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IMPLEMENTATION OF A

RESEARCH GONIOSPECTROPHOTOMETER

FOR APPEARANCE RESEARCH

by

R. Mitchell Miller

Submitted to the

Center for Imaging Science

in partial fulfillment of the requirements

for the Master of Science degree

at the Rochester Institute of Technology

ABSTRACT

A research-grade goniospectrophotometer was

modified to improve its measurement capabilities

for appearance research. Hardware, optical, and

environmental modifications produced a device capable

of measuring the spectral reflectance factors of a

sample over the wavelength range from 380 to 700

nanometers at user-selectable illuminating and viewing
geometries. Several extensive Pascal programs were

written to provide a user-friendly interface to

facilitate the control of the instrument, as well as,

the collection, reduction, and display of data.
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INTRODUCTION

Hunter [1] states that the appearance of an object

involves not only the object's color, but geometric

attributes as well. He continues by emphasizing that the

design of devices to measure appearance attributes must

consider the physical source of the attributes and the human

responses to them. This thesis will discuss the implemen

tation of a goniospectrophotometer, a device that measures

the spectral reflectance factors* of an object as a function

of both illuminating and viewing geometries. From these

data, the color of an object can be determined as a function

of geometry.

To measure reflectance**, a device typically incorp

orates an integrating sphere. The sphere is used in the

illuminating or viewing geometry to provide or collect

diffuse, non-directional radiation. For example, an inte

grating sphere in the collection geometry would combine

radiation reflected at all angles from the sample surface

* "Reflectance factor is the ratio of the radiant

flux actually reflected by a sample surface to

that which would be reflected into the same

reflected-beam geometry by an ideal (lossless)

perfect diffuse (lambertian) standard surface

irradiated in exactly the same way as the

sample
[2]."

The term becomes spectral reflectance

factor when measured as a function of wavelength.

** "Reflectance is the ratio of reflected to

incident flux [2]." The term becomes spectral

reflectance when measured as a function of

wavelength.



and provide the integrated radiation to an appropriately

placed detector. The integrating sphere is required since

the definition of reflectance requires that radiation

reflected from a sample be collected at all angles.

Reflectance factor, however, compares the amount of flux

reflected at a particular angle to the amount that would

have been reflected at the same angle by a similarly

irradiated lambertian surface. Instruments that measure

reflectance factors typically measure what is known as

bidirectional reflectance at specified viewing and

illuminating angles. Bidirectional 0/45 reflectance factors

would be measured by irradiating a sample at 0 degrees and

collecting at 45 degrees. A goniospectrophotometer measures

bidirectional reflectance at selectable illuminating and

viewing angles.

Traditional spectrophotometers measure spectral

reflectance and spectral reflectance factors with fixed

illuminating and viewing geometries. Though the geometries

can vary from diffuse to directional, such instruments can

only be used to describe the color of an object for the

geometry used. If the geometry used does not relate to the

object's intended use, the color measured may be of little

value. A goniospectrophotometer, however, can be used to

determine the color of a sample with illuminating and

viewing geometries selected to relate to the object's use.



Standard reference materials (SRMS) should only be

selected after considering a material's goniospectro

photometric and other properties [3, 4] . Geometry differences

among instruments could create errors in transferring

photometric calibrations. For example, the CIE definition

of bidirectional 0/45 geometry [5] states that the

illuminating angle can be up to 10 degrees off axis and the

collection angle in the range of 40 to 50 degrees.

Fairchild[6] has shown that the limits of these recommend

ations produce unacceptable variations in the measured

reflectance factors. Therefore, instruments meeting CIE

specifications may not be able to accurately transfer

photometric scale calibrations.

Eastman Kodak Company's generous long-term loan of a

custom-built research goniospectrophotometer to the RIT

Munsell Color Science Laboratory has made this thesis

possible. This thesis concentrates on the modifications

made to this goniospectrophotometer, in order to improve the

instrument's capabilities. The procedure required hardware,

optical, and environmental modifications. In addition,

several extensive Pascal programs were required to provide a

user-friendly interface to facilitate the control of the

instrument, as well as, the collection, reduction, and

display of data. These programs are fully documented in

Appendices A - E.



EXPERIMENTAL

The original configuration of the goniospectro

photometer is shown schematically in Figure 1. The system

did not include the gonio arm drive, counters, plotter, and

computer. Several hardware and software modifications were

made throughout this project in an attempt to improve the

instrument for specific applications. Component diagrams of

the modified instrument are shown in Figures 2 and 3, with

an optical diagram in Figure 4 .

The Eastman Kodak configuration of the goniospectro

photometer included a light source, monochromator, sample

holder, radiometer, and intermediate optics. A Leitz model

XLS-1A-M10 150 watt Xenon lamp assembly and regulated power

supply provided white light to the entrance slit of the

Schoffel model GM-250 holographic grating which, in turn,

provided narrow-band radiation of the selected bandwidth at

the exit slit. Micro-adjustable entrance and exit slits

selected the bandwidth of radiation that would be delivered

to the sample surface by a lens. The sample could be

manually rotated about two axes to adjust its orientation

during measurements. A Photoresearch model 1500

Spectra-Spotmeter radiometer was mounted on a gonio arm that

rotated about the sample. A folding prism (shown in Figure

4) permitted collection geometries as close as five degrees

to the irradiating beam. A Hewlett Packard HP-85 computer
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Figure 3 . Diagram of the MCSL Goniospectrophotometer
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controlled the gonio arm, wavelength positioning, and sample

measurements in the original configuration.

The following describes the modifications made to the

goniospectrophotometer and software developed:

A. Light Sources

The spatial and temporal uniformities of the

irradiated beam from the Xenon lamp were poor. The arc

appeared to wander in the quartz envelope of the Xenon

lamp which translated into non-uniformities during

lengthy measurement times. Due to limited funds and the

high cost of alternate illuminating systems, the Xenon

lamp was replaced with an inexpensive tungsten lamp for

some experiments. The tungsten lamp provided higher

uniformity, but proportionately less power at

wavelengths in the blue region of the spectrum than the

Xenon arc.

An exhaust fan and hose were connected between the

lamp assembly and plenum above the laboratory ceiling to

remove unwanted ozone and heat for safety

considerations .

Figure 4 shows the location of a black tube

inserted between the light source and monochromator.

The tube and appropriately applied black tape reduce

stray light from the lamp housing significantly-
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The lamp assembly was aligned for maximum

throughput and uniformity at the sample plane prior to

making measurements .
*

B . Monochromator

The optical path of the Schoffel holographic

grating monochromator is shown in Figure 4 . A

Micro-adjustable slit at the exit aperture controls the

bandpass of the radiation reaching the sample plane.

The exit slit size and the location of a focusing lens

determine the illuminated sample area. The parameters

were chosen to irradiate a one square centimeter area of

the sample positioned at zero degrees. Wavelength

calibration was performed and later verified by

examination of emissions at known wavelengths for a

Mercury arc lamp and Helium-Neon laser. A Tracor

Northern diode array spectroradiometer was used to

confirm the calibration of exit slit size to half-height

wavelength bandpass.

The Schoffel monochromator was originally

controlled by a SPEX stepping motor and controller.

Analysis of the drive system showed a random error of

one to two nanometers for every fifty nanometers of

* A two-dimensional control was adjusted on the

rear of the lamp housing until the illuminated

sample area (illuminated with 555 nanometer light)

appeared to have maximum brightness and

uniformity.
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wavelength travel. This error was most likely due to

worn parts in a gear reducer connecting the drive to the

monochromator. Figure 3 shows the connection of a new

Superior Electric Company Slo-Syn stepping motor model

M061-FD08 and coupling that proved reliable over the

full wavelength range. The motor was controlled by a

Superior Electric Company Slo-Syn Translator model

STM-101.

