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ABSTRACT:  
 
The advent of digital aerial photographic imaging provides opportunities for quantitative mapping and monitoring applications.  
Manual interpretation of analogue photography has been widely used for natural resource applications, but quantitative applications 
for monitoring are limited.  A major problem is the lack of adequate radiometric calibration methods which allow numeric values to 
be compared over space and time.  While current evaluations of digital photography systems have focussed on geometric accuracy, 
methods and standards for radiometric calibration are required to realise the opportunities of the new technologies.  This paper 
describes an investigation of radiometric calibration methods applied to aerial digital images.  The quality of airborne digital systems 
has now advanced to the point that their replacement of traditional air photography is occurring.  Digital camera systems have 
demonstrated advantages for aerial mapping applications, and because of their geometric accuracy, their image overlapping 
capability, can be used for generating digital elevation models (DEM) and digital surface models (DSM), ortho-rectification and 
other mapping products.  Aerial digital imagery provides panchromatic and multi-spectral data (including near infra-red) together 
with high resolution capability.  There is now the potential to apply digital imagery to a range of natural resource monitoring 
applications such as detecting drought stress, water-logging, tree disease and nutrient deficiency in vegetation.  They can also 
provide high-resolution capacities in support of wide-scale applications.  However, without radiometric calibration, the ability to 
extract environmental indicators or perform other numerical calculations would be severely compromised.  Radiometrically 
calibrated image data is essential for carrying out classification and trend analysis robustly and consistently.  Currently radiometric 
calibration standards have not been set for digital imaging acquisition and processing.  In this paper, we describe a radiometric 
calibration technique and procedure which has been developed particularly for aerial digital image data.  Preliminary results show the 
proposed technique works well for aerial digital image data, and further investigation areas are discussed.  
 
 

1. INTRODUCTION 

Manual interpretation of analogue photography has been widely 
used for natural resource applications, but quantitative 
applications for monitoring are limited.  The quality of airborne 
digital systems has now advanced to the point that their 
replacement of traditional air photography is occurring.  The 
advent of digital aerial photographic imaging provides 
opportunities for quantitative mapping and monitoring 
applications.  A major problem is the lack of adequate 
radiometric calibration methods which allow numeric values to 
be compared over space and time.  Currently, the evaluations of 
digital photography systems have focussed on geometric 
accuracy aspect, to realise the opportunities of the new 
technologies, there is an urgent need for methods and standards 
for radiometric calibration.  However, without radiometric 
calibration, the ability to extract environmental indicators or 
perform other numerical calculations would be severely 
compromised.  Radiometrically calibrated image data is 
essential for carrying out classification and trend analysis 
robustly and consistently. 
 
Aerial digital imagery provides panchromatic and multi-spectral 
data (including near infra-red) together with high resolution 
capability.  There is now the potential to apply digital 
photography to a range of natural resource monitoring 
applications such as detecting drought stress, water-logging, 
tree disease and nutrient deficiency in vegetation.  They can 
also provide high-resolution capacities in support of wide-scale 
applications.   
 
This paper presents a technique for Bi-directional Reflectance 
Distribution Function (BRDF) calibration which incorporates 
the constraint of the overlaps between images.  In theory, this 
model can be applied to the BRDF calibration for most optical 

sensors (aerial, satellites, hyper-spectral).  Two experiments 
were conducted using aerial photographs, and the results 
indicate that this technique is effective for radiometric 
calibration and feasible in implementation.  A detailed 
implementation of geometric view angle calculation is also 
given in Appendix A. 
 

2. A BRDF CALIBRATION TECHNIQUE 

Aerial digital image data may be affected by the solar incidence, 
azimuth and image viewing angle; atmospheric effects, the 
BRDF of the surface sensed, and sensor band spectral response 
functions.  An empirical BRDF calibration technique was 
developed to radiometrically calibrate each aerial digital image.  
This technique uses a simple three-coefficient BRDF kernel 
model where the kernel coefficients are estimated by solving 
equations based on the image overlap areas of the aerial digital 
images. 
 
