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REFLECTANCE CHARACTERISTICS OF

THE VIKING LANDER CAMERA REFERENCE TEST CHARTS

by

Stephen D. Wall, Ernest E. Burcher and Daniel J. Jobson

SUMMARY

Reference test charts will provide radiometric, colorimetric, and spatial
resolution references for the Viking lander cameres on Mars. Reflectance
measurements of these references are described, including the wbsoluhe
bidirectioﬁal reflectance of the radicmetric references and the relative
sﬁectral reflectance of both radiometric and colorimetric references. Results
show that the bidirectional reflectance of ‘the radiometric references is
Lambertian to within +7% for incidence angles between 20° and 60°, and that
their spectral reflectance is constant with wavelength to within jﬁ% over the
spectral range of the cemeras. Estimated accuracy of the measurements io
40,04 in sbsolute reflectence, +0.02 in relative bidirectional reflectance,

and +0.05 in relative spectral reflectance.



INTRODUCTION

Bach of the two Viking landers scheduled to land on Mars in 1976 will use
two identical camevas to spatially, radiometrically, and {to a lesser extent)
spectrally characterize the surrounding area. The camera is a multispectral
rediometer with a mechaniecally scenning mirror, which provides the potential
for high rediometric accurecy beceuse of its use of single photodiodes to
image an entire scene. The cameras feature an arrey of 12 silicon photodiodes,
consisting of four broadband chennels with selectable focus for high-resolution
imaging, one bropdband channel for rapid survéys, six narrowband channels for
multispectral imaging (color and near-infrared), and one narrowband chennel
for scanning the sun. This capability requires that eleven calibrations be
maintained for each camera thfoughout the life of the spacecrafts (since the
sun-imaging diode is not calibrated). To help meet these calibretion require»
ments each lander will cerry three reférenge test charts (RTC). These charts
provide eleven reflectance references (grey scales) for radiometric calibration
of the cameras, three colorimetric references for reconstruction of color |
images, and three sets of tribar patterns for testing spatial freguency
response.

Of primery importance are the reflectance characteristics of the grey
scales, which are used for absolute rediometric celibration. This pﬁper
presents measurements of their abscolute bidirectional reflectance énd relative
spectral reflectance, which together provide the required reflectance data.
This paper also presents measurements of the relative spectfﬁl reflecfance of
" the color patches, spatial data about the tribars, and an eprof analysis of

the reflectance measurements.,
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LIST OF SYMBOLS

phase angle, deg

gondoradiometer semple plane illumination, W/cmE-Um
photogensor signal current, A

photosensor nolse current, A

number of encodling levels

ebsolute spectral bidirectional reflectance

MgCO3 (reference) broadband hemispherical reflectance
broadband bildirectional reflectance

MgCO3 (reference)} broadband bidirectional ref'lectonce
equivalent Lambertisn reflectance

responsivity, A/W

drift, V

photosensor rms noisc, V

quantization noise, V

dynamic fange, 1)

reflectance deviation from Lembertian

largest reflectance deviation from Lambertian over all
measured incidence angles, 10° < 1 < 80°

largest reflectance deviation from Lembertian over
restricted range of incidence angles, 20° < 1 < 60°
viewing angle, deg

illuminetion engle,. deg

waveiength, Hm
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pl(0), 371,2,...5
T, ()

Subscripts

Superscripts

illuminetion scattering funetion

apeétral reflectancs

published measurements of MgCOB, reflectance

Viking camersa lens transmission

i'th RTC grey patch

MgC0, reference

absolute measurement
relative measurement (normalized to 1.0)

average



GEWERAL DESCRIPTION
OF THE REFERENCE TEST CHART

Physical Charscteristics

The reference test chart, shown in figure L, consists of eleven 2.5 om
square grey patches, three 2.5 cm square red, green and blue pabtches, and
three sets of tribar patterns. The tribars, which are used to evaluate the
cameras spatial frequenecy response, consist of grey material having a
reflectance of 0.40 and black bars having a reflectance of 0.02 (ref. 1). fThe
spetiel frequencies of the tribar patterns vere measured on six non-flight test
charts. Average spatiel frequencies and deviations frzm the average for the
six measured charts are summarized in TPable I, The two white patches in the
upper left and right corners contain boron nitride and antimony oxide pigments,
which change reflectance with the amount of sbscorbed ultraviolet light. These
patches are intended to measure ultraviolet light levels on Mars as a part of

the Viking Physical Properties Science Team experiment:.

