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Motivation 
 

Sensor calibration aims to find the internal or external parameters of a            

selected mathematical model for a specific device. This dissertation focuses on the            

calibration of widely used modalities in computer vision, e.g. structured-light          

scanners, cameras, and LiDAR (Light Detection and Ranging) sensors. 

 

Calibration is a crucial step for many applications in computer vision. The a             

priori knowledge of parameters (e.g. the focal length or camera poses) makes the             

processing of other algorithms faster and more accurate. Some of these parameters            

can be estimated online, during the usage of the device. However, online            

algorithms usually achieve lower accuracy, and used only when the device is            

unreachable by a human and no manual calibration is available. This dissertation            

focuses on accuracy rather than automatic or object-free calibration. The proposed           

methods are based on the known geometrical properties of the observed objects            

and correspondences between different views. 

 

Sometimes the calibration of unusual devices is needed. While the literature           

of camera, LiDAR, GPS, IMU calibrations are wide, there exist only a few             

calibration methods for a turntable calibration. Turntables are widely used in a 3D             

scanning, however, most of the existing calibration pipelines do not deal with the             

calibration of such a device. The calibration, in case of a turntable, means that its               

centerline has to be determined in the camera coordinate system. Using a turntable             

makes it possible to obtain high-resolution scans of the objects in 360 degrees. The              
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axis of the turntable determines how the scans from the individual viewpoints can             

be merged.  

 

The accurate calibration of a 3D scanner makes it possible to generate GT             

(Ground Truth) data for feature matching and the quantitative comparison of affine            

feature detectors. Most of the evaluation databases use homography-based image          

pairs for the comparison. However, the accurate depth and sensor parameters           

acquired using the accurate calibration of a structured-light scanner can be used to             

calculate the movement of the objects and to generate GT. This makes it possible              

to quantitatively compare the feature detectors and matchers on real-world rotating           

objects, which has not been introduced in literature before. Moreover, the database            

is extended with outdoor images taken by quadcopter-mounted camera. The GT           

data are calculated from the restricted flight-path of the quadcopter. 

 

Calibration is especially challenging when modalities of different kinds are          

considered, e.g. cameras and LiDAR sensors. The former takes high-resolution          

color images, while the latter acquires sparse point clouds. Even the dimensions            

and density properties of these outputs are significantly distinct; thus, the           

calibration needs to take place so that accurate correspondences are easily acquired            

from the devices. 

 

Multi-device systems consisting of cameras and LiDAR sensors are widely          

used these days in autonomous driving. The external calibration determines the           

relative pose of these. Due to accurate calibration and pose estimation, the            
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surroundings of the autonomous vehicle can be mapped, even if just some of the              

sensors share a common field of view. 

 

Besides the theoretical background, this dissertation presents easy to use,          

novel methods for the calibration of different modalities. Each of the presented            

calibration methods works well in real-life and some of them even attract the             

attention of industry purposes as well.   
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Previous Works 
 

The thesis contributes to three topics to the state-of-the-art. Here, the           

previous works on individual topics are reviewed. 

 

Turntable-aided structured-light scanning: 

Structured-light scanning has been a long-studied subject of computer         

vision. These scanners are equipped with a camera and a projector, and use an              

image sequence, called structured-light, to reconstruct the shape of the objects.           

Structured-light encodes each projector pixel individually. Then the shape of the           

object is obtained by triangulation. A pre-calibration step is required to determine            

the intrinsic and extrinsic parameters of the sensors. The calibration is usually done             

using an object with known geometry, for example, a chessboard. The spatial            

chessboard corners are known and the projections of the corners can be found in              

the images. Then the intrinsic parameters of the camera and the spatial location of              

the chessboard can be estimated. The same procedure is used for the projector as              

well; however, the projections of the corners must be calculated by decoding the             

structured-light. Previous calibration methods use only the raw decoded projector          

values from the camera to establish camera-projector pixel correspondences.         