As noted in the literature [3
, 7-14 J , instrument

polarization can cause errors in reflectance and

reflectance factor measurements. Reflectance factors

can be measured for the p and s states of polarization

of the illuminating and viewing geometries. Radiation

is polarized parallel to the plane of incidence in the p

state, and the radiation is polarized perpendicular to

the plane of incidence in the s state. Instruments

utilizing an integrating sphere in the illuminating

geometry would measure two reflectance factors for the p

and s states of polarization of the viewing geometry.

Likewise, two measurements of reflectance factors would

be required to characterize the p and s states of

polarization of the illuminating geometry where the

measuring instrument had a integrating sphere in the

viewing geometry instead of the illuminating geometry.

Without an integrating sphere, four measurements of
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reflectance factors are required to characterize the p

and s states of polarization for both the illuminating

and viewing geometries. The average of reflectance

factors measured for each case would equal the

reflectance factors for the unpolarized state. Since

the polarized method requires two or four times the

measurements, and only the unpolarized case of

reflectance factors are desired for our application, the

reflectance factors were directly measured by

depolarizing the incident radiation as much as

possible[3] .

The polarization of the incident beam was checked

by rotating a linear polarizer in the optical path

between a barium sulphate sample and detector. Signal

changes of plus and minus fifty percent indicated a high

degree of polarization in the light source and

monochromator. A circular polarizer, or polarization

scrambler, was positioned at the exit slit of the

monochromator and rotated until the above test showed

essentially no signal change, indicating a depolarized

state. The circular polarizer was secured and the same

test was repeated later during this experimentation to

confirm its proper alignment.
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The second-order effects of the monochromator were

absorbed using cutoff filters which were mounted between

the exit slit of the monochromator and the lens shown in

Figures 3 and 4 . An orange-red filter absorbed the

shorter wavelengths, and a blue-green filter absorbed

the longer wavelengths. In the original design the

filters were manually interchanged at a green wavelength

during a spectral scan. The process was automated by

fabricating an assembly that held the filters to a

computer-controlled solenoid.

Sample Holders

Figure 3 shows the location of the sample holder.

The holder was free to rotate about two axes thus

permitting the sample surface to rotate about the axis

of the irradiating beam and about a vertical axis.

Angles could be positioned with a precision of 5 minutes

of arc.

The original sample holder used a vacuum to secure

a sample during measurement. Since many samples could

not be held by the vacuum system*, c-clamps were often

used to secure samples to the holder. Small pieces of

rubber were used to protect the sample surface from

abrasion.

* The system would not hold porcelain tiles having

a metal rim, samples that were too small, or any

sample with an irregular rear surface.
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The original design included a micrometer to set

the distance between the detector and sample surface

accurately. The micrometer was adjusted for the

thickness differences of samples measured. The

following technique was developed for setting this

micrometer quickly and easily. If the micrometer was

correctly adjusted, the measuring aperture (as seen

through the tele-radiometer) would not deviate from the

center of the illuminated sample area during gonio arm

rotation between the angles of 10 and 80 degrees. The

micrometer was adjusted until the above condition was

met.

The illuminating angle was controlled by the

rotation of the sample holder. At zero degrees the

sample surface is parallel to the exit slit of the

monochromator. Please refer to Figure 5 for the

definitions of illuminating and viewing angles. The

sample could be rotated through 3 60 degrees though the

angles used rarely exceeded plus-or-minus 80 degrees.

As the angle theta increased from zero degrees, the

illuminated sample area increased at the rate of

1/cos (theta) . At the limiting case of 90 degrees and

beyond, the sample blocked the irradiating beam from

striking the sample surface.
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ILLUMINATING AND VIEWING ANGLES

Light

Source

Perpendicular^...

To Sample

Surface

Sample

Detector 0 Illuminating Angle

9 Viewing Angle

Figure 5. Definition of Illuminating and Viewing Angles
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A Borg-Warner temperature controller and

thermoelectric heat pump, model numbers TC-108 and

AHP-3 00 respectively, controlled the temperature of the

sample during measurements. A mount was fabricated to

hold the heat pump at the sample plane. The heat pump

surface could be controlled to within 0.1 degree

Centigrade over the range of -3 0 to 55 degrees

Centigrade.

D. Gonio Arm

The location of the counter-weighted gonio arm is

shown in Figure 3. The arm was free to rotate over 3 60

degrees, but was seldom used beyond the range of 10 to

150 degrees from the irradiating beam. Angles could be

positioned with a precision of 5 minutes of arc. At

angles less than five degrees the radiometer would block

the irradiated beam, and at large angles, the sample

holder would block the irradiating beam.

A stepping motor provided computer control of the

arm. The angle of the arm minus the angle of the sample

holder equals the viewing angle. Figure 5 shows the

illuminating and viewing angles.

The stepping motor controller for the gonio arm

drive was not available, so the stepping motor was

replaced with the same model motor and controller which

was used to control the monochromator.
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The weight of the detector and counter-weighted arm

was so heavy that the arm positioning was accurate only

when continually positioned in the same direction.

Backlash of the gear and drive belt caused positioning

errors when directions were changed. This problem was

solved only by positioning the arm manually when the

direction changed.

E. Detector Systems

A Photoresearch model 1500 Spectra-Spotmeter

radiometer was mounted on the gonio arm as shown in

Figure 3 . Figure 4 shows the optical path from the

sample, through a folding prism, to the detector. This

tele-radiometer is a broad-band instrument that measures

the radiance of an object through a 1.0 degree angle

while simultaneously providing the operator with a view

of the sample field excluding the measuring aperture.

The following changes were made to the radiometer

system. The low sensitivity of the tele-radiometer's

silicon detector to blue wavelengths led to the pursuit

of a PMT detector. A similar meter with a 0.25 degree

measurement and PMT detector was borrowed from the

Imaging and Photographic Science Division of RIT. The

PMT tele-radiometer did not have a computer interface,

but examinations of the original tele-radiometer

revealed the interface was a series of wire connections
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from the rear of a panel meter in the radiometer to an

externally mounted DB25 connector. A hole was cut in

the side of the PMT tele-radiometer for the installation

of a similar connector and wires. The modified

tele-radiometer's interface worked successfully. The

PMT tele-radiometer had more sensitivity at the shorter

wavelength than the silicon detector, but the PMT was

very low in sensitivity at the longer wavelengths. The

PMT tele-radiometer's low sensitivity to red light was

appropriate for use with the tungsten source which was

rich in red output. Neither detector performed well

over the complete visible wavelength range, but the PMT

tele-radiometer gave acceptable results over the

wavelength range from 380 to 700 nanometers. The

silicon tele-radiometer's low sensitivity in the blue

region of the spectrum limited precise measurements at

wavelengths below 420 nanometers, however, there was

good sensitivity which peaked beyond 700 nanometers. It

was not practical to switch the tele-radiometers during

a measurement due to geometry differences between the

instruments. The PMT tele-radiometer was selected for

the remaining measurements. The radiometric filter was

never used during measurements with either

tele-radiometer since spectrally-flat measurements were

not required.
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F. Measurement Standards

Dr. Jack Hsia of the National Institute for

Standards and Technology (NIST) calibrated seven BCRA

tiles and one porcelain tile using 45/0 geometry and a

10 nanometer bandpass. These samples served as

reference standards throughout this thesis.

G. Measurement Techniques

The tele-radiometer used with the goniospectro

photometer measures the radiance* of a sample viewed.

Radiance would be constant for all viewing angles of an

irradiated lambertian surface. Since radiance

measurements are not sensitive to the viewing angle for

lambertian surfaces, the goniospectrophotometer can be

calibrated at one viewing angle and used to measure

reflectance factors at other viewing angles. Any

deviations in the radiance measurements at other viewing

angles indicate a sample surface is non-lambertian.

* "The radiance L is the flux per unit projected

area per unit solid angle leaving a source or, in

general, any reference surface.
"

[15]
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Radiance values are converted to reflectance

factors using the following equation:

Mi

Ri = Rs

Ms

where

Mi = measured radiometer reading of the sample

Ms = measured radiometer reading of the standard

Ri = spectral reflectance factor of the sample

Rs = spectral reflectance factor of the standard

As a sample is rotated from 0 degrees the

illuminated sample area increases by a factor of l/cos0.