Location

Three test charts are mounted on each of the twp Viking landers ag shown
in figure 2. Bach camera has its own chart located 1,0 m from it with the
chart surface normal teo the camera line of sight. The third chart ig 1.1l m
from each camera, oriented normal to the plane containing both camera lines
of sight and forming a 23° angle with each.

The charts are located on the top of the lander hetween the two rédio_

isotope-thermoelectric generators. This location protects the test charts to

)4 .



b
gome extent from degradetion by windblown sand. However, 1t also nermits
reflection from parts of the lander structure to edd to the light incident on
the charts, which impairs the mccuracy of radiometric calibration. Another
disadvantage of the charts locations 1s that their remoteness from the Mars
surface complicates comparisons with the Martiean surface. Special imeging
sequences are reguired to view the reference test charts, and different

illumination and viewing geometries must be sccounted for.

Use For Radiometric Calibration

The primary purpose of the itest chart is to provide reference surfaces
with known reflectance properties which can be compared to elements of the
Martien éurface to dztermine their reflectance without relying on pre-flight
calibrations. It makes such comparisons appreciably easier if the reference
surfaces have a spectrally flat reflectance within the camera spectbral bandwidth
and a Lambertian illuminatioﬁ scattering function (ref. 2). High acecuracy
calibration using the test cherts would reguire that any departures of the
reflectances from spectral flatness or Lambertian scattering he taken inte

consideration before making comparisons with the Mars surface.



MEASUREMENT THEQORY AND PROCEDURES

Assumptions and Theory

Separation of variables.- Complete cheracterizetion of absolute

reflectance r*(1, €, g, A) as & Tunction of wavelength and illumination

and viewing geometry is generally not practical because of the large number of
measurements involved. It has therefore become customary to ascime that the
wavelength dependence of the reflectance function is independent of illumination
and viewing angles, and hence to peparatc absolute spectral reflectance or
albedo, p*(A), from relative bidirectional reflectance or illumination

scattering funetion, ¢(1, €, &), so that

r#(1, €, g; A) = P*(}\) &;(1: g, g)

where 1 is the illuminetion angle, € +the viewing angle, g the phase
angle, and A wavelength. The tilde (™) is used to indicate normalization
to a pesk velue of 1.0, and the asterisk (*)} to indicate an absolute
measurement .

The use of this separation in measuring r*{1, €, g, A) has the inherent
disadvantage that it requires narrowband sbsolute measurements. If instead
the ebsolute bidirectlional reflectance is measured with a spectrally unfiltefed
(i.e., broadband) photosensor, then higher signal-to-noise ratiﬁs,_and hence
accuracies, can be obtained for the wide bandwidth reguired to meke rapid
| meéauréments. For this reaeson, the abstiute reflectance of the i'th test

chart patch, r?(l, €y By A) - is mssumed to De separable into
.r'{(x_,' €, 8 A) =5.(0) e, 8) (1)
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where ﬁi(l) is the relative spectral reflectance, 0 5_ﬁi £ 1,0, and rz(l,s,
g) +the absolute bidirectional reflectance.

Absolute bidireectional measurements.~ ‘Ihe sbsolute bidircetional

reflectance of the grey patchas was determined by messuring the radiance of
the 1'th RTC patch relative to that of & magnesium carbonate (Mgcoﬁ) referercae
under identical illumination. The ratio of signals generated by these

radliances is given by

I, € g) r (1, €, g) S H(A) p, (M) R(A) 7, (X) ah

Ir(1=10°, €=0°, 2=10°) ¥ (1=10°, e=0°, g=10°) f H(A)Dr(l)R(A)TR(A) ahA

vhere I is the detector signal and H(A) the irradiance of the sample
plane. A comparison with magnesium carbonate was made at 1 = 10°, € = 0°,
g = 10° +to avoid the known bhackscatter peak near uero phase angle yet
maintain High signal level., For this geomebry, the value of r. is taken
to be (0.968)(cos 10°), which is a mean value of published datn as discussed
later in the error analysis section. The cosine factor cen be used becouse
the ﬁagnesium carbonate is a nearly Lumbertiah scatterer for the selected
illumination and viewing geometry (ref. 3). If it is also assumed *hat the

grey scales and reference are spectrally similer, so that

S0, MmO M = fae, (RO, (M)

then the following equation results for the absolute bidireqtionul reflectance

of the i'th RTC grey patch:

I

r¥ (1, €, 8) = =2 (0,968) (cos 10°) (@
r




The equivalent geometric Lmmburtion refiectance, Ri’ is given by

R, (1, €, 5 -~ r¥ {1, €, g)/cos 1 (3)
i i

It is convenient to express the deviation from Lambevtian reflectance at

each point as
8,(1, €, ) = |Ri(1, €, g) - R | (1)

vhere R is the aversge of the Ri over asl meesured illumination angles,
The largest of these, Ai, is reported here as an overall measure of deviation
from Lambertien. A somewhat more aseful messure is A'i, the maxinmum '
deviation of each patch from combertien over the more limited rangc of

illumination angles 20° < 1] < 60° likely to be useful for imeging on Mars.

