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About This Manual

Measurements in 3D become more and more important. HALCON provides many methods to perform 3D mea-
surements. This Solution Guide gives you an overview over these methods, and it assists you with the selection
and the correct application of the appropriate method.

A short characterization of the various methods is given in chapter 1 on page 9. Principles of 3D transformations
and poses as well as the description of the camera model can be found in chapter 2 on page 13. Afterwards, the
methods to perform 3D measurements are described in detail.

The HDevelop example programs that are presented in this Solution Guide can be found in the specified subdirec-
tories of the directory ,HALCONEXAMPLESY,.

Symbols

The following symbol is used within the manual:

This symbol indicates an information you should pay attention to.






Contents

1 Introduction

2 Basics

2.1

2.2

23

3D Transformations and Poses . . . . . . . . . . ... L. L e
2.1.1 3D Coordinates . . . . . . ... e e e e e e e e e e
2.1.2  Transformations using 3D Transformation Matrices . . . . . . . . . ... .. ... ....
2.1.3  Rigid Transformations using Homogeneous Transformation Matrices . . . . ... .. ..
2.1.4 Transformationsusing 3D Poses . . . . . . . . ... ... e
2.1.5 Transformations using Dual Quaternions and Pliicker Coordinates . . . . . ... ... ..
Camera Model and Parameters . . . . . . . .. . ... L e
2.2.1 Map 3D World Points to Pixel Coordinates . . . . . ... ... ... ... ........
222 AreaScan Cameras . . . . . ... oL e e e e e e
2.2.3  Tilt Lenses and the Scheimpflug Principle . . . . . . ... ... .. ... ... .. ....
2.2.4 Hypercentric Lenses . . . . . . . . . . . e e e e e e e
225 LineScanCameras . . . . . . . . ...
3ADObject Models . . . . . . . . e
2.3.1 Obtaining 3D Object Models . . . . . . . . .. .. ...
2.3.2 Contentof 3D Object Models . . . . . . .. ... ...
2.3.3 Modifying 3D Object Models . . . . . . . . . . . . . e
2.3.4  Extracting Features of 3D Object Models . . . . . .. ... ... ... .. ... .....
2.3.5 Matching of 3D Object Models . . . . . ... .. ... ... ... ... ...
2.3.6  Visualizing 3D Object Models . . . . . . . . . . . ...

3 Metric Measurements in a Specified Plane With a Single Camera

3.1

3.2

33

34

35

First Example . . . . . . . o L e e
3.1.1 Single Image Calibration . . . . . . . . . . . . . ...
3D Camera Calibration . . . . . . . . . . . ..
3.2.1 Creating the Calibration DataModel . . . . . . ... .. ... ... ... . ........
3.2.2  Specifying Initial Values for the Internal Camera Parameters . . . . . . . . ... ... ..
3.2.3 Describing the Calibration Object . . . . . . . .. ... .. ... ... .. ........
3.2.4 Observing the Calibration Object in Multiple Poses (Images) . . . . . . . .. ... .. ..
3.2.5 Restricting the Calibration to Specific Parameters . . . . . . . . . ... .. ... .....
3.2.6 Performing the Calibration . . . . . . . . . . . ... L
3.2.7 Accessing the Results of the Calibration . . . . . ... ... ... ... .........
3.2.8 Deleting Observations from the Calibration Data Model . . . . . . ... ... ... ...
329 SavingtheResults . . . . . .. ..
3.2.10 Troubleshooting . . . . . . . . . . . . e
Transforming Image into World Coordinates and Vice Versa . . . . . . . ... ... ... ....
3.3.1 TheMainPrinciple . . . . . . . . ...
3.3.2 World Coordinates for Points . . . . . ... ... ... ... o
3.3.3 World Coordinates for Contours . . . . . . . . . . ... e
334 World Coordinates forRegions . . . . . . ... .. ... ... ..
3.3.5 Transforming World Coordinates into Image Coordinates . . . . . . .. ... ... ....
3.3.6 Compensate for Lens DistortionsOnly . . . . . . . ... ... ... ... .........
Rectifying Images . . . . . . . . . . . e e e
34.1 Transforming Images intothe WCS . . . . . . .. ... ... ... .
3.4.2 Compensate for Lens Distortions Only . . . . . . . . ... ... ... ... ........
Inspection of Non-Planar Objects . . . . . . . . . . . . . i

13
13
13
14
18
20
22
25
26
26
33
34
35
38
38
40
43
49
50
56



4 3D Position Recognition of Known Objects 91

6

7

4.1 Pose Estimation from Points . . . . . . . . .. ... 92

4.2 Pose Estimation Using Shape-Based 3D Matching . . . . . . ... ... ... .. ......... 95

4.2.1 General Proceeding for Shape-Based 3D Matching . . . . ... ... ... ... ..... 96

4.2.2  Enhance the Shape-Based 3D Matching . . . . . . ... ... .. ... ... ..... 99

4.2.3 Tips and Tricks for Problem Handling . . . . . .. ... ... ... ............ 101

4.3 Pose Estimation Using Surface-Based 3D Matching . . . . . . ... ... ... ... ... .... 104

4.3.1 General Proceeding for Surface-Based 3D Matching . . . . ... ... ... ... .... 104

4.4 Pose Estimation Using Deformable Surface-Based 3D Matching . . . . .. ... ... ... ... 107

4.4.1 General Proceeding for Deformable Surface-Based 3D Matching . . . . . . ... ... .. 107

4.5 Pose Estimation Using 3D Primitives Fitting . . . . . . .. ... ... ... ... ... . ... . 111

4.6 Pose Estimation Using Calibrated Perspective Deformable Matching . . . . . . . ... ... ... 114

4.7 Pose Estimation Using Calibrated Descriptor-Based Matching . . . . . . ... ... ... .... 114

4.8 Pose Estimationfor Circles . . . . . . . . . . . . .. e 115

4.9 Pose Estimation for Rectangles . . . . . . . . . . ... L 116

3D Vision With a Stereo System 117

5.1 The Principle of Stereo Vision . . . . . . . . . . . . e 117

5.1.1 The Setup of a Stereo Camera System . . . . . . . .. . ... .. 120

5.1.2  Resolution of a Stereo Camera System . . . . . . . .. .. ... ... 120

5.1.3 Optimizing Focus with Tilt Lenses . . . . . . . . . . ... ... ... ... ... ..... 121

5.2 Calibrating the Stereo Camera System . . . . . . . . . . . oottt e 122

5.2.1 Creating and Configuring the Calibration DataModel . . . . . . . .. .. ