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Abstract—Overhead spectral imaging has enabled a variety is motivated by the need to quantify the BRVF, which is

of quantitative remote sensing techniques. However, the derived jmportant for higher spatial resolution sensors.
surface reflectance upon which these techniques rely is generally

directional and dependent upon the incident solar and receiv- IIl. BACKGROUND & THEORY

ing detector angles. The bidirectional reflectance distribution - . o .
function (BRDF) is becoming increasingly important with the The bidirectional reflectance distribution function (BRDF)

development of non-nadir, multi-angle systems. quantifies the magnitude and distribution of radiance scattered

A BRDF measurement approach in the visible to near infrared by a surface and is given by
is described which is suitable for field use. An imaging technique AL (0
measures BRDF but also enables the generation of the BRDF £o(0i, 653 0,, 6r) = r (0, &r) 1)
variability, or the bidirectional reflectance variance function B dE(0;, ¢;)
(BRVF). From the measurements, the BRVF and spectral corre-
lation statistics may be produced which are tailored to a sensor's where L, is the surface leaving spectral radian%ﬁs‘iﬁ}
point spread function. Spectral BRDF and BRVF may then be . o . . . ) a :
incorporated into spectral algorithms or used for synthetic image and £ is the incident spectral |”’ad|anc[l?,m} resulting in

_generation _having accurate s_,p_atial and spectral _variability, which BRDF having units obr —!. The nomenclature is that recom-
is of great interest for exercising spectral algorithms. mended by Nicodemus [12, Fig. 1], which has been widely
I. INTRODUCTION adopted whered;, ¢; are the incident zenith and azimuth

Anisotropic or non-Lambertian reflectance is seldom cogndles andf,, ¢, are the corresponding reflection angles.
sidered in remote sensing. Incorporating the bidirectiongfNough not always explicitly shown, all radiometric quantities
reflectance distribution function (BRDF) improves quantitativB® SPectral). Quantifying BRDF is challenging since it is a
results derived from the remote sensing process [1]. |ma%|§ct|on of an infinite number of incident and reflection angles,
acquired under varying solar and sensor positions may ther complicated by a spectral dependence. Fpr_ practical
normalized by correcting anisotropic reflectance [2]. Bettiépeasurement, the BRDF must be averaged over a finite surface
estimates of surface albedo and biophysical properties [3] &&24- _ o
made by considering directional reflectance. Improvements tol € impact of BRDF is understood by considering the
atmospheric correction [4] and spectral classification algfdiance sources reaching the sensor. The total radiance in
rithms [5] are also possible. Remote sensing BRDF modéft Visible to near infrared (VNIR)i.¢. that of solar origin)
provide the means of estimating the surface leaving radiad&&ching & sensor may be approximated as the sum of radiance
for all hemispherical directions and solar zenith positions givdMs having their origin i) direct solarreflections(L,), ii)

a sparse set of observations [3], [6]. reflecteddownwelledskydome radiancel(;) andiii) upwelled

Two fundamental approaches to employing BRDF in remofadiance from atmospheric scattering along the tar_get-to_-sensor
sensing may be madé) deriving the surface BRDF and path (Lu_). T_he order of the above contributors is typically
subsequently surface albedo and biophysical parameters gid§freasing in magnitude, though the ground reflectance and
multi-angle observations [7], [8] df) usinga priori BRDF to atmospheric conditions greatly influence their relative values
improve spectral classification and detection algorithms. UEe3, Fig. 4.12, Tbl. 4.1].
of a priori BRDF requires the compilation of BRDF databases L~ and Ly are given explicitly by
fpr various land cover classes and materia}Is from BRDF 1 — ¢ (9,.0.,¢) E(6;) 7:(6)) cos 0, 7,(6.,8) @)
field measurements [9]-[11]. However, previously reported o , o ,
measurement techniques do not readily capture the BRDF L =/ fr(03,0r,0) Ly* (0;, ¢;) cos0; 7:-(6,., ¢ ) d€; (3)
variability or within-class texture due to the inhomogeneous Q,
composition of natural materials. This variability may be
quantiﬁed by the bidirectional reflectance variance functioanhe most general form of these equations includes polarization, in which
(BRVF), which is a function of the sensor ground separati case the radiometric flux values are replaced by Stokes vectors, and the

- Qdalar BRDF function is replaced by a more general Mueller matrix BRDF
distance (GSD). Therefore a BRDF measurement approaepresentation. This is a topic of current research by the authors.
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where the primed coordinate system is the “global” system,3) maintaining a reasonable camera to sample distance for
or that relative to the normal of the plane of the local earth  ease of repositioning and adjustments.
horizon, and the unprimed coordinates are relative to tiiéie importance of criteria 1 is determined by the magni-
individual material surface normals. tude of the derivative of the BRDF with respect dp and

The incident exo-atmospheric solar irradiandg,, is at- ¢,. Significant changes in the BRDF are characteristic of
tenuated by the atmospheric transmittance to the target, specular materials near the specular lobe. Fortunately, most
Similarly, L4, the reflected downwelled sky radiance is atterratural materials in the VNIR are not appreciably specular.
uated byr,, the transmittance along the target-to-sensor pathin adequate sample sizd, is determined by the variation or
The limits of integration encompass the entire hemisphere, texture scale of that material. The camera to sample distance,
QZ = 2m sr in the earth-based (primed) coordinate system. AR, will mostly drive the ease of repositioning the camera in
explicit function for L,, is not given, as it is not germane to thethe hemisphere above the sample. While an increésetay

discussion. Estimates fd,, Lg 7; and 7, may be obtained result in decreasing\d,. and A¢, and/or increases i, it
through atmospheric propagation codes, such as MODTRAREcomes increasingly difficult to transport, set up and quickly
As seen from2) and @), BRDF plays a direct role i, and repqsitio_n the_ system. The _FO\( should also be chosen in
La; however, the BRDF is usually replaced with a LambertiafPnjunction with the uncertainty ifl;, or the extent of solar
approximation such thaf, ~ @, where p()) is properly zenith movement during a measurement cycle. _
called a reflectancéactor. (The actual reflectance may only A reasonable balance of these requirements is a camera
be measured by integrating over the entire hemisphere). Aving a10° (full angle) FOV. For nadir viewingé. = 0°)
counting for an anisotropic reflectance factor, or the BRDPIth £ =6 ft , this corresponds to a ground ared) faving
enables the extraction of additional information content. =~ 1 ft diameter. This configuration provides an adequate
For homogeneous materials, only a small surface areamgegranon area for many materials such as asphalt, grasses and
required to average out local surface variabilities. Howevei0!lS: but will be inadequate for shrub and tree canopies. These
for heterogeneous surfaces, such as vegetation, a much lafgger-scale material classes may be measured by increasing
area is required to average out variations. The variabilif)® FOV and/orR, or by averaging multiple measurement
within these material classes is captured by the BRVF [14}7€as. Criteria for the adequacy 4fwill be discussed ir§IV.
Spatial variance or texture in remote sensing may be quantified*PSolute radiance calibration will be ensured by charac-

in many ways, some of which include frequency domaiffizing the per pixel camera respongg, j] and imaging

(Fourier) techniques, autocovariance [15] and “variogram?" Lambertian calibration surface (imagg. However, mea-

[16]. Such techniques provide a means of determining tf4rement of the calibration target will also contain unwanted

spatial extent over which land cover classes operate. contributions fromZ 4. The L, contribution may be negated by
occluding the solar disk and imaging the calibration target in

IIl. BRDF MEASUREMENT TECHNIQUE shadow (imageéB). The L,. radiance may then be determined
by A-B.

The proposed measurement approach is to use a n"J‘rr(}‘/’/\&nalogous to the manner in which the calibration target was
FOV multispectral imaging system which may be easily repgnaged, the image acquired for the BRDF measurement should
s_itioneq around the scattering hemisphere with a boom 9t pe made in full sun (imag8) and while occluding the
lightweight frame. A focal plane enables BRDF measuremegii, (imageD). As before,C-D isolates the radiance scattered
by calculating the average radiance of all pixels, as with\, yhe direct solar irradiance, assuming no changes in the sky-
single radiometer, as well as the generation of the BRVF dygme radiance distribution between the measurements. Others
to the spatial sampling. have noted similar techniques to compensate for the incident

Portability for outdoor use and ease of use are key consigltyse skydome irradiance [10], [17] and other potential error
erations in developing the approach, as are the magnitudesgf, ces [18].
other radiometric uncertainties throughout the remote sensingrpe strategy for hemispherical sampling must consider the
“imaging chain”. One primary uncertainty is the orientation ofyta) time required to complete all measurements, as the sun
local surface normals of objects in the scene, an estimaterfs gn angular rate of 1fr. Changes in the incident solar
which is required for applying priori BRDF data to spectral gngle should be kept less than or commensurate with the
algorithms. The technique sacrifices the angular sampling degfiection angle resolution (FOV) ahd, ~ Aé ~ 10°. For
sity of field goniometers, but to the benefit of high portability,sterials with azimuthal symmetry, only changesdjnneed
and the ability to vary the distancé?] to the surface being pe considered, for which the rate of change is a function
measured. of the time of day, year and latitude, reaching a minimum