Measurements at illumination angles other than 0 degrees

must be multiplied by this factor to correct for the

decreased radiance of area viewed. This correction is

shown in the following equation:

Mi 1

Ri = Rs

Ms cos0

where

Mi = measured radiometer reading of the sample

Ms = measured radiometer reading of the standard

Ri = spectral reflectance factor of the sample

Rs = spectral reflectance factor of the standard

0 = the illuminating angle
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H. Computer Systems

To maintain compatibility with the laboratory's

Digital Equipment Corporation's (DEC) LSI-11/73 computer

system, a Heath Hll computer containing a DEC LSI-11/02

processor, was selected to control the goniospectro

photometer. The Hll computer utilized the RT-11

operating system and could execute programs written in

Oregon Software's Pascal-2 compiler when compiled on the

main laboratory system. The system consisted of a Heath

Hll chassis, LSI-11/02 processor card with a KEV-11

floating point chip, two serial interfaces, a DEC

DRV11-J parallel interface, 56KB of memory, a Data

Technology 10MB fixed disk drive and controller, a

Shugart 801 8 inch floppy drive, and a DEC VT52

terminal.

The parallel interface card was used to control the

radiometer, stepping motor controllers, and

filter-switching solenoid. In some cases solid-state

relays were controlled by the parallel interface which,

in turn, controlled particular devices.

The Hll computer and main laboratory computer were

connected via serial interfaces allowing data to be

transferred to the main computer after collection.
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Goniospectrophotometry Software

The goniospectrophotometry program controls all

automatic operations of the data collection process.

The computer was programmed to control the wavelength

drive of the monochromator, the position of the gonio

arm, and the selection of the blue-green or red-orange

cutoff filters. The computer was able to read the value

present on the radiometer data port, however, the

radiometer's range switch was manually operated. The

program would stop and instruct the operator to increase

or decrease the meter's range switch setting when values

indicated an over-range condition for the meter, or when

an additional digit of data could be obtained by

switching to the next lower setting.

Spectral data could be collected, displayed, and

saved for a specified geometry and sample. The system

also operated in an abridged goniophotometer mode

allowing a range of collection angles to be selected and

measured for one wavelength. The main menu and a

program parameters menu of this software are shown in

Figure 6.

Plot Program

The plot program can read data from binary spectral

data files and ascii text files, solicit operator input

for the names of various axis labels and scaling, and



23

Munsell Color Science Laboratory Spectrogoniophotometer Version 4.0

C: Spectrogoniophotometer Mode Data Collection

G: Goniophotometer Mode (Unite Light) Data Collection

R: Retrieve Data from Disk

D: DISPLAY values from Photometer

W: test WAVELENGTH stepping motor

A: test GONIO ARM stepping motor

P: change program Parameters

X: EXIT program

Select C,G,R,D,W,A,P or X

Munsell Color Science Laboratory Spectrogoniophotometer Version 4 .0

Program Parameters Current Value Default Value

U: Wavelength Delay 350 350

A Gonio Arm Delay 200 200

N Number of Reads Averaged 10 10

S Delay after steps 5000 5000

R Ramped Number of Steps

Delay Ramp Multiplier

5 5

M 3 3

T Radiometer Tolerance 0 00100 0.00100

C White calibration reference DKO HALONA.REF DKO: HALONA.REF

I Wavelength Increment 5 5

1 Starting wavelength 380 380

2 Ending wavelength 780 780

3 Starting scale 0 0

4 Rewind wavelength at EOR TRUE TRUE

5 Delay between radiometer reads 100 100

6 Debug Mode Enabled FALSE FALSE

D: change all parameters to their default values

Select U,A,N,S,R,M,T,C,I,1..6,D or Q(uit :

Figure 6. Gonio Program Menus

Main Menu (top)

Program Parameters Menu (bottom)
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produce plots on a Hewlett Packard HP7475A plotter.

Data points can be unconnected, connected with

lines, or connected by a smooth curve using a taut cubic

interpolation routine [16]. The tautness, lack of

flexibility of the curve, is controlled by a parameter

called gamma. The main menu and scale selection menu of

this software are shown in Figure 7
, and a plot produced

by this software is shown in Figure 8.

K. Convert Program

The convert program permits data to be transferred

from a binary format to an ascii format. The binary

format is very compact and efficient for storage on the

computer system, but it is not readable as text, whereas

a standard ascii coded file may be sent to a terminal

screen or a printer. The program also converts data in

the reverse direction to binary format from ascii text

format.

The program also calculates the mean and standard

deviation of several spectral data files, and performs

curve smoothing [17] on spectral data. The main menu of

this software is shown in Figure 9.

L. First Color Program

The color program reads data files from the gonio

spectrophotometer, requests an operator to select the

desired light source and observer functions, and prints



RIT Munsell Color Science Laboratory Plotting Package

File

File

File

File

File

"STU:h35.24"

"STU:h40.24"

"STU:h45.24

"STU:h50.24"

"STU:h55.24"

H35.24

H40.224

H45.24

H50.24

H55.24

Current File Format : COLOR PROGRAM Data

Data types that can be plotted with this program

C: Color data file format

0: Optronics data file format

X: X,Y data (with description on first line)

enter type of data files you will plot (C,0,X) [C] :

RIT Munsell Color Science Laboratory Plotting Package

File X Y Description

No. Minimum Maximum Minimum Maximum

1 380.0000 760.0000 0.0000 1.0394 H35.24

2 380.0000 760.0000 0.0000 1.0126 H40.224

3 380.0000 760.0000 0.0000 1.0059 H45.24

4 380.0000 760.0000 0.0000 0.9891 H50.24

5 380.0000 760.0000 0.0000 0.9723 H55.24

20 380.0000 760.0000 0.0000 1.0394 OVERALL Min/Max of ab

30 Enter your own M in/Max values for X and Y

40 Enter your own M in/Max values for X (use OVERALL for Y>

50 Enter your own M in/Max values for Y (use OVERALL for X>

60 Use 0..1 for Y (OVERALL for X>

70 Use 0..10C for Y (OVERALL for X>

Select one of the above :

Figure 7. Plotting Program Menus

Input File Selection Menu (top)

Scale Selection Menu (bottom)



26

1.000

0.800

0.600 +

0.400

0.200

0.000

Spectral Reflectance Factors
BCRA Orange NBS Calibr

395.000 485.000 575.000 665.000

Wavelength (nm)

755.000

Figure 8. Plot Produced by the Plotting Program

Data Collected by Dr. Jack Hsia of NIST



27

Data Conversion Program Version 3.3

A:

B:

convert 77 point ASCII data to COLOR binary format

convert 77 point COLOR binary data to ASCII format

X:

T:

convert 512 point TRACOR data file to X,Y format

convert 512 point TRACOR data file to 77 point COLOR binary data

0: convert Optronics data to 77 point COLOR binary data

S: smooth 77 point COLOR binary data

C: calculate mean and standard deviation of 77 point COLOR

binary data f i les

Select A,B,X ,T,0,S,C or Q(uit :

Figure 9. Data Conversion Program Menu
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a report of the desired calculations on the terminal

screen or printer. Spectral data can be displayed,

manually entered, corrected, saved to disk, read from

disk, printed and plotted. Other features include the

creation of daylight illuminants using characteristic

vectors [18], creation of blackbody illuminants using

Planck's radiation law[19], calculation of correlated

color temperature [23] and distribution temperature [ 23 ] .

The color program can perform the following

calculations:

1. CIE 1931 tristimulus values X,Y, and Z[20]

2. CIE 1931 chromaticity coordinates x,y and z[20]

3. CIE 1931 dominant wavelength and excitation

purity [20]

4. CIE 1960 UCS chromaticity coordinates u and v[21]

5. CIE 1976 UCS chromaticity coordinates
u'

and v'[21]

6. CIE 1976 CIELAB coordinates L*
, a*, b*, C*, h, and

color differences[21]

7. CIE 1976 CIELUV coordinates L*, u*,
v*

, C*, h, and

color differences [21]

The main and alternate menus, sample screen output

for a color calculation report, and a plot produced by

the software are shown in Figures 10 through 12 .