However, these methods achieve only pixel precision and are not robust to            

decoding errors. Thus, the first thesis contributes to this calibration step by            

applying homographies. A homography describes the transformation between two         

projections of a plane. It eliminates the noisy decoded projector pixels and            

achieves sub-pixel precision, making the camera-projector calibration more        

accurate. 
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Our particular scanner is also equipped with a turntable to make 360°            

reconstruction possible. The scanner obtains scans from different viewpoints by          

rotating the object. To merge the point clouds, the axis of the turntable needs to be                

determined relative to the camera. Previous methods on the topic mostly use ICP             

(Iterative-Closest-Points) algorithm, which uses only the point clouds for merging.          

Other methods use images of a rotating chessboard, calculate the extrinsic           

locations of the camera, and fit a circle to determine the turntable axis. Neither              

result of the mentioned family of methods is satisfying. The aligning error of             

different scans is visible in the final point cloud of the object. Thus, a novel               

method is proposed for the turntable axis calibration. Determining the centerline is            

especially challenging since only a small error in the axis estimation produces            

visible aligning errors in the merged point cloud. The proposed method not only             

calculates the centerline of the turntable accurately, but also refines the extrinsic            

parameters of the camera and the projector. Thus, the calibration system is            

extremely accurate. 

 

Quantitative Evaluation of Affine Covariant Feature Matching: 

Point features are frequently used as input data for many computer vision            

problems. Recently, affine transformations are also considered. An affine         

transformation describes the local image warp around the point features. Thus, the            

problems of epipolar geometry, that can be solved by point correspondences, can            

also be solved by affine correspondences using less number of features than using             

only point correspondences. Despite that many comparison datasets are available          

with accurate GT point features, the literature focusing on quantitative affine           
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covariant feature matching is very limited. Most of the well-known quantitative           

comparisons are based on homography. The main problem with these comparisons           

is twofold: feature matching is usually not involved, and only planar objects can be              

observed or the camera has to be fixed.  

  

The used measure, called repeatability, is also problematic. It is calculated as            

the ratio between the number of repeated features over the minimum of the number              

of detected features in an image pair. A feature pair is considered repeated if their               

overlapping region is higher than a pre-selected threshold. However, affine feature           

regions with larger regions have a better chance to reach the overlapping threshold.             

Moreover, the minimum of the number of features in the denominator makes the             

measure error prone, if only a low number of features are found in one of the                

images. 

  

To overcome the shortcomings of the above-mentioned comparisons, novel         

GT generation, and quantitative evaluations are introduced. In the first scenario,           

the GT data are generated by the accurate structured-light scanner, introduced in            

Thesis 1. The scanned objects are making rotation movement between the images.            

In the second scenario, the images are captured by a quadcopter mounted camera,             

and the GT is obtained from the restricted flight-path of the quadcopter. Instead of              

the repeatability, the Frobenius norm of the affine transformations and the           

Euclidean distance of the affine correspondences are evaluated. 
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Accurate Calibration of Multi-LiDAR-Multi-Camera Systems: 

Autonomous driving is currently in the focus of several research          

communities and industrial partners. Several sensors have to be used together to            

map the surroundings of an autonomous vehicle. In order to efficiently work these             

sensors together, their relative position and orientation need to be known a priori;             

thus, extrinsic calibration is required. 

 

The joint application of camera and LiDAR sensors compensate for the           

shortcomings of the other; thus, they can be effectively used jointly in many             

scenarios. The extrinsic calibration of such a sensor pair is an active research topic              

nowadays. Online and offline calibrations can be distinguished. Online calibration          

is applied while the sensors are in use and usually no calibration object is needed.               

Offline calibrations methods need one or more calibration objects and usually           

human intervention to estimate the extrinsic parameters. In general, offline          

calibration methods achieve better accuracy than online methods. 