For brevity assuming there are two overlapping images, the 
BRDF kernel model can be written as (other cases can be 
extended): 
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where 
 

1ak , 2ak  are the two kernels for the left image, 

1bk , 2bk  are the two kernels for the right image, 



 
 

0a , 1a , 2a  are the kernel coefficients for the left 

image, 

0b , 1b , 2b  are the kernel coefficients for the right 

image, 

1g , 2g  are the left and right image values, 

1w , 2w , 3w  are the weights for three observations, 

and 

1v , 2v , 3v  are the fitting residuals for three 

observations. 
 
This model can also be written in matrix format: 
 

BAXV -= , W          (2) 
 
It is worth mentioning that it is not necessase to ortho-rectify 
the aerial images before applying the BRDF calibration. The 
first example shows that original aerial photographs with image 
tilts can be calibrated as well. 
 
Once enough observation samples are collected (usually in the 
order of tens of thousands), this model can be fitted in different 
ways such as the least squares techniques.  A robust S-estimate 
technique was employed to estimate the kernel coefficients 
(Campbell et al, 1998). 
 
The BRDF calibration model requires the following 
information:  
 

1) the sun position and angle at time of aerial image cap-
ture; 

2) the camera locations and image tilt angles (image ori-
entation data usually can be found from aerial trian-
gulation adjustment results); and 

3) DEM of the region (unless it can be considered as be-
ing flat at the working scale). 

 
Some commonly used BRDF kernels are Ross Thick, Ross 
Thin, Roujean, Li Sparse and Li Dense (Jupp, 1998).  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 and extended to applicable 
to satellite images and other types of sensors.  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). 
 
The coefficients for the BDRF model may be estimated from all 
overlap samples or from specific land cover type samples if land 
cover type information is available.  There is also the choice of 
using different kernels and coefficients for each image, or using 
a common kernel and a set of coefficients for all images.  For 
mosaics which cross major land cover types/changes, for 
instance from forested to cleared agricultural areas, different 
kernels in the forested versus cleared areas appear 
advantageous. 
 

 
3. EXPERIMENTS AND RESULTS OF BRDF 
CALIBRATION OF AERIAL PHOTOGRAPHS 

The proposed BRDF calibration technique was implemented 
and two examples (image data are from real applications) are 
given.  The original aerial photographs (with tilt angles) were 
used in the first experiment and the ortho-rectified digital 
images were used in the second experiment. 
 
Exper iment A: Or iginal aer ial photographs 

The five stereo pairs form two west-east flying strips ¾  two 
pairs on the north strip and three pairs on the south strip (see 
Figure 1).  These aerial images are severely affected by BRDF.  
Hotspots (the locations of the projected sun on the images) can 
be obviously observed within the images.  The kernels used in 
this experiment are the linear combination of Ross Thick and Li 
Sparse and each image has its own estimated kernel 
coefficients. 
 
The required information for BRDF calibration model was 
found from the camera acquisition record and photogrammetry 
processing data.  The overlap samples were collected using an 
image matching technique since these images are not rectified.  
With the instructions provided in Appendix A, the complicated 
geometric view angles of image points related to the sun and 
camera centres can be calculated even if the original images 
involve tilt angles. Figure 2 shows the images after BRDF 
calibration has been applied to each image.  It can be seen that 
the majority of BRDF effects have been removed successfully. 
 

 
Figure 1: Seven un-rectified and un-calibrated aerial 

photographs processed in experiment A. 
 

 
Figure 2: Un-rectified but BRDF calibrated seven aerial 

photographs. 
 
In this experiment, a traditional aerial metric analogue camera 
was used to capture the photographs, and digital images were 
created by scanning the photographs.  The scanning adjustment 
may change the colours from photo-to-photo and make the 
radiometric calibration more difficult.  These combine to 
produce significant radiometric differences, confounding the 



 
 

interpretation of both temporal and spatial data sets.  Thanks to 
digital imaging technologies, now the aerial digital images 
captured by airborne digital systems can be radiometrically 
calibrated in a similar way to satellite images. 
 