In this renge, deviations from Lambertiasn are much smaller.

Instrumentation

Absolute Bidirectional Measurements.~ A bidirestional ponioradiometer

was develuped which could meke rupid, computer-assisted measurements en the
reference test charts. The gonioradiometer is shown in figurc 3. Poth the
illumination and viewing arms are gimbal mouated on two axes 1o provide
.movement in aiimuth and elevation directions and are pﬁsitivé irdexed at 5°
intervals to ensure accurate positioning. |

A tungsten filement lamp mounted 1 em from the somple uﬁts_as source
for the illumination. The filament subtends a 0.4° angle from the sample
plane. Baffling limits the area illuminated to an area 5 e in diameter,

also limiting the stray light reflected to the semple from the gimbals cf



the gonioradiometer. The ares illuminated in the pample plane ic uniform to
within less than 1% in the viewing orea, ac shown in figurc 4. The irradinnce
in the semple plane is lhOuW/cm2 in the silicon bandwidth, The sample plane
containe a movable plide holding the test chart, a block of mapgnesium carbongte,
and o Rayleight terminstor, which serves as a dark reference. A Rayleigh
terminator is & glase horn, painted black on the outslde, whieh reflects light
incldent on the opening towards the inside and thus ahsorba.eﬁuentinlly all of
the incldent light (rer, 4).

The viewing head is composed of o silicon detector similar to the broad-
band Viking camera detectors, esnd o Viking comera lens, mounted so that the
second principal plane of the lené is 48 om from the semple plane. ‘The
detector rield of view at the sample plane is roughly ecircular with a dismeter
of 0.2 em. The detector sensitivity prnfile 1s shown in its correei relation
to the illuminated area in figure U4,

Signals from the detector were amplified and processed through a 24 Hz
electronic filter. This bandwidth was chosen as a compromise befween reducing
electronic noise and making measurements rapidiy. A 12-bit analog to digital
conVEfsion was performed with e time aperture of 20 ps, and the resulting
digital word wae fed to an HP 2100A computer for data reduction anﬁ'plotting.

The measuremeﬁt procedure was as follows. PFlrat, the magnésium carbonate
block was placed in the semple aree and the resulting signel stored iu the
computer, The Rayleigh terminator was then substituted and the signal stored
as a zero reflectance (dark current) signal. The pateh to be memsured was then
placed in the sample plane and the photoaensor signal was recorded for
illumination angle settings from -90° to +90% in the_azimuth direction in 10°

increments, and from -15° to +90° in the elevétion'direction, in 15° increments.
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The position 1 = e = 0° wap skipped since the illumination und viewing optico
could not occupy the same space. This range of elevation and azimuth illumi-
netion angles vovers the anticipated range of sun incidence angles on the Lnast
chart on Mars.

Relative Spectral Measurements.- The relutive opectral refiectance of the

test chart patches was measured using a Cary model 14 recording spectrophoto-
meter with & model 141l diffuse reflectance attachment. The total spectral
range of the measurement was 0.35 to 1.10 um, with spectral resolution of
0.0001 ym,

Measurements were made from 0.4 to 0.65 ym by alternately illuminating an
aresa 2,2 cm by 0.79 em of each test chart patch and a magnesium carbonabe
reference with monochromutic light at 5° incidence angle. An integrating sphere
collect i vne light from sample or reference, and the sphere output was measured
by a 1P28 phototube., Trom 0.65 to 1,10 um the instrument requires that the
path be reversed. White light diffusely illuminated the sample and referen~e
through the integrating sphere, and sample and reference were alternstaly
viewed at 5° by a monochromator and lead sulfide detector (ref. 5). In this
mode there was considerably more system noise, as is accounted for by the error

enelysis.