Munsell Color Software Version 3.0

enter data file T

retrieve data file U

calculate ties D

CIELab/CIELuv Color Differences 0

dominant wavelength/ exc. purity P

exit from this program S

calculate D.T. of source

calculate C.C.T. of source

display source or sample

correct data file

print/plot data file

change to supplemental menu

select one of the above

Munsell Color Software Version 3.0

calculate R/B ratio values G

multiply data files A

create blackbody source H

zero source and sample arrays J

change user name S

spec, radiant excitance calc.

select 2 or 10 degree observer

change program options

autoprint of calculations

change to main menu

select one of the above

Munsell Color Software Version 3.0

Software Options :

Authorization not needed to EXIT : TRUE

DEC LA100 printer is the system printer :

The system printer is a spooled device

Red/Blue calculations are authorized :

Default Devices System: DAT Data

Default Extensions System: DAT Data

Printed plots are authorized : TRUE

Formfeeds enabled : TRUE

: TRUE

TRUE

TRUE

STU

DAT

enter authorization code to change values

Figure 10. Original Color Program Menus

Main Menu (top)

Supplemental Menu (middle)

Program Options Menu (bottom)



Munsell Color Software Version 3.0

Tristimulus Values :X : 0.46801
02 Y : 0.35699

Z : 0.05885

Chromaticity Coordinates :x : 0.5295135

y : 0.4039031

z : 0.0665834
Sample Description : BCRA Orange NBS Calibr.
Source Description : CIE ILLUMINANT D65

press any key to continue

0.3120379

0.3570251

Munsell Color Software Version 3.0

Chromaticity Coordinates

CIELAB Coordinates
L*

: 66.28902

C*ab : 77.46828

CIELUV Coordinates
L*

: 66.28902

C*uv : 114.19130

u'
: 0.3120379 v'

: 0.5355377

a*

:

Hab :

40.13136

58.79940 degrees

b*
: 66.26318

u*
:

Huv :

98.41176

30.47906 degrees

v*

: 57.92052

press any key to continue

Munsell Color Software Version 3.0

Chromaticity coordinates

Source

Sample

0.3127

0.5295
y : 0.3290

y : 0.4039

Dominant Wavelength : 590.59 nm

Excitation Purity : 81.54 %

the coordinate information can be printed on the system printer

P(rint these values
-or-

any other key to continue (P) :

Figure 11. Original Color Program

Color Calculation Report
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RIT Munssll C; o 1 o i* S cr i ri e l_.at.c_.r3t.0ry Softuar

lO-Jul-1989 13= 17=57 Ui.r ID Z USER

? "-Je-TS-Lort 3_0

Plot of REFLECTANCE FACTOR vs. Wavelength

0.0000 |4-

0000000

I 1 | | | 1 1 | t 1
<

1
e

1 S--I 1 -t 1 1 * | 1 ( 1 i | a 1
?

| 1
*- 1 1 1 j 1

-

1 I
-

1
*-

1 n 1

420 440 AM m 50 520 5 560 5 MM .20 t>40 b.0 .80 700 720 740 %

W-vtLffqUi -_.

Sample Nunber 0 Uaveler^th Increiien. 10 nm File Be.cr 1 p t ior. BCRA Orange MBS C.libr.

Figure 12. Original Color Program

Spectral Reflectance Factor Plot
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M. New Color Program

Before completion of this work, the Munsell Color

Science Laboratory replaced their DEC computers and did

not have a way to execute any of the above software.

Consideration was given to modifying the old color

program to work with the VAX/VMS operating system,

however, the number of changes required were so

extensive that a complete rewrite was performed. The

new color program has all the features of the original

with many new additions including the following:

1. ASTM weights [24] were used to calculate the color

coordinates of samples under standard illuminants

2. ASTM type weights can be calculated [25] for a light

source

3. the color rendering index of a light source [26] can

be calculated

4. screen plots of spectral data are available when the

software is executed using a terminal that supports

REGIS graphics

5. spectral data handling routines were added to allow

the folding and truncating of spectral data

Menus and sample output for this software are shown

in Figures 13 through 16.



Color Program V1.0

Weights Menu

Samples Menu

Light Sources Menu

File Math Menu

Configuration Menu

Help Menu

select one of the above
-or- Q(uit [S] : <_>

ENTER AN ACCEPTABLE CHARACTER

** REMINDER: type a
"?" in response to any prompt to return to this menu

**

SAMPLES MENU

No. 1 SPECTRA : Munsell Patches/ 1

No. 2 SPECTRA : Munsell Patches/ 2

No. 3 SPECTRA : Munsell Patches/ 3

No. 4 SPECTRA : Munsell Patches/ 4

No. 5 SPECTRA : Munsell Patches/ 5

No. 6 SPECTRA : Munsell Patches/ 6

No. 7 SPECTRA : Munsell Patches/ 7

No. 8 SPECTRA : Munsell Patches/ 8

No. 9 SPECTRA : Munsell Patches/ 9

No. 10 SPECTRA : Munsell Patches/ 10

ILLUMINANT : D65

D(isplay E(nter C(orrect R(ead S(ave P(lot LO'st Z(ero spectra

1: select source for color calc 2: enter coordinates of samples

3: calculate color of samples 4: calculate color differences

5: calculate dominant wavelength 6: change display of coordinates

select one of the above
-or- Q(uit to the main menu : <_>

ENTER AN ACCEPTABLE CHARACTER

Figure 13. New Color Program Menus

Main Menu (top)
Samples Menu (bottom)
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0.3390

0.7579-

0.6768-

9.5957

0.5146-

0.4-335-

0.3524-

0.2713-

0.1902-

e.i9i-

0.0290-
i i m i i i i i i n i i i i r'i "i i i i i i i i i i i i i i i i i i i i i i

400 450 500 550 600 50 700 750

press any key to continue

SPECTHUtl L0CU3 PLOT

Observer : 32DEG

Donin-at Uavelength

563.32 lis

Excitation Purity :

8. 64-12

S-nple chroa-ticities

x 9.4189 u : 9.4368
Q^g

Source chroa.t lcit les :

x : 3.3721 u : 9.3751 . ..

4.00

5.80

0.60

0.40

AO0\ /.

700

,
.
-

*

n
.

Ccwplswent.ry Region

0.00 0.60 0.^3 0.SO 0.

press ing key to continue

Figure 14 . New Color Program Screens

Spectra Reflectance Curves (top)
Dominant Wavelength (bottom)
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450 500 550 600

press any key to continue

I I I I I i i i i i i TT

650 700 750

T - 6435. 7310K RMS Error

T 6435 5463K RMS Error

T = 6435 9131K RMS Error

T - 6435 7910K RMS Error

T - 6435 6689K RMS Error

T - 6435 3521K RMS Error

T - 6435 7910K RMS Error

T - 6435 7390K RMS Error

T - 6435 .6689K RMS Error

T = 6435 .7605K RMS Error

T - 6435 . 7300K RMS Error

T - 6435 .6395K RMS Error

T = 6435 .7452K HMS Error

T = 6435 .7306K RMS Error

3.7130O37124S986e91

3. 7 1309371331 llle91

3.713O9371308823e*91

3. 7 130937 1245986c 91

3.71309371253411e*91

3. 7 130037 1268623c 01

3. 7 130937 1245986c 91

3. 7 130937 1249915c 91

3. 7 130037 12534 lle91

3. 7 130937 124 1255c 91

3. 7 130937 1249315e91

3. 7 130037 1244967c *91

3.7130O37124O536eQl

3. 7 130037 12409 15e*01

Distribution Temperature : 6435 K

Source Description : CIE Illurainant F2

Your source can be compared to a 6435 K blackbody spectra

Plot the spectra for comparison on your terminal ? CYl : <_>

Figure 15. New Color Program DT Screens



ILLUMINANT : D65

Sample 1 SPECTRA : Munsell Patches/ 1

Tristimulus Values :