Exper iment B: Ortho-rectified aer ial digital images 

One hundred and forty aerial digital images were used in the 
second experiment.  These images form seven flying strips 
(Figure 3), were captured using an airborne digital system over 
one and half hours flying time.  Standard photogrammetry 
processing steps were applied to all images before radiometric 
processing.  Figure 3 shows the mosaicked images after all 
images have been ortho-rectified.  Extreme brightness and edge 
differences can be seen to the east of the mine site in the top 
half of the mosaicked images.  Variations in exposure time and 
rapid variations in acquisition parameters due to turbulence are 
possible explanations for these. 
 
The required information for BRDF calibration modelling was 
found from the camera acquisition record and photogrammetric 
processing data.  The overlap samples were easily collected 
since these images are well ortho-rectified.  The kernels used in 
this experiment are the linear combination of Ross Thick and Li 
Sparse and each image has its own estimated kernel 
coefficients.   
 

 
Figure 3: Orthorectified but un-calibrated 140 aerial digital 

images. 
 

 
Figure 4: Orthorectified and BRDF calibrated 140 aerial digital 

images. 
 

   
(a)       (b) 

Figure 5: An enlarged area from Figure 3 (the left side) 
illustrates the proposed BRDF calibration technique 
performs well and majority of the BRDF effect was 
removed from the affected images.  Picture (a) is the 
images before applying BRDF calibration and (b) is 
the images after applying BRDF calibration. 

 
Figure 4 shows the mosaicked images after all images have 
been BRDF calibrated, and Figure 5 shows both images for an 
enlarged region.  Generally, the corrections have been effective 
in removing visible BRDF effects.  Where visible edges remain, 
they appear to be associated with bare ground areas, indicating 
that ground-cover dependent kernels may be required to 
produce optimal corrections.  Visible effects also remain near 
the mine site where the raw images showed extreme local 
variation. 
 

4. CONCLUSIONS AND DISCUSSIONS 

In order to take advantage of digital aerial photographic 
imaging for quantitative mapping and monitoring applications, 
a radiometric calibration issue was addressed and a BRDF 
calibration technique and its implementation procedure were 
developed.  Results from two examples indicate that this 
technique works effectively for radiometric calibration and is 
feasible for implementation.  Further investigation areas 
required in the radiometric calibration aspect are: 1) optimal 
kernel choice, e.g., kernel chosen based on land cover, soil 
types etc; 2) quantification of errors using common or land-
cover dependent kernels; 3) radiometric calibration (including 
terrain illumination) comparison through time; 4) special issues 
for urban areas (with dense tree covers, high-rise buildings and 
water ways) and; 5) development of operational procedures of 
radiometric calibration for monitoring programs using digital 
aerial imagery. 
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APPENDIX A: CALCULATIONS OF IMAGE 
ORIENTATION AND VIEW ANGLES 

A.1 Basic Relationships in the Central Projection 

In order to express the central projection formed by images 
analytically, formulae 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 (Wang, 
1990). 
 
As shown in Figure A1, the position of an image point in the 

image plane I  is always determined by the two-dimensional 
coordinate ( yx, ).  The origin o  of yx,  is at the principal 

point of the image. The perspective centre S  is taken as the 
origin of the image space coordinate system.  The z  axis of the 

coordinate z  coincides with oS  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. 
 
A.1.1 Elements of inter ior  or ientation 
 
The principal point o  should coincide with the intersection of 
the lines of connection of the corresponding fiducial marks.  

The deviations from this coincidence, say oo yx , , can be 

determined in the camera calibration process.  The values 

oo yx ,  and f  are referred to as the interior orientation 

parameters. 
 
A.1.2 Elements of exter ior  or ientation 
 
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 SSS ZYX ,,  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 

ZYX ,,  axes, are referred to as the elements of exterior 

orientation. 

