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A BRDF Calibration Approach for Aerial Photographs and Satellite
Images

This report presents a new approach for Bi-directional Reflectance Distribution Function
(BRDF) calibration which incorporates the constraint of the overlaps between images. The
new approach was applied to the BRDF calibration for both aerial photographs and satellite
images. Experiments of fitting BRDF kernel fitting are conducted using scanned aerial
photographs, Landsat TM 5 and 7 images, and the results indicate that this method is very
feasible for implementation, and works well for both aerial photographs and Landsat satellite
images.

1. Alinear kernel fitting model taking into account the overlap area

In order to fit the kernels taking into account the overlaps between images, a proposed least-
squares model is developed. Assuming there are two overlapped images (left and right), the
model can be written as (other cases can be extended):

V1:ao+kala1+kazaz'g1 W
v, = by + kb + kb, - 9, , W, Eq.1
V3=ao+ka1a1+ka2a2'bo'kb1b1'kbzbz'(gl' gz) Wy
where
k., k,, are the two kernels for the left image,
k. k,, are the two kernels for the right image,
a,, &, a, are the fitting coefficients for the left image,
by, b, b, are the fitting coefficients for the right image,
g,, g, are the left and right image grey values,
W, W,, W, are the weights for three observations, and
V;, V,, V; are the fitting residuals for three observations.
The model can also be written in matrix format:
E
vllkalkazooo:z 0, w
v, =0 0 0 1 k; kbzbo- g, . W, Eq.2
Vs 1 kg ki -1 -ky -k b 9.- 9% W;
b,
or
V=AX-B, W

The least squares solution of Eq.2 is:



X = (A'WA) 'A'WB Eq.3
where the default weight w is set to 1.

A least squares adjustment method was used for the kernel fittings, and root mean square
error (RMS) s, (mean error) and r’ (squared correlation coefficient) were computed to

evaluate the goodness of fit. The formula for s, is:

5, = ' Eq.4

where n is the total number of observations. Since there are three types of observations,
three RMS (s ) are computed for v,, v, and Vv, respectively. A number of test points were

used for checking purposes and three s, were computed for the three types of test
observations.

Some commonly used BRDF kernels are Ross Thick, Ross Thin, Roujean, Li Sparse and Li
Dense [1]. Image geometric view angles need to be calculated in order to apply these BRDF
kernels. Most BRDF kernels are the functions of image geometric view angles related to the
centres of the imaging sensor and solar direction. Appendix A gives a detailed description of
the relationship between image and space, and also provides the procedures to calculate
image view angles and image hotspots. It is worth mentioning that though this approach is
applied to aerial photographs (central projection), it can be easily modified to applicable to
satellite images. The calculation of satellite image geometric view angles can be easily
derived since the imaging geometries of satellite images are usually the special cases of the
central projection (aerial photographs).

2. Experiments and results of fitting kernels to aerial photographs

To compare the stereo kernel fittings with and without considering overlap constraints, seven
aerial photographs were used in the experiment. The five stereo pairs form two west-east
flying strips % two pairs on the north strip and three pairs on the south strip (see Figure 1).
These aerial photographs are severed affected by BRDF and the hotspots (the locations of
the projected sun) can be obviously observed within the photographs. The scanned image
sizes were reduced 10 times in both the X and Yy directions from the original scanned

images in order to make the computation efficient. The kernels used in this experiment are
combination of Ross Thick and Li Sparse.

Tables 1~5 show the kernel coefficients and the residuals for the five stereo pairs. From the
results, it can be noticed that the root mean square errors are reduced and the correlation
coefficients are significantly improved with the overlapping constraints. Figure 2 shows the
seven BRDF- calibrated images with the stereo kernel fitting model. It can be seen that the
majority of BRDF effects have been removed successfully. It is worth mentioning that since
the aerial photographs are scanned from films there are other sources such as film
development, scanner illumination and adjustment may affect the differences among images.



Figure 1: Uncorrected seven images. Top row from left to right: 7069scan, 7070scan ans 7071scan.

from left to right: 7083scan, 7082scan, 7081scan and 7080scan.

Table 1: Stereo Kernel fittings for stereo pair 7083scan and 7082scan.

Image Constraints | N a, | a a |r 2 s, S,

7083scan | No 2954 | 166 | -129 | 118 | 0.646 | 15.67 | 15.77
7082scan | No 2949 | 170 | -154 | 126 | 0.670 | 14.75 | 15.65
Overlap No 3066 12.10 | 12.67
7083scan | Yes 8969 | 164 | -121 | 116 15.33 | 15.50
7082scan | Yes 8969 | 171 | -155 | 126 | 0.933 | 14.56 | 15.14
Overlap Yes 8969 12.07 | 12.64

Table 2: Stereo Kernel fittings for stereo pair 7082scan and 7081scan.