RESULTS

Absolute bidirectional reflectance meesurements.- From the bidirectional

reflectance data, graphs of reflectance versus azimuth illumination angle were
prepared at each elevation angle. From these graphs, the average eguivalent
Lambertian reflectance was determined ns discussed earlier (see equation 4).
The maximum devietion from Lambertian over the full measurement range and over
the reduced range 20° L 5_60°, Ai and Ai, were caicﬁlaxed. These dats are
shown in Table II for the three measured charis, identified by their serisal
numbers 14, 15 and 17. The mean of these three, together with maximum
deviation from this mean, is also shown. These data may be used as an estimate
of the reflectance of the other three test charts. It may be noted that in all.
cases the maximum deviation from Lembertian over the full rahge of illumination
is less than 1l percent and over the reduced range is less than +7.5 percent.
Target-to-target varietion: are less than +2.5 percent.

Relative spectral reflectance measurements.- Spectral meesurements made

on & non-flight RTC (seriel number 2) are shown in figure 5(a). These
measurements are relative to magnesium carbonate, and shsolute levels vary
from chart to chart as discussed above. Spectral curves for the color natches
are shown in figure 5(b).

The data shows ﬁhaﬁ the grey patches are spectrally flat to within +0.02
reflectance unit, which is within the experimental error. The reflectance
curves of the grey patches tend to rise slightly towards shorter wavelengths,
which may be a result of the lower blue reflectance of the reference (figure 6).
rFour of the grey patches also show a noticeable inerease in the infrared. The

thrée'cblor patches havé very high infrared reflectance, the green and blue

1
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petches showing an abrupt change around 0.7 um. Since the eye is not sensitive
to radiation past 0.7 um, this contribution should not affect visual color.

But because of infrared leaks in the camera color filters and the silicon
diode increased sensitivity in the 0.7 to 0.9 um region, this high infrared
reflectance will tend to reduce the accuracy to which these colors will be

reconstructed (ref. 6 and 9).



ERROR ANALYSIS

Errors introduced by assumptions made to simplify measurements, by the
measurements themselves, and by the calibration standard must he accounted for
to determine the error budget of the reflecteance measurements. In general, the
error sources are not strongly dependent on the magnitude of the signal. Thus
it is appropriate to present errors as absolute rather than percentage, since
these errors represent increasingly larger percentages towards the lower
reflectances.

Shot end Johnson noise, drift, non-repeatability errors, instrumeﬁtation
and reference standard errors are assumed to be statistically independent.
Quantization noise is not strictly independent of drift as it is of the other
noise sources, but the error introduced by treating it as independent is

negligible.

Simplifying Assumpbions

In a precediﬁg'section, the assumption was made that

JEMp, (AT, (RO ar
- JHO 0 (M7 (MROY ar

t
—

The error in the assumption cap be estimated by & numerical integration of
both integrals. Using National Bureau of Standards irradiance measurements -

' * #
for H{A), magnesium carbonate rzflectance data from reference 5 for pr(k)

. and measured values for the lens transmittance fg(l) and photoSénsor

13
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responsivity R(A), the maximum velue of the ratio was found to be 1.016. The
assumption, and therefore this error, applies only to the bidirectional

measurements.

Measurement Errors

Bidirectional reflectance measurements.- Angulaer positioning errors of

source and detector, sample and reference position errors, and non-coineidence
of the gonioradiometer axes are negligible hecause of the large dimensions and
accurate construction of the gonioradiometer.

Silicon detectors are known to have drift in dark current levels. To
eliminate the effect of this drift both dark and reference measurements were
made at each elevetion illuminetion angle setting, Thus at most 5 to 10
seconds elapsed between date points and dark or reference points. Typical
voltage drift during this time period, Vd, was observed to be less than 2 mVv.

The error sources in the signel processing chain are (1) shot noise
resulting from the random passage of carrilers across the photodiode junction;
(2) Johnson noise generated by the preamplifier loed resistor; ang (3)
quantization noise which occurs as a result of the limited accuracy of the
analog-to-digital converter.

The shot noise current is determined by the photodiode current (ref. 8)
and is approximately 2 x 1071 A/4JHz for this circuit. Johnson noise is
a function of pfeamplifier Load résistance and is approximately 2 x 10m14

A/qHz. The total electronic noise current is thus

I =/Bh (2°+ 0.22)42 & 107 = 10713 app



15
and the noise voltage is

-13 5

v, = (108 Q)W Ay =107V

_,1,_.--—‘

The peak~to~-pesk voltage excursion is gbout Cour times this velue or
approximately 40 uv. {

Quantization noise, Vq, 15 given by (ref. T)

N

T 1ok

- -3
where AV(=10V) is the total dynamic range and k(=6L4)} is the number of
quantization levels.

The total noise volbtage is thus

2.\1/2

(V2 + (W )2 + v2)YE = 6 my

A 10 volt.signal represents a reflectance of 1.00. Therefore the total noise
represents an error of 0.0006 in reflectance.