 
Figure A1: Relationship between Ground Space Coordinate 

System and Image Space Coordinate System 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A2: The kwj ,,  rotation system 

 
A.1.3 Image collinear ity 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). 
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where 

yx,    are the image coordinates of a ground 

point A  

oo yx ,    is the principal point 

f    is the principal distance or focal length 

ZYX ,,   are the ground coordinates of a ground 

point A  

SSS ZYX ,,   are the ground coordinates of the 

projection centre S  

)3,2,1(,, =icba iii  are the elements of the 

rotation matrix R  
 
A.1.4 Rotation system 
 

j

w

k



 
 

The rotation matrix R  is determined by the rotation systems 
used.  The kwj ,,  rotation system (Figure A2) is used in our 

case and its definition is as follows: 
 

·  Longitudinal tilt j : Angle j  rotates about the 

fixed axis SY  
·  Lateral tilt w : Angle w  rotates about the axis 

SX ; however, the direction of the axis SX  
may be changed from its initial position by the 
angle j  

·  Swing angle k : Angle k  rotates about the 
camera axis ¾  when angle j  and angle w  are 

at their initial positions, the direction of the cam-

era axis coincides with the axis SZ . 
 
Figure A2 indicates the positive directions of all the rotation 
angles. 
 
The rotation matrix equations can be written as follows: 
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where 
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The values of the angles of rotation can be found from the 
elements in the rotation matrix by applying the relationship in 
A3.  Thus: 
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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. 
 
A.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 navigation instruments such as GPS and 
IMU. 
 
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  ( SSS ZYX ,, ) are known. 

 
If a digital elevation model (DEM) is available in the area 
where the image was taken, then the ground space coordinates 

( ZYX ,, ) 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 ( ZYX ,, ). 

The collinearity equations (A1) are then used to calculate the 
image coordinates ( yx, ) of the hotspot.  The pixel size is used 

to convert ( yx, ) into image lines and samples units. 

 
A.2.1 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: 
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where f ,  ( YX, ) and ( SSS ZYX ,, ) can be given 

approximate values. 
 
The differences between two hotspot estimates (using A1 and 
A5) are mainly due to the tilt angles, and can be estimated by 
the following equations: 
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where dydx,  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 0=== kwj  , A7 

can be derived from A6: 
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where l  is the photo scale factor. 
 
From the above equations, we know that the hotspot estimation 
errors are related to the principal point position, the tilt angles 

kwj ,, , the flying height and the photo scale.  For example, 

the errors increase if: 
 

·  the tilt angles kwj ,,  are large 

·  the principal point is far away from the image 
centre 

·  the focal length is small 
·  the camera station is high 
·  the hotspot is near the image edge. 

 
A.3 View Zenith and Azimuth Angles Calculation 

Each point (pixel) on an image has its image space coordinates 

),,( fyx -  and object space coordinates ),,( ZYX  if we 

move the origin of the object space coordinate system to the 

projection centre S  (see Figure A1).  The three components of 
the view vector are simply the object space coordinates 

),,( ZYX  given by 

 

�
�
�

�

�

�
�
�

	




-

-

-

�
�
�

�

�

�
�
�

	



=

�
�
�

�

�

�
�
�

	




f

yy

xx

cba

cba

cba

Z

Y

X

o

o

333

222

111        (A8) 

 

Then the view zenith angle vq  and azimuth angle vf  are: 
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Assuming iq  and if  are the sun or incident ray zenith angle 

and azimuth angle, respectively, the azimuth angle which is 
relative to the sun position is: 
 

vi fff -=      (A10) 

 

The angle between the sun and view vectors (x ) and the 

related “distance”  between the sun and view vectors ( D ) are 
defined by Jupp (1998) as: 
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A.3.1 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 of A5 can be used to calculate the three 

components ),,( ZYX  of the view vector: 
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The differences between the two hotspot estimates (using A8 
and A12) are mainly caused by the tilt angles, and the 
differences can be estimated by the following formula: 
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where dZdYdX ,,  are the differences between the two 

estimates (using and not using tilt angles). 
 
In vertical photography, when all the angular orientation 
elements are small, A13 becomes: 
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From the above equations, we know that the view vector 
estimate errors are related to the principal point position and, 
three tilt angles kwj ,, .  For example the errors increase if: 

 
·  the tilt angles kwj ,,  are large 

·  the principal point is far away from the image 
centre 

·  the focal length is large 
·  the view point (pixel) is near the image edge. 

 
 
 