Image Constraints | N a, | a a |r 2 S, S,

7082scan | No 2949 | 170 | -154 | 126 | 0.670 | 14.76 | 15.66
7081scan | No 2943 1160 | -86 | 105 | 0.632 | 15.68 | 17.04
Overlap No 2983 12.08 | 12.85
7082scan | Yes 8875 | 168 | -140 | 123 14.04 | 14.63
7081scan | Yes 8875 | 165 | -114 | 114 | 0.931 | 14.23 | 14.87
Overlap Yes 8875 12.03 | 12.79

Table 3: Stereo Kernel fittings for stereo pair 7081scan and 7080scan.

Image Constraints | N a, | a a |r 2 S, S,

7081scan | No 2943 | 160 | -86 | 105 | 0.632 | 15.79 | 17.14
7080scan | No 2951 | 177 | -152 | 118 | 0.345 | 27.18 | 25.44
Overlap No 3027 12.93 | 13.55
7081scan | Yes 8921 | 167 | -118 | 114 15.54 | 16.13
7080scan | Yes 8921 | 172 | -143 | 114 | 0.894 | 21.82 | 20.74
Overlap Yes 8921 12.20 | 12.67

Bottom row



Table 4: Stereo Kernel fittings for stereo pair 7069scan and 7070scan.

Image Constraints | N a, | a a, |r? S, S,

7069scan | No 2947 | 167 | -186 | 84 | 0.082 | 28.88 | 28.83
7070scan | No 2939 | 176 | -213 | 103 | 0.148 | 28.15 | 28.03
Overlap No 3240 16.06 | 15.95
7069scan | Yes 9126 | 170 | -197 | 93 28.54 | 27.96
7070scan | Yes 9126 | 190 | -261 | 123 | 0.859 | 26.31 | 25.99
Overlap Yes 9126 13.88 | 13.69

Tab.5: Stereo Kernel fittings for stereo pair 7070scan and 7071scan.

Image Constraints | N a, | a a, | r? S, S,

7070scan | No 2039 | 176 | -213 | 103 | 0.148 | 27.92 | 27.86
7071scan | No 2922 | 169 | -128 | 95 | 0.257 | 25.54 | 24.91
Overlap No 3018 15.04 | 14.59
7070scan | Yes 8879 | 178 | -214 | 111 27.08 | 27.22
7071scan | Yes 8879 | 187 | -199 | 121 | 0.876 | 24.79 | 24.99
Overlap Yes 8879 13.50 | 13.19

Figure 2: Seven images with BRDF correction using the stereo kernel fitting model (Ross Thick and Li Sparse
kernels). Top row from left to right: 7069scan, 7070scan ans 7071scan. Bottom row from left to right: 7083scan,
7082scan, 7081scan and 7080scan.

3. Experiments and results of fitting kernels to Landsat images

The Landsat TM images were geo-rectified to the local map projection system and therefore
it is easy to find the corresponding points among these images (avoid image matching
processing). This approach consists of three steps as follows:

1. Due to the nature of Landsat TM imaging (mirror scanning), each pixel has its
own solar zenith and azimuth angles and view zenith and azimuth angles. These
angles are accurately calculated using the photogrammetric method which
utilises: i) satellite positions at different scanlines; ii) each pixel's location
(longitude and latitude) and; iii) time, date and orbital data;



2. Several kernel models (one kernel mode or a combination of two kernels mode)
are chosen and modelled using samples taken within the vegetation and bush
areas. The linear coefficients of these models are estimated using a quartile
method for a single image or using overlap constraints for multiple images if there
are overlapping areas among them; and

3. Landsat TM images are then corrected using the kernel coefficients.

In theory, since each pixel in a Landsat image scanline has its own geometric orientation and
acquisition time, this means that the solar zenith and azimuth, view zenith and azimuth for
each pixel are different and need to be calculated. In practice, the satellite position for each
pixel is interpolated from the orbital data at the particular path. The photogrammetric
approach (see Appendix A) is also applicable to a Landsat image if each pixel is treated as
an independent frame, the solar zenith and azimuth for each pixel are then calculated using
the pixel's location (easting and northing) and local time.

In the Landsat kernel fitting experiment, 74 Landsat TM 7 scenes of Queensland and 9
Landsat TM 5 scenes of Western Australia were tested, respectively. In both areas, the bush
masks are available and the samples are collected within the bush areas. Ross Thick and Li
Sparse combination kernels are used for BRDF coefficient estimates. The calibrated images
(Figures 3 and 4) indicate that this proposed approach correctly calibrates these images after
taking into account the overlap constraints. From the experience, there is more investigation
work required to choose the optimal kernels for particular applications.