X : 32.99 Y : 29.78 Z : 24.53

Chromaticity Coordinates :

x : 0.3779

u : 0.2385
y :

v :

0.3411

0.3229

z :

V :

0.2810

0.4844

Dominant Wavelength and Excitation Pur

DW : 597.25 Pe :

ity :

0.2123

CIELAB coordinates :

L*
: 61.47

c*_ab: 21.15

a*
:

h_ab :

17.48

34.23

b*
: 11.90

CIELUV coordinates :

L*
: 61.47

c*_uv: 34.97

u*
:

s_uv :

32.51

0.57

v*

:

h_uv :

12.90

21.65

SPECIAL COLOR RENDERING INDICES

TEST SOURCE : F I lluminants/ F7

Sample

Number

1

Munsell Color Appearance

Under Daylight

Special CRI

Notation

7.5R 6/4 Light greyish red 89

2 5Y 6/4 Dark greyish yellow 92

3 5GY 6/8 Strong yellow green 91

4 2.5G 6/6 Moderate yellowish green 91

5 10BG 6/4 Light bluish green 90

6 5PB 6/8 Light blue 89

7 2.5P 6/8 Light violet 92

8 10P 6/8 Light reddish purple 87

9 6.5R 4/13 Strong red 61

10 5Y 8/10 Strong yellow 79

11 4.5G 5/8 Strong green 89

12 3PB 3/11 Strong blue 87

13 5YR 8/4 Light yellowish pink 90

14 5GY 4/4 Moderate olive green 94

GENERAL COLOR RENDERING INDEX : 90

Figure 16. New Color Program Screens

Color Calculation Report (top)
Color Rendering Index (bottom)
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RESULTS

Data for tele-radiometer measurements at two reciprocal

geometries, 0/45, 45/0, 0/30, and 30/0, are shown in

Table 1. Reciprocal geometries will result in similar

reflectance factor measurements, if the tele-radiometer

properly measures radiance.

A hand-pressed sample of barium sulphate was measured

photometrically at several collection angles. These data

were measured using the silicon detector with white light

illumination. The reflectance factors are shown in Figure

17. The values are normalized to 1.0 at 45 degrees to

permit comparison with Clarke's data for the reflectance

factors of barium sulphate [7].

The spectral reflectance factors of Halon [27] are shown

in Figure 18 for a series of geometries from 0/35 to 0/55.

These data were measured using the silicon detector, a

half-height bandpass of 6.6 nanometers, and the tungsten

light source. A BCRA pale gray tile calibrated by NIST was

used as the reference standard. The luminous reflectance

factors, tristimulus value Y, and the CIE psychometric

lightness value, L*, for each geometry, are shown in Figure

19. The spectral reflectance factors of each measurement

are shown in Table 2 . The CIELAB color coordinates and

tristimulus value Y for each geometry are shown in Table 3 .

All color calculations used CIE Illuminant D65 and the two
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Table 1. Comparison of 45/0 and 0/45 Measurements

Ilium. Viewing Measured 1/cos 0 Corrected

Difference

Angle* Angle* Value** factor*** value**** between

0 45 11.60 1.000 11.60

45 0 8.20 1.414 11.6

0 30 11.87 1.000 11.87

30 0 10.26 1.155 11.85

0.0

0.02

* Illuminating and viewing angles in degrees

** Measured values were read from the Photometer display
while measuring hand-pressed barium sulphate at a

wavelength of 550 nm using a 6.6 nm bandpass

*** the inverse cosine factors represent the increased

sample area illuminated at illumination angles

greater than 0 degrees

**** Corrected value = measured value * factor



39

Table 2 . Goniospectrophotometric Properties of Halon

(at selected geometries)

Wavelength 0/35 0/40 0/45 0/50 0/55

(nm) degrees degrees degrees degrees degrees

400 0.999 0.995 0.979 0.968 0.954

420 1.009 1.000 0.986 0.976 0.960

440 0.994 0.986 0.975 0.961 0.950

460 1.021 1.019 0.999 0.989 0.976

480 1.015 1.009 0.994 0.983 0.966

500 1.016 1.004 0.992 0.984 0.970

520 1.015 1.005 0.998 0.987 0.969

540 1.016 1.008 0.996 0.985 0.969

560 1.016 1.008 0.997 0.987 0.972

580 1.017 1.008 0.999 0.987 0.973

600 1.033 1.029 1.014 0.998 0.983

620 1.032 1.024 1.011 0.998 0.985

640 1.031 1.026 1.011 1.000 0.985

660 1.032 1.025 1.014 0.995 0.986

680 1.030 1.019 1.009 0.993 0.977

700 1.024 1.014 1.005 0.990 0.980

NOTES :

1) The above data were measured using a 6.6 nm bandpass

following photometric calibration using a pale gray

BCRA tile calibrated by NIST.
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Table 3 . CIELAB Coordinates as a Function of Viewing
Angle for Halon

Viewing
Angle

Y L* a* b* dE

35 102.2 100.9 1.38 0.16 0.91

40 101.4 100.5 1.56 0.02 0.78

45 100.0 100.0 1.12 0.40

50 99.1 99.7 1.15 0.28 0.37

55 97.6 99.1 1.37 0.16 0.99

NOTES :

1) Illuminating angle was 0 degrees, viewing angles

are expressed in degrees.

2) CIELAB coordinates and luminous reflectance, Y,

were calculated for CIE Illuminant D65 and the

2 degree observer.

3) CIELAB color differences are calculated between

the 0/45 measurement and all other viewing angles.
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Goniophotometric Properties of Barium S_i_phate

1.2-

R

e
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1
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t

0

r

0.8"

E-rg
&

0.4--

0.0'

+

10 30 50 70 90

Collection Angle (degrees)

D R (measured)
-o R (Clarke)

NOTES:

1) Illuminating angle was 0 degrees.

2) Luminous reflectance factors are shown for

hand-pressed barium sulphate normalized to

a value of 1.0 at a geometry of 0/45 for

comparison with Clarke's data[7].

Figure 17. Goniophotometric Properties of Barium Sulphate
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Goniospectrophotometric Properties of Halon

R

e

f

1

e

c

t

a

n

c

e

F

a

c

t

0

r

i.
i

0.9

i .

o-=r_-

400 500 600

Wavelength (nm)

0/35

0/40

0/45

0/50

700

0/55

NOTES

1) Spectral reflectance factors are shown for Halon

measured using a 6.6 nm bandpass following

photometric calibration using a pale gray BCRA

tile calibrated by NIST.

Figure 18. Goniospectrophotometric Properties of Halon
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Goniophotometric Properties of Halon

103

101~

Collection Angle

Luminous Reflectance (Y)

Psychometric Lightness (L*)

NOTES

1) Illuminating angle was 0 degrees, viewing angles

are expressed in degrees.

2) CIELAB coordinates and luminous reflectance, Y,

were calculated for CIE Illuminant D65 and the

2 degree observer.

3) CIELAB color differences are calculated between

the 0/45 measurement and all other viewing angles

Figure 19. Goniophotometric Properties of Halon
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degree observer.

The 0/45 spectral reflectance factors of five BCRA

tiles were measured four times using the PMT detector, a

half-height bandpass of 6.6 nanometers, and the xenon arc

light source. The average of four measurements for each

tile and the standard deviations are shown in Figures 2 0

through 29. Reflectance factors measured by NIST are

plotted with the averaged values for comparison. Spectral

reflectance factor averages, NIST calibration values,

standard deviations, and the difference between the averages

and NIST values, are shown in Tables 4 through 8. CIELAB

color coordinates and color differences are shown in Table 9

using CIE Illuminant D65 and the two degree observer.