As a further test of error on the gonioradiometer, dusl runs were made
of several patches at one elevation angle. The results show that maximum
repeatability-efror occcured wﬁere Signal levels ﬁere lowest, at high
illumination angles. The largest lack of repeatability was 0.02 reflectance
units. The scurce ofﬁthe discrepéﬁcy ﬁetwéen the reiatively large repeatability
errors compared to the small predicted system noise was not investigated.
Rather, an ovefall ﬁoséible érrof of 0.02.ﬁu5 assumed for the measufements
even though errors of this magnitude were pbserved only at low illumination

&ngleé.
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Relative spectral messurements.- Reference % containg a detailed

description of the Cary 1% recording spectrophotometer, together with an

extensive error analysis which ylelds the following results:

Instrumentaetion errors 0.01
Integrating sphere ineffieciency 0.01
Standard material reflectance error 0.0k

The total error is thus 0.042, System noise, not included in the referenced
analysis, amounts to 0.0005 in reflectance for the visible (0. to 0.65 um)
and 0.002 for the infrared (0.65 to 1.10 um). Taking the worse of these as

an upper bound, total errors combine to 0.0UT,
Errors in Caelibretion Standard

A single magﬁesium carbonate block, viewed at 10° illuminaﬁion angle,
was used as a standard reference in the absolute reflectance measurements. A
similar block was used as the diffuse reflectance reference for the relative
spectral measurements., In the bidirectional measurements, & 10° illumination
angle eliminated the errors associated with the ﬁackscatter peak which exists
near zero phase angle. However, the calibration accuracy of the blocks is
subjeet to error, an error which epplies to both relative spectral and ebsolute
reflectance measurements.

Reference 5 presents five independent assessments of the hemispherical

reflectivity of MglO., here referred to es p.ld), 3=1,2, .. .5 and

3

reproduced in figure 6. The value used in this paper was obtained by averaging
these measurements at small wavelength intervals and numerically integrating
* over the cameras spectral bandwidth using normalized silicon responsivity as the

‘.

weighting factor; that is,
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. p(A) R(A) d)
R, J R(A) d\
where

2 5
p(.\)--%- L op (3) (2)

= T

The resulting value is
R, = 0.968 + 0.025

The error value results :.om taking highest and lowest reflectance data given.

In addition, MgCO, may huve a reflectance slightly less than a Lambertian

3
scatterer at 10° illumination. Data from reference 3 indicate that the
illumination scattering function is less than 0.02 below Lambertian at this
angle. Therefore, the total calibration error is estimated as the root-sum-

square of these, 0.032.

Total Error

The error sources discussed above, with the exception of the random

photosensor and preamplifier noise which is negligible, are summarized below:

— - —
Measurement Error
Absolute bidirectional reflectance absolute relative
repeatability +0.02 +0.02
calibration standard 0.032 -
theory assumption 0.016 -

root-sum=-square +0.041 40.02
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Measurement Error
Relative spectral reflecteance absolute relative
noise +0.02
system (from ref. 3) 0.0L2
root=sum-square +0.047




CONCLUSION

Broadband bidirectional reflectance characteristics of three of the six
Viking lander cemers reference test charts end spectral reflectance of one
non=-flight test chart have been measured. EFEquivalent Lambertian reflectance
and maximum deviation from Lambertian are presented for the eleven grey
patches on each chart, Speectral curves for grey and color patches of the
non=flight chert are also presented,

Bidirectional reflectence meesurements of the grey patches show them to
be Lambertian to within +11 percent for incidence angles from 10° to 80°, end
within +7 peréeﬁt fér incidence angles from 20° 4o 60°., Variations betﬁeen
the measured flight charts is less than +3 percent. GSpeetral measurements
indicate that the grey patches are spectrally flat to within +5 percent, with
a generel tendency toward higher reflectance in the near infrared. The three
color patches are narrowband in the visual color region from 0.4 to 0.7 um, but
they have very high reflectance beyond 0,7 Um, which complicates their uge
as colorimetric standards because of infrared leaks In the cameras response.

Estimated errors are +0,0L4 in absolute reflectance; +0.02 in relative

illumination scattering function; and +0.05 in relabive spectral reflectance.

15
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TABLE I

Spatial Frequencies of Tribar Patterns

Pattern Average Maximum
Location Spatial Deviation, lp/mm
Frequency™, lp/mm

Top 0.078 +.001
--006
Center 0.15k +.004
--001
Bottom 0.225 +.003
- 0003

*
Average of six non-flight charts
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