 

Most of the previously proposed calibration use chessboards or other planar           

objects. The motivation behind the chessboards is that they can be used for camera              

calibration automatically and achieve high accuracy. However, all of these          

methods struggle to find the chessboard edges in the LiDAR point cloud. Several             

solutions are published to determine these edges accurately; however, none of them            

proved to be accurate enough. Moreover, the chessboard pattern makes the LiDAR            

point clouds noisier, which affects the accuracy of the calibration. 
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Other types of methods reconstruct a part of the scene from multiple camera             

images and try to merge the LiDAR point cloud with the reconstructed one. Some              

of these use ICP to estimate the rigid transformation between the devices; however,             

ICP needs good initial parameters to converge and its accuracy is not satisfying.             

More sophisticated methods try to establish correspondences between the point          

clouds by the detection of common planes. However, establishing plane          

correspondences is also problematic. 

 

The proposed method uses cardboard boxes for the calibration. Cardboard          

boxes have 3 perpendicular planes; thus, the intersections of these planes can be             

accurately calculated. From the edges of the box, the corners are determined in the              

LiDAR point clouds. These corners can be found in the camera images with high              

accuracy. From the spatial and image locations, 3D-2D point correspondences are           

obtained. Thus, the extrinsic calibration is reduced to the PnP (Perspective-n-Point)           

problem, which can be solved effectively. Moreover, the method can also be used             

for LiDAR-LiDAR calibration. In this case, the calibration is equivalent to the            

registration of spatial points. Furthermore, the method can be easily extended to            

handle multiple LiDAR and multiple camera devices. 
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Main Contributions 
 

The main contributions are summarized in the following three theses. 

 

Thesis 1 – Calibration of Turntable-Aided Structured-Light Scanners  

[4;7;8] 

 

Considering the problem of turntable-aided structured-light scanner       

calibration, a new method is proposed to achieve sub-pixel accurate          

correspondences between the camera and projector pixels. A homography is          

robustly estimated between the chessboard regions visible from both the camera           

and the projector. Then this homography is used to eliminate the false matches             

obtained from the wrong decodings of the structured-light and to refine the            

correspondences to the sub-pixel level. For turntable calibration, a novel method is            

proposed to calculate its centerline in the camera coordinate system. The method            

iteratively refines the extrinsic parameters of the camera and the projector. A visual             

comparison of calibration methods indicates that the proposed method outperforms          

the others. 

 

Thesis 2 – GT Data Generation for Affine Covariant Feature Detectors and            

Their Quantitative Evaluation 

[1;3;6] 

 

A GT generation method is proposed for affine covariant feature detectors           

based-on the high-precision structured-light scanner. The GT data consist of not           
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only point correspondences between the images, but also affine transformations.          

The comparison database improves on the previously proposed comparisons, in the           

sense that real-world, rotating 3D objects are used, instead of just static scenes. The              

database is extended with outdoor images taken by a quadcopter mounted camera.            

The GT data generation methods for the several types of restricted movement of             

the quadcopter are also proposed. 

 

Thesis 3 – Extrinsic Calibration of Camera-Lidar Systems 

[2;5] 

 

A novel method is proposed for camera-LiDAR extrinsic calibration.         

Compared to the current state-of-the-art, this method uses a 3D calibration objects,            

instead of planar ones. The 3D corners of the cardboard boxes are accurately             

computed in the LiDAR points. Then the extrinsic camera-LiDAR calibration is           

reduced to the PnP (Perspective-n-Point) problem by finding 3D-2D         

correspondences between the camera image and the LiDAR point cloud.          

LiDAR-LiDAR calibration is possible by finding the same spatial corners in the            

point cloud and by point registration. The proposed method is evaluated in both             

synthetic and real-world tests, outperforming the current state-of-the-art        

techniques. Moreover, the method can be easily extended for LiDAR-camera          

system calibration, containing multiple sensors.  
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