45

Table 4. Spectral Reflectance Factors of

a Cyan BCRA Tile

Wavelength NIST* MEASURED** SDEV*** NIST MINUS

(nm) VALUES

0.167

(N=4)

0.179

(N=4)

0.001

MEASURED

380 -0.012

390 0.215 0.216 0.001 -0.001

400 0.260 0.261 0.007 -0.002

410 0.298 0.294 0.002 0.004

420 0.332 0.328 0.002 0.004

430 0.363 0.364 0.007 -0.001

440 0.388 0.384 0.001 0.004

450 0.409 0.405 0.002 0.004

460 0.424 0.421 0.002 0.003

470 0.430 0.421 0.002 0.008

480 0.424 0.419 0.003 0.005

490 0.406 0.402 0.001 0.004

500 0.375 0.370 0.001 0.005

510 0.333 0.327 0.002 0.006

520 0.286 0.281 0.001 0.004

530 0.241 0.237 0.002 0.004

540 0.201 0.198 0.001 0.003

550 0.167 0.164 0.001 0.002

560 0.139 0.139 0.001 0.000

570 0.118 0.119 0.001 0.000

580 0.102 0.103 0.000 -0.001

590 0.090 0.093 0.001 -0.003

600 0.081 0.081 0.000 0.000

610 0.074 0.074 0.001 0.000

620 0.070 0.070 0.000 0.000

630 0.068 0.067 0.001 0.000

640 0.067 0.067 0.001 0.000

650 0.067 0.068 0.001 0.000

660 0.070 0.070 0.001 0.000

670 0.074 0.074 0.000 0.000

680 0.080 0.080 0.001 0.000

690 0.088 0.089 0.001 -0.001

700 0.099 0.098 0.001 0.001

710 0.111 0.110 0.001 0.002

720 0.122 0.118 0.002 0.004

730 0.129 0.124 0.003 0.004

740 0.132 0.128 0.000 0.004

750 0.132 0.118 0.002 0.015

760 0.131 0.106 0.014 0.025

* 45/0 measurements by Dr. Jack Hsia of NIST

** Average of 4 spectral reflectance factor measurements

using a 6.6 nm bandpass after photometric calibration

to a pale gray BCRA tile calibrated by NIST

*** Standard deviation of the four measurements
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Table 5 . Spectreil Reflectance ]Factors of

a Dark Gray BCRA Tile

Wavelength NIST* MEASURED** SDEV*** NIST MINUS

(nm) VALUES

0.045

(N=4)

0.046

(N=4)

0.001

MEASURED

380 0.000

390 0.046 0.046 0.000 0.000

400 0.047 0.047 0.000 0.000

410 0.047 0.048 0.000 -0.001

420 0.047 0.047 0.000 0.000

430 0.047 0.047 0.000 0.000

440 0.047 0.046 0.001 0.001

450 0.047 0.046 0.001 0.001

460 0.047 0.047 0.001 0.000

470 0.047 0.046 0.001 0.001

480 0.047 0.046 0.001 0.001

490 0.047 0.046 0.001 0.001

500 0.047 0.046 0.001 0.001

510 0.047 0.047 0.000 0.000

520 0.048 0.048 0.001 0.000

530 0.049 0.049 0.001 0.001

540 0.050 0.049 0.001 0.001

550 0.051 0.050 0.000 0.001

560 0.050 0.050 0.001 0.000

570 0.049 0.049 0.000 0.000

580 0.048 0.048 0.001 0.000

590 0.048 0.048 0.001 0.000

600 0.047 0.047 0.001 0.000

610 0.047 0.047 0.000 0.000

620 0.048 0.048 0.000 0.000

630 0.049 0.049 0.001 0.000

640 0.050 0.050 0.001 0.000

650 0.050 0.050 0.000 0.000

660 0.051 0.051 0.000 0.000

670 0.054 0.054 0.000 0.000

680 0.060 0.059 0.000 0.001

690 0.069 0.068 0.001 0.001

700 0.081 0.079 0.001 0.002

710 0.095 0.092 0.001 0.003

720 0.110 0.105 0.003 0.005

730 0.125 0.120 0.004 0.005

740 0.140 0.136 0.006 0.005

750 0.155 0.132 0.012 0.023

760 0.166 0.117 0.020 0.049

* 45/0 measurements by Dr. Jack Hsia of NIST

** Average of 4 spectral reflectance factor measurements

using a 6.6 nm bandpass after photometric calibration

to a pale gray BCRA tile calibrated by NIST

*** Standard deviation of the four measurements



47

Table 6. Spectral Reflectance ;Factors of

a Deep Pink BCRA Tile

Wavelength NIST* MEASURED** SDEV*** NIST MINUS

(nm) VALUES

0.146

(N=4)

0.140

(N=4)

0.002

MEASURED

380 0.006

390 0.145 0.141 0.003 0.005

400 0.142 0.138 0.003 0.004

410 0.136 0.134 0.003 0.002

420 0.127 0.126 0.002 0.001

430 0.117 0.115 0.001 0.002

440 0.106 0.105 0.001 0.002

450 0.097 0.095 0.001 0.002

460 0.088 0.087 0.001 0.001

470 0.080 0.079 0.001 0.001

480 0.074 0.073 0.001 0.001

490 0.069 0.068 0.001 0.001

500 0.065 0.064 0.001 0.001

510 0.064 0.063 0.001 0.001

520 0.064 0.063 0.001 0.001

530 0.066 0.065 0.001 0.001

540 0.071 0.070 0.002 0.001

550 0.079 0.077 0.001 0.002

560 0.090 0.088 0.001 0.002

570 0.104 0.101 0.002 0.003

580 0.122 0.118 0.002 0.004

590 0.146 0.139 0.002 0.007

600 0.175 0.169 0.004 0.007

610 0.209 0.202 0.003 0.007

620 0.247 0.238 0.002 0.009

630 0.288 0.277 0.003 0.010

640 0.329 0.315 0.004 0.014

650 0.368 0.357 0.002 0.011

660 0.405 0.393 0.004 0.012

670 0.440 0.429 0.002 0.012

680 0.469 0.457 0.003 0.013

690 0.492 0.483 0.007 0.009

700 0.511 0.495 0.001 0.016

710 0.527 0.510 0.006 0.017

720 0.538 0.514 0.002 0.024

730 0.544 0.524 0.005 0.020

740 0.547 0.521 0.007 0.026

750 0.547 0.487 0.008 0.061

760 0.545 0.401 0.011 0.144

* 45/0 measurements by Dr. Jack Hsia of NIST

** Average of 4 spectral reflectance factor measurements

using a 6.6 nm bandpass after photometric calibration

to a pale gray BCRA tile calibrated by NIST

*** Standard deviation of the four measurements



48

Table 7. Spectral Reflectance Factors of

a Green BCRA Tile

Wavelength NIST* MEASURED** SDEV*** NIST MINUS

(nm) VALUES

0.055

(N=4)

0.065

(N=4)

