

— .— ~.. —
-4

E : c i E
-

~ 
o ,2t ~~~~u) _ rJ)~~~~

I!)

LI) O~~+
-~ 

+ 
— 

+ 
-~

a) 9 9 0 9 9 0
• 

0

— 0) 4.J — — C’) C’) CI) CV) ~~ 10 >~10 10 — ~~ 0 — ~~ CV) 1 -  ~~~ C’) ‘-I
— cs)8 (~~~+ ts~~~+ r . +  ~~~ + 0 + 0 + 0 +

() > LI) • C -  —~ ~~~ 0 .~~. 
C) 0 0 0 ~~ ~~ —

•41 a) • • • • . • • • . • • • • •__ 0—  0 —  0 -.- 0 —  0-.- 0-.- 0—  P U) tO

8~~U) —
_

II)
~~ —10 — c~ — 0 0 —0 CD CI) — 0 0 0 C)

V

~ Q)~~~ CI) -~ 41

~~~~~~ ,

B— 16

it - -
~~~~~~~~~~~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. - .

..,, ,- - 
~~~~~~~~~~~~~~~~~~

__________ —

Table B-6 shows the photometric calibrations of a typical numeric display
when using a 2’ spot superimposed on a single filament , and the effect of
adding each chromatic filter separately and without neutra l density filters .
This information was then used to calculate the neutral density filters needed
tor the several experimental conditions (see Table B-5) . For the effective
intensity in terms of the adaptation state of the eye, the reader should con-
suit Table S in Section II.

Table B-6. Luminance of Alpha-Numeric Display
with 2 M~n—Arc Spot on Single Filament

TotalCondition Luminance

Raw Display (no filters) 1800 .ft—L

With Filter 503 nm 7.6 ft—L

With Filter 552 nm 32 .0 ft—L

With Filter 579 nm 34.0 ft—L

Since some conditions are at extremely low levels the photopic foot—
Lambert values In Table B-5 were recomputed by measuring in scotopic foot—
Lambert s as shown in Table B-7 . The raw display with no filter s = 1200 scotopic

foot-Lamberts .

B-17
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Table B-7. Actual Luminance in Scotopic Foot-Lambert s Compared
to Nominal Photopic Luminance Values

r Actual Luminance Level (Scotopic ft-L Values)
Nominal

Photopic Values Filter Filter Filter
(Ft-Lamberts) 503 nm 552 nm 579 nm Clear

“Blue” “Green” “Yellow”

.1 2.5 .24 .07 .03

.03 .50 .064 .02 .01

.01 .16 .026 .007 .003

.003 .05 .008 .003 .001

.00 1 .014 .001 —— ——

B— 18
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Name Rank/Rate

Brown, William H. HT2
Carl, Keith P. ENS.
Caron, Ronald B. BM2
Cormier , Craig D. QM2
Cozart , Jerome D. BMCS
Dew, John R. LT

Dilley, James R. LT(Jg)
Findlay , Ronald A. RM2

Hacker, Ernest C. GMGC

Hanrath , Tom C. AT3

Haskin , Herbert C. GMC1

Hawkins , Thomas L. LCDR

Kellas , Christropher D. EN1

Lapping, Harold, Jr. MMC

Martin, Pat G. BMC

Power, Wheeler D. BMCS

Ross , RonaldW. BM2

Rowley , Daniel L. EM2
Simmons , Larry W. LT(Jg)

Soderberg , John A. BM1

Yates , George E. QM2
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