Figure 3: The left image shows the original mosaic of 74 Landsat TM scenes of Queensland and the right image
shows the calibrated mosaic after applying the proposed BRDF calibration approach (Ross Thick and Li Sparse
combination kernels).



Figure 4: The left image shows the original mosaic of 9 Landsat TM scenes of the southwest region of Western
Australia, and the right image shows the calibrated mosaic after applying the proposed BRDF calibration
approach (Ross Thick and Li Sparse combination kernels).
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Appendix A: Calculations of Image Orientation and View Angles

1. Basic mathematics of photogrammetry

In order to express the central projection formed by images analytically, formulas are needed
to express the mathematical relationship between the image points and their corresponding
object points. Therefore, it is necessary to establish the image coordinate system and the
object coordinate system so that points and values may have a clear correspondence [2].

As shown in Figure Al, the position of an image point in the image plane | is always
determined by the two-dimensional coordinate (X,y). The origin 0 of X,y is at the principal

point of the image. The perspective centre S is taken as the origin of the image space
coordinate system. The 2z axis of the coordinate z coincides with 0S and its positive
direction is against the image direction. The coordinate z of every image point is equal to
the principal distance f of the camera and has a negative sign.

Elementsof Interior Orientation

The principal point 0 should coincide with the intersection of the lines of connection of the
corresponding fiducial marks. The deviations from this coincidence, say X,Y,, can be

determined in the camera calibration process. The values X,,y, and f are referred to as
the interior orientation parameters.

Elements of Exterior Orientation

When the interior orientation of a central projection image is known, the location (orientation)
of this central projection in the object space coordinate system can be uniquely determined in

terms of the coordinates Xgq,Y5,Zg of its projection centre S, along with the angular
orientation elements of its space axis system in the object axis system. The elements of
angular orientation are commonly represented by three independent angles, which may be
defined by one of several alternative systems. These three rotations, along with X,Y,Z

axes, are referred to as the elements of exterior orientation.



Figure Al: Relationship between Ground Space Coordinate System and Image Space Coordinate System

X

s

-
\ﬁw

Figure A2: The / ,W,K rotation system

Image Collinearity Equations

The following equations are the image-forming equations of central projection, which are

usually considered as the most important equations in photogrammetry (also called
collinearity equations).

X- X =- f ai(X- Xs)+b1(Y' YS)+C_L(Z_ Zs)

as(x - xs)+Q(Y' Ys)+03(z' Zs) Eq Al
- f az(x - Xs)+b2(Y' Ys)+cz(z' Zs) .
a5(X - Xg) +by(Y - Yo) + (2 - Zs)

Y- Y=

where



X,y are the image coordinates of a ground point A

X5r Yo is the principal point

f is the principal distance or focal length

xX,Y,Z are the ground coordinates of a ground point A

Xs, Ys, Zs are the ground coordinates of the projection centre S
a,b,c( =123 are the elements of the rotation matrix R

Rotation System

The rotation matrix R is determined by the rotation systems used. The / ,w,k rotation
system (Figure A2) is used in our case and its definition is as follows:

Longitudinal tilt / : Angle / rotates about the fixed axis SY

Lateral tilt u: Angle n rotates about the axis SX ; however, the direction of the
axis SX may be changed from its initial position by the angle /

Swing angle & : Angle k rotates about the camera axis ¥ when angle / and
angle w are at their initial positions, the direction of the camera axis coincides
with the axis &2

Figure 2 indicates the positive directions of all the rotation angles.

The rotation matrix equations can be written as follows:

a a8
R=RRR =h b b Eq.A2
G G G

where

& =C0S/ COsk - sin/ sinwsink

b, = coswcosk
C, =Sin/ Cosk +cos/ sinwsink
a, =- C0S/ Sink - sin/ sinwcosk

b, = coswcosk Eq.A3
C, =-Sin/ sink +cos/ sinwcosk

a, =- sin/ cosw

c,=-snw
C, = - Cos/ cosw

The values of the angles of rotation can be found from the elements in the rotation matrix by
applying the relationship in Eq.A3. Thus:

10



tan/ =-a;/¢
snw=- Eq.A4
tank =h /b,

No matter which rotation system is used, the rotation matrices are equal to one another.
This makes it possible to convert rotation angles between two rotation systems.

2. Image hotspot estimation

In order to estimate the hotspot on the image, the elements of the image interior and exterior
orientations and the ground space coordinates of the hotspot need to be known.

The elements of the interior orientation can usually be obtained from the camera
specification document. However, if no such documents exist, a camera calibration process
is necessary or a DLT (Direct Linear Transformation) method can be used to obtain both
interior and exterior orientation data if sufficient ground control points are provided.