0.000

MEASURED

380 -0.010

390 0.061 0.065 0.001 -0.004

400 0.067 0.069 0.000 -0.002

410 0.071 0.072 0.000 -0.001

420 0.076 0.076 0.001 0.000

430 0.082 0.085 0.001 -0.002

440 0.092 0.091 0.002 0.001

450 0.104 0.104 0.000 0.000

460 0.124 0.124 0.001 0.000

470 0.153 0.149 0.001 0.003

480 0.193 0.191 0.001 0.002

490 0.242 0.239 0.004 0.004

500 0.291 0.290 0.002 0.001

510 0.317 0.316 0.001 0.001

520 0.310 0.308 0.002 0.002

530 0.282 0.281 0.003 0.002

540 0.246 0.244 0.002 0.002

550 0.211 0.209 0.001 0.002

560 0.181 0.180 0.001 0.001

570 0.157 0.157 0.002 0.001

580 0.139 0.141 0.003 -0.003

590 0.124 0.124 0.001 -0.001

600 0.113 0.113 0.001 0.000

610 0.105 0.105 0.001 0.000

620 0.100 0.099 0.001 0.000

630 0.096 0.096 0.001 0.000

640 0.095 0.096 0.001 0.000

650 0.096 0.097 0.001 0.000

660 0.099 0.099 0.000 0.000

670 0.104 0.105 0.000 -0.001

680 0.111 0.112 0.001 0.000

690 0.121 0.133 0.018 -0.011

700 0.134 0.133 0.001 0.001

710 0.149 0.148 0.000 0.001

720 0.161 0.159 0.002 0.002

730 0.169 0.167 0.004 0.002

740 0.173 0.169 0.004 0.004

750 0.174 0.167 0.012 0.007

760 0.173 0.146 0.016 0.026

* 45/0 measurements by Dr. Jack Hsia of NIST

** Average of 4 spectral reflectance factor measurements

using a 6.6 nm bandpass after photometric calibration

to a pale gray BCRA tile calibrated by NIST

*** Standard deviation of the four measurements
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Table 8 . Spectral Reflectancei Factors of

a Orange BCRA Tile

Wavelength NIST* MEASURED** SDEV*** NIST MINUS

(nm) VALUES

0.048

(N=4)

0.051

(N=4)

0.000

MEASURED

380 -0.003

390 0.049 0.050 0.000 0.000

400 0.050 0.050 0.000 0.000

410 0.051 0.050 0.000 0.001

420 0.051 0.050 0.001 0.001

430 0.052 0.050 0.001 0.002

440 0.052 0.051 0.000 0.001

450 0.053 0.051 0.000 0.001

460 0.053 0.052 0.000 0.001

470 0.054 0.053 0.000 0.001

480 0.055 0.053 0.000 0.001

490 0.055 0.054 0.000 0.002

500 0.057 0.055 0.000 0.002

510 0.062 0.060 0.000 0.002

520 0.067 0.064 0.001 0.002

530 0.075 0.071 0.001 0.004

540 0.108 0.098 0.001 0.011

550 0.215 0.190 0.002 0.025

560 0.399 0.374 0.003 0.025

570 0.545 0.524 0.009 0.021

580 0.620 0.604 0.002 0.016

590 0.662 0.639 0.006 0.023

600 0.693 0.685 0.003 0.007

610 0.714 0.706 0.005 0.009

620 0.729 0.718 0.002 0.011

630 0.741 0.732 0.004 0.009

640 0.750 0.742 0.001 0.008

650 0.759 0.751 0.002 0.008

660 0.768 0.761 0.003 0.007

670 0.779 0.774 0.002 0.005

680 0.790 0.782 0.003 0.008

690 0.799 0.791 0.002 0.008

700 0.807 0.794 0.002 0.013

710 0.815 0.804 0.005 0.011

720 0.820 0.809 0.008 0.011

730 0.823 0.815 0.005 0.008

740 0.825 0.818 0.013 0.007

750 0.826 0.818 0.000 0.009

760 0.828 0.772 0.014 0.056

* 45/0 measurements by Dr. Jack Hsia of NIST

** Average of 4 spectral reflectance factor measurements

using a 6.6 nm bandpass after photometric calibration

to a pale gray BCRA tile calibrated by NIST

*** Standard deviation of the four measurements
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Table 9. CIELAB Color Differences of BCRA Tile Measurements

BCRA TILE MEASURED BY L* a* b* dE

CYAN NIST 49.74 -12.88 -33.47

RIT 49.54 -12.37 -33.35 0.57

DARK GRAY NIST 26.38 -0.46 0.94

RIT 26.26 -0.25 0.96 0.23

DEEP PINK NIST 40.43 30.66 6.26

RIT 39.88 30.03 5.75 0.98

GREEN NIST 51.38 -35.48 14.56

RIT 51.28 -35.12 12.59 0.34

ORANGE NIST 66.29 40.13 66.26

RIT 65.31 41.21 65.27 1.77

NOTES :

1) 45/0 measurements by Dr. Jack Hsia of NIST

2) RIT reflectance factors measured using 0/45

geometry and 6.6 nm bandpass after photometric

calibration to a pale gray BCRA tile calibrated

by NIST

3) Color coordinates calculated using CIE

Illuminant D65 and the 2 degree observer
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Spectral Reflectance Factors of CYAN BCRA Tile

Wavelength (nm)

NIST Values

Average of 4 Measurements

NOTES:

D

2)

NIST data measured by Dr. Jack Hsia

Average of 4 spectral reflectance factor

measurements using a 6.6 nm bandpass after

photometric calibration to a pale gray BCRA

tile calibrated by NIST

Figure 20. Spectral Reflectance Factors of

a Cyan BCRA Tile
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Standard Deviation of

Spectral Reflectance Factors of CYAN BCRA 'ile
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Figure 21. Standard Deviation of Spectral Reflectance

Factors of a Cyan BCRA Tile
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Spectral Reflectance Factons of DRKGRY BCRA Tile
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NOTES:

1) NIST data measured by Dr. Jack Hsia

2) Average of 4 spectral reflectance factor

measurements using a 6.6 nm bandpass after

photometric calibration to a pale gray BCRA

tile calibrated by NIST

Figure 22. Spectral Reflectance Factors of

a Dark Gray BCRA Tile
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Standard Deviation of

Spectral Reflectance Factors of DRKGRY BCRA Tile
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Figure 23. Standard Deviation of Spectral Reflectance

Factors of a Dark Gray BCRA Tile
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Spectral Reflectance Factors of DEPPNK BCRA Tile

420 460 500 540 580 620 660 700 740

Wavelength (nm)

NIST Values

Average of 4 Measurements

NOTES:

1) NIST data measured by Dr. Jack Hsia

2) Average of 4 spectral reflectance factor

measurements using a 6.6 nm bandpass after

photometric calibration to a pale gray BCRA

tile calibrated by NIST

Figure 24. Spectral Reflectance Factors of

a Deep Pink BCRA Tile
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Standard Deviation of

Spectral Reflectance Factors of DEPPNK BCRA Tile
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Figure 25. Standard Deviation of Spectral Reflectance

Factors of a Deep Pink BCRA Tile
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Spectral Reflectance Factors of GREEN BCRA Tile

Wavelength (nm)

NIST Values

Average of 4 Measurements

NOTES :

1) NIST data measured by Dr. Jack Hsia

2) Average of 4 spectral reflectance factor

measurements using a 6.6 nm bandpass after

photometric calibration to a pale gray BCRA

tile calibrated by NIST

Figure 26. Spectral Reflectance Factors of

a Green BCRA Tile
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Standard Deviation of

Spectral Reflectance Factors of GREEN BCRA Tile
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Figure 27. Standard Deviation of Spectral Reflectance

Factors of a Green BCRA Tile
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Spectral Reflectance Factors of ORANGE BCRA Tile

460 500 540 580 620 660

Wavelength (nm)

NIST Values

Average of 4 Measurements

NOTES :

1)

2)

NIST data measured by Dr. Jack Hsia

Average of 4 spectral reflectance factor

measurements using a 6.6 nm bandpass after

photometric calibration to a pale gray BCRA

tile calibrated by NIST

Figure 28. Spectral Reflectance Factors of

a Orange BCRA Tile
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Standard Deviation of

Spectral Reflectance Factors of ORANGE BCRA Tile
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DISCUSSION

The cosine factors (shown in Table 1) correct measured

radiance values for the increased area illuminated when

illuminating angles are increased from zero degrees.

Differences between corrected measurements of reciprocal

geometries were minor, indicating the cosine factors

accurately accounted for the decreased radiance values

measured at non-zero illuminating angles.

