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ABSTRACT: 
 
State-of-the-art airborne systems are based on the combination of imaging and navigation sensors, such as digital camera, LiDAR, 
GPS and IMU. Since these systems use direct georeferencing for imaging sensor orientation, the calibration of individual sensors 
and the relation between sensors (system calibration) is critical. Any difference between assumed calibration parameters and 
physical parameters can cause significant errors in object space. The calibration of digital cameras is usually performed in laboratory 
and the determined parameters may not reflect the flight conditions due to the effect of temperature and air pressure. For example, 
the change in the focal length as a result of actual flight condition is of vital importance for direct sensor orientation, since it 
corresponds to a scale factor for the height. Therefore, these parameters are frequently determined or refined with in-situ calibration. 
In general, a test field with distributed control points of high accuracy is used for in-situ sensor and boresight calibration. Finding 
such a test field nearby or within project area is not always possible.   
 
This paper investigates the feasibility of using LiDAR data for in-situ calibration of digital camera. In addition, the determination of 
attitude and positional relationship between digital camera and IMU is also discussed. The experimental studies were carried out 
using data collected by a small format airborne digital camera, LiDAR, GPS and IMU. A test site was selected in the project area 
and control points were obtained from LiDAR point cloud and intensity data. The in-situ calibration of digital camera was based on 
a large number of tie points and the LiDAR derived control points using a conventional bundle block adjustment with self 
calibration. The displacement vector and attitude relationship between digital camera and IMU body frame was determined by 
comparing the GPS/IMU derived image orientations and the results of bundle block adjustment. The performance of the camera 
calibration parameters and boresight misalignment was analyzed by comparing the results of measuring points in stereo models 
formed using the bundle block adjustment and direct sensor orientation, respectively. The performance of the in-situ determined 
camera and boresight calibration parameters were tested using independent LiDAR-specific target points which were originally used 
for testing of the LiDAR data accuracy. In addition, the effect of orientation discrepancies as a model deformation was also checked 
by computing y-parallaxes for each model and generated orthoimage.      
 
 

                                                                 
*  N. Yastikli  

1. INTRODUCTION 

In photogrammetry, the determination of image orientation, an 
important task for any kind of imagery used to be solved 
indirectly by block adjustment in the past. Recently, the direct 
determination of the exterior orientation parameters of imaging 
sensors became possible by the combined use of IMU and GPS. 
For accurate determination of object points based on GPS/IMU 
oriented imagery, the system calibration is of vital importance, 
and includes the determination of the boresight misalignment, 
the interior camera orientation, and the GPS antenna offset. The 
system calibration parameters can be classified into two groups: 
the calibration parameters of individual sensors and the 
relationships between sensors. The calibration between sensors 
is comprised of the GPS antenna offset (lever arm), and the 
determination of an offset vector and attitude difference 
between the IMU body frame and the imaging sensor.  
 
The camera calibration process involves the geometric 
calibration, resolution determination and radiometric calibration 
of camera. The traditional aerial analog camera calibration 

mainly focuses on the geometric calibration of camera. The 
laboratory calibration is a standard method for analog airborne 
frame cameras. The interior camera geometry, i.e. focal length, 
principle point location and lens distortion parameters are 
estimated based on goinometer measurements and included in 
the calibration certificate.  
 
In-situ calibration, also called self-calibration originates from 
close range applications and the focal length, principle point 
location and lens distortion parameters are estimated from 
measurements reflecting actual conditions, which is usually 
different from lab calibration. The traditional close range in-situ 
calibration method requires a large number of signalized control 
points in 3D terrestrial calibration fields. If the object 
coordinates of signalized control points are known with high 
accuracy and sufficient number of images of the 3D calibration 
field from different position and different orientation is taken 
then the calibration parameters can be determined by using 
bundle block adjustment. Similarly, the camera calibration 
parameters can be estimated in standard airborne flight 
configuration with the camera positions could be provided by 
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Figure 6.  Comparison of the y parallaxes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 (a)    (b) 
Figure 7. The geo-registered LiDAR intensity image and 

orthoimages based on reference adjustment (a) and 
direct georeferencing (b). 

 
The in-situ camera and boresight calibration were determined 
based on the data collected on May 25, 2005. The performance 
of the calibration process was tested by using a limited number 
of target points which were originally used for the validation of 
the LiDAR accuracy. Figure 8 shows the LiDAR-specific 
targets, made of trampolines with 2m diameter, and GPS-
positioned at cm-level accuracy. The image coordinates of 
check points were measured and the GPS/IMU-based exterior 
orientation was used in the intersection. The overall results of 
the in-situ camera and boresight calibration performance check 
as a root means square errors at target points are shown in Table 
3. The obtained root mean square errors at target points and 
mean square error of intersection confirmed that the determined 
in-situ camera and boresight calibration is optimal and stable, as 
there is not change day to day and from one location to another.         
   
 
 
 
 
 
 
 
 
 
 
 

(a)    (b) 
Figure 8. Target points 43142 (a) and 46466 (b) 

 
Table 3.  The results of performance check in-situ and camera 

calibration with LiDAR specific target points 
 

5. CONCLUSIONS 

The system calibration of airborne mobile mapping systems, 
including the boresight misalignment and geometric calibration 
of the imaging sensor has vital importance for achieving 
accurate geospatial data extraction performance, as the 
GPS/IMU-based direct sensor orientation is extremely sensitive 
to system calibration errors. Any discrepancies between the 
assumed mathematical model and physical condition during the 
data acquisition can cause an error in object space. Because of 
this, the determination of the displacement vector and attitude 
difference between the camera and IMU body frame (boresight 
misalignment) and geometric calibration of camera are a critical 
issue for direct georeferencing.  
 
In this research, a system calibration was performed to integrate 
a small format camera into a high-performance LiDAR system. 
The investigation clearly showed that the Redlake MS 4100 
digital camera could be successfully calibrated and boresighted 
to the LiDAR system, using only control information derived 
from the LiDAR data. Using a block of 21 images and 25 
LiDAR-derived control points, bundle block adjustments with 
various parameters were used to perform an in situ camera 
calibration. The focal length, the radial symmetric lens 
distortions and systematic image errors were accurately 
estimated (with respect to the camera quality). In addition, the 
boresight misalignment was simultaneously estimated using the 
BLUH and Applanix software products. The effect of 
orientation discrepancies were checked by computing y-
parallaxes for each model at the reference block. In addition, an 
independent performance check was performed using LiDAR-
specific ground targets. The combined results clearly proved 
that the determined in-situ camera and boresight calibration 
parameters were optimal and stable; in fact, the achieved 
accuracy appears to be quite good compared to the camera 
quality. 
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RMS at Target Points  
[m] 

Target 
Number Day Model 

Number
MSE of 

Intersection 
X Y Z  

43142 May 23 501 59.8 -1.20 -0.09 0.80 
43143 May 23 506 30.8 0.39 0.68 2.0 
43144 May 23 505 29.6 0.85 1.257 -2.5 
47803 May 24 457 48.4 2.44 2.89 4.89 
47804 May 24 457 48.4 2.13 2.59 4.28 
46465 May 26 199 30.9 0.24 1.54 0.71 
46466 May 26 324 53.8 0.56 -0.59 5.82 
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