The angular resolution of the BRDF measureméxtt, and rate at “solar noon” or the maximum sun elevation angle.
Ag, is limited by and determined from the camera FOV, whicl total acquisition time of<1 hr is therefore required
becomes an important design criteria. The FOV selectionfi§ mid-latitude sites. The sequence of events for a BRDF
driven by three interrelated criteria: measurement using this technique is summarized in Eig.

1) minimizing the angular averaging\d,. and A¢,., A wide-FOV RGB image of the skydome is recommended to

2) maximizing the area4) of the sample measurement angbrovide a qualitative assessment of sky conditions.
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THE RGB COLOR HISTOGRAMS ORBRDF DISTRIBUTIONS FOR A
“GRASS’ MEASUREMENT USING THE ORIGINAL IMAGE RESOLUTION AND
A “GSD = 1" REPRESENTATIVE OF A SPECIFIC SENSQR

Having acquired data at a single or at most a fgvsolar

positions, with each having a set of sampling location(),

a means is needed to interpolate to a continuuy ahdd,., ¢

positions. Empirical interpolation, such as spherical Delaun&@r this simple example, an ideal low-pass filter kernel of
triangulation may be used for the specificunder which the 100 x 100 pixels is used (GSD= 1 in the Fig.2). Ideally,
measurement was made. However, extrapolation to ather?[z,y] is the PSF of the sensoe.f, an Airy disk pattern)
positions warrants the use of an appropriate BRDF mod#hich enables a more accurate BRVF representation.

The data may be used to fit kernel coefficients of land coverThe histogram resulting from the convolution of the0 x
BRDF models, such as Roujean’s [2], which are then used 80 kernel in Fig.2 illustrates the variability reduction for
estimate the BRDF over the full hemisphere for arbitrary grass imaged at this GSD. Ther, y] histograms may then be
Performance comparisons between different models [19], [zajqed as the BRVF data. The rate of convergence of the standard
may be used as a basis for specific model selection given ffviation of these distributions as a function of GSD may be
land cover or material attributes. used as a metric to determine when a sufficient sample size has
been imaged to integrate out high frequency inhomogeneities
for purposes of the BRDF measurement.

The high spatial sampling of the imagery used to determineThis technique is repeated on each BRDF data set image.
the BRDF inherently enables extraction of the BRVF. Th€aution is required for BRDF images at high camera zenith
GSD-dependence of BRVF is illustrated with a hypotheticangles. The so called “tangent error” effect results in a
BRDF measurement of “grass” at a single orientation, shoveianging GSD within the FOV of the image. Theaxis or
by the image inset in Fig2. This 400 x 400 pixel image has top-to-bottom tangent error effect is given by
an average digital count for the 8-bit R, G and B channels of FOV FOV
78.86, 94.40 and 33.31, which is proportional to the BRDF perGSD, = R cos 6. |:tan(9r+2> —tan(ﬁr—Q)} (5)
the process defined by Fig. Examining the histogram of the
image reveals the BRVF by showing the BRDF distributiofor the proposed system with a FGY 10°, the effect at an
for each spectral band in the 160,000 pixel image. Usirgtreme zenith anglé, = 60°, is considered. At this position,
this image, the BRVF for a range of GSD values may he y-axis resolution relative to that at the center of the image
computed by convolution of the BRDF image with the sensérame is123% at the top ¢, = 65°) and 89% at the bottom

IV. DETERMINING THE BRVF

point spread function (PSF). (6 = 55°). The y-axis resolution at the center of the frame
Consider a specific sensor with a normalized GSD unit & modified by a factor of L~ = 2 relative to the nadir,
shown in Fig.2. The BRVF may be computed by 0, = 0° view.
me—1n—1 Finally, the spatial registration accuracy of the image pairs
glz,y] = % Z Z flo,y) hlz — i,y — j] (4) (A,B)and CD) yse_d to radiometrically palibrate and correct
=0 j=0 for the Ly contribution should be considered. BRVF errors

may be present from poorly-registered imageg( tall grass
where f[x, y] is the image and[z, y] is a convolution kernel. in wind). Note that these errors are limited to BRVF metrics,
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