Clarke's data [7] was used to confirm the radiometer

operation. As shown in Figure 17, the measured luminous

reflectance factors overlay Clarke's data over the range of

15 to 60 degrees. Beyond 60 degrees the measured

reflectance factors decrease more rapidly than Clarke's

values because the tele-radiometer measured beyond the

illuminated sample area*. As the viewing angle is increased

with the illuminating angle held constant at 0 degrees, the

viewed sample area increases. The differences observed

would have been greatly or completely reduced if the

illuminated sample area was increased from one square

centimeter to a much larger area. As the illuminated sample

area increases the power per square centimeter decreases

proportionately- Since viewing angles over 60 degrees were

* The surface characteristics of barium sulphate

samples measured by Clarke could have been

different than those measured during this thesis,

however, one could observe the measuring aperture

viewing more than illuminated sample area during
measurement at large viewing angles.
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not going to be used and increasing the illuminated sample

area would decrease the radiance measured for all samples,

the illuminated area was not increased from one square

centimeter. Some differences between Clarke's data and the

measured

Spectral reflectance factors of Halon decrease as the

viewing angle is increased, as shown in Figure 18. Patterns

observed in the data near 440 and 460 nanometers may have

resulted from radiometer non-linearities. The rise in value

at 600 nanometers coincides with the change from the cyan

filter to orange-red filter. The radiometer range switch

was changed from one scale setting to the next near these

wavelengths. The above patterns were not observed when

measuring the spectral reflectance of the sample on a Milton

Roy Match Scan II spectrophotometer, and Grum's data[27]

does not show the patterns. Reflectance factors calculated

from these data show a similar relationship with geometry

changes as reported by Grum[27] and Fairchild[6] though

spectral reflectance factors do not show a similar

relationship. Differences could be due to poor sample

uniformity or uniformity of the irradiating beam, which were

not checked.

The measurements of the BCRA tiles are shown in Figures

20 through 29. The greatest discrepancies are observed at

longer wavelengths where the PMT radiometer had very low
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sensitivity. The standard deviations seldom rose above

0.005 from 380 to 700 nanometers, but were as high as 0.020

from 700 to 760 nanometers. The largest standard deviations

are observed throughout the wavelength range where the PMT

radiometer has very low sensitivity. CIELAB color

differences between measured values and NIST's measurements

were typically less than 1.0, and the orange BCRA tile

measurements had the largest color difference of 1.77. The

orange tile had the steepest spectral reflectance factor

curve of all samples measured and therefore was the most

difficult to measure accurately.

The low sensitivity of the silicon detector

tele-radiometer would prevent its use for non-white samples,

however, it could be used for near-white and white samples

if the non-linearities of the measuring system were

characterized. The PMT tele-radiometer had sufficient

sensitivity to measure colored samples and white samples

from 380 to 700 nanometers. Beyond 700 nanometers the meter

sensitivity was so low (as indicated by noisy data and large

standard deviations) that measurements may be inaccurate.
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CONCLUSION

The goniospectrophotometer is a versatile instrument

that will surely be used for many applications in the

pursuit of appearance research. This thesis work has

improved the instrument, but modifications will continually

be required as new technologies become available and new

applications are pursued.

Since the time that data were collected for this

thesis, the RIT Munsell Color Science Laboratory has

replaced the goniospectrophotometer'

s detector with a

Photoresearch diode array radiometer. The new detector

provides monochromatic collection, allowing samples to be

irradiated with white light, permitting the collection of

spectral total radiance factors* of fluorescent samples. It

is recommended for future research to utilize monochromatic

illumination and collection to permit the measurement of

spectral reflected** and spectral fluorescent*** radiance

factors.

* "The total radiance factor is the sum of the

reflected and fluorescent radiance factor- " [22]

** "The reflected radiance factor is the ratio of

the radiance due to reflection of the medium to

that of a perfect reflecting diffuser identically
irradiated. "[22]

*** "The fluorescent radiance factor is the ratio

of the radiance due to fluorescence of the medium

to that of a perfect reflected diffuser

identically irradiated. " [22]
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The data collection and storage capacity of today's

computers have made the effective use of a

goniospectrophotometer possible. Years ago, a

goniophotometer was considered by researchers to collect

massive amounts of data to characterize a sample. Now,

spectral evaluations can produce twenty to forty times more

data (20 or 10 nanometer data) per measurement. What seems

impractical today, may not be so tomorrow.
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APPENDIX

This section contains compiler listing of software

written to collect and reduce data from the

goniospectrophotometer. The source code has been split into

the following sections for easier access:

(A) GONIO: A goniospectrophotometer data collection program

for the DEC RT-11 operating system.

(B) PLOT: A plotting program for the DEC RT-11 and S & H

Computing TSX+ operating systems.

(C) CONVERT: A data file conversion program for the DEC

RT-11 and S & H Computing TSX+ operating systems.

(D) COLR: A spectra handling and color calculation program

for the DEC RT-11 and S & H Computing TSX+ operating

systems .

(E) COLOR: A spectra handling and color calculation program

for the DEC VAX/VMS operating system.



APPENDIX A

GONIO PROGRAM

The gonio program permits a user to collect, display,

and save spectral reflectance factor data from the Munsell

Color Science Laboratory Goniospectrophotometer. The

program consists of the following modules:

Al. GONIO. PAS: a goniospectrophotometer data collection

program.

A2 . PTWAIT.MAC: a procedure to suspend program execution

for a specified number of l/60th second increments.
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APPENDIX B

PLOT PROGRAM

The plot program permits a user to plot data collected

from the Munsell Color Science Laboratory Goniospectro

photometer and other other sources. The program consists of

the following modules:

Bl. P4N.PAS: the main program.

B2 . P4NB.PAS: external user interface routines.

B3. P4NSPL.PAS: taut cubic spline and interpolation

routines.
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APPENDIX C

CONVERT PROGRAM

The convert program permits a user to convert data

between various data types used in the laboratory. The

program is commonly used to convert between ASCII xy data

and binary format. The program consists of the following

module:

Cl. CONVRT.PAS: a data file conversion program.
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APPENDIX D

COLR PROGRAM

The original color program permits a user to enter,

correct, display, retrieve, and save spectral data from the

Munsell Color Science Laboratory Goniospectrophotometer and

other sources. The program also provides color

calculations, plots on a DEC LA100 printer, and spectral

manipulation with simple mathematical functions. The

program consists of the following modules:

Dl. COLR. PAS: the main program.

D2. COLR00.PAS: a module to automatically print the results

of up to 10 spectra.

D3 . COLR01.PAS: a module to manipulate Planckian radiator

data.

D4. COLR02.PAS: a module to calculate the distribution

temperature of a light source.

D5. COLR03.PAS: a module to calculate the correlated color

temperature of a light source.

D6. COLR04.PAS: a module to select color matching functions

and display a fancy menu.

D7. COLR05.PAS: a module to print a file and color

coordinates.

D8. COLR06.PAS: a module to calculate the dominant

wavelength and excitation purity of a sample.

D9. COLR07.PAS: a module to plot spectra on a DEC LA100

printer.

D10. COLR08.PAS: a module to calculate the color coordinates

of sources and samples.



Dll. COLR09.PAS: a module to correct and display spectral

data.

D12. COLR10.PAS: a module to load and change program

options.

D13. C0LR11.PAS: a module to enter spectral data by hand.

D14. C0LR12.PAS: a module to manipulate spectral data using

simple mathematical functions.
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APPENDIX E

COLOR PROGRAM

The new color program permits a user to enter, correct,

display, plot, retrieve, and save spectral data. The

program also provides color calculations, spectra

manipulation with several mathematical functions,

calculation of color rendering index, calculation of ASTM

type weights from light source data, taut cubic spline

interpolation of x,y data, and the ability to manually enter

the color coordinates of samples (xyY, XYZ
, CIELAB, CIELUV,

uv, and u'v') for color difference calculations. There is

also a feature that permits a FORTRAN subroutine to be

linked with the main program for custom color difference

eguations. The program consists of the following modules:

El. COLOR. PAS: the main program.

E2. SPECTRA. HDR: a library of spectra handling routines.

E3. MILPK4.HDR: a library of user interface routines.

E4. SPLINE. HDR: taut cubic spline and interpolation

routines.
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