The elements of the exterior orientation can be computed using photogrammetric techniques
such as the absolute orientation and block adjustment. These exterior orientation elements,

together with the images, can also been acquired simultaneously using aircraft- mounted
instruments such as GPS and INS.

The hotspot direction (the sun vector) which passes through the camera station (projection
centre S) can be easily calculated if the solar zenith angle, solar azimuth angle and the

position of S ( Xg,Ys,Zg) are known.

If a digital elevation model (DEM) is available in the area where the image was taken, then
the ground space coordinates ( X,Y,Z) of the hotspot is the intersection between the

hotspot direction line and the DEM (Z can be interpolated from surrounding DEM points).

However, if no DEM is available, and the true ground hotspot position cannot be obtained, a
“pseudo hotspot” may replace the true ground hotspot. The “pseudo hotspot” is a point
which locates anywhere on the hotspot direction line and has its space coordinates
(X,Y,2).

The collinearity equations (Eq.Al) are then used to calculate the image coordinates ( X,y ) of
the hotspot. The pixel size is used to convert ( X,y ) into image lines and samples units.

3. Hotspot estimation using and not using image tilt angles

In most cases, image interior and exterior orientation data are not available or cannot be
obtained for some reason. For these situations, a simplified version of the collinearity
equations, which assumes that the three tilt angles are zero, can be used:

T 4s
- f Y-YS Eqg.A5

Z- 7,
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where f, (X,Y)and (Xg,Ys,Zg) can be given approximate values.

The differences between two hotspot estimates (using Egs.Al and A5) are mainly due to the
tilt angles, and can be estimated by the following equations:

dx=x, + f X-Xs ; a(X- Xg)+b(Y-Yy)+c(Z- Zo)

Z- Zs as(x' Xs)+b3(Y'Ys)+C3(Z' Zs) Eq.A6
'Ys faz(x' xs)+b2(Y'Ys)+C2(Z' Zs) .
-Z

W=%+fY
Z S as(x - Xs) + Q(Y - Ys) + C3(Z - Zs)

where dx,dy are the differences between two estimates (using and not using tilt angles).

In vertical photography, when all the angular orientation elements are small angles.
Assuming / =w =k =0 , Eq.A7 can be derived from Eq.A7:

1 :
dx=x, + k(Y- Yo) +/ (Z- Zo))
Eq.A7

dy =y, - k(X - X+ mZ - Z0)

where / is the photo scale factor.

From the above equations, we know that the hotspot estimations errors are related to the
principal point position, the tilt angles / ,w,k, the flying height and, the photo scale. For

example, the errors increase if the

tilt angles / ,u,k are large

principal point is far away from the image centre
focal length is small

camera station is high and

hotspot is near the image edge

4. View zenith and azimuth angles calculation

Each point (pixel) on an image has its image space coordinates (X,Y,- f) and object space
coordinates (X,Y,Z) if we move the origin of the object space coordinate system to the

projection centre S (see Fig.1). The three components of the view vector are simply the
object space coordinates (X,Y,Z) given by

&

X b ¢
Y =a b
Z & b

X=X
y- yo EqA8
f

SLEINE

Then the view zenith angle g, and azimuth angle f, are:

12



Eq.A9

Assuming g, and £, are the sun or incident ray zenith angle and azimuth angle, respectively,
the azimuth angle which is relative to the sun position is:

f=f-f, Eq.AL0

The angle between the sun and view vectors (x) and the related “distance” between the sun
and view vectors (D) are defined by [1] as:

COSX = COS@, C0S@, +Sing sing, cosf
Eq.Al1

1/2

D =(tan®q +tan’g, - 2tang tang, cosf)

5. View vector estimation using and not using image tilt angles
In cases where image interior and exterior orientation data are not available or cannot be

obtained for some reason, a simplified version to Eq.A5 can be used to calculate the three
components (X,Y,Z) of the view vector:

X X
Y = vy Eq.A12
Z

The differences between the two hotspot estimates (using Eq.A8 and Eq.A12) are mainly
caused by the tilt angles, and the differences can be estimated by the following formula:

dX a b ¢ x-x X
dYy =a b ¢ y-y, - Yy Eq.A13
dz a b ¢ - f - f

where dX,dY,dZ are the differences between the two estimates (using and not using tilt
angles).

In vertical photography, when all the angular orientation elements are small, Eq.A13
becomes:

dX - X, - k(Y- Y,) +/f
dY = k(x-x)-y, +w Eq.A14
dz  j(X- x)+my-Y,)

From the above equations, we know that the view vector estimate errors are related to the
principal point position and, three tilt angles / ,w,k . For example the errors increase if the
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tilt angles / ,u,k are large

principal point is far away from the image centre
focal length is large
the view point (pixel) is near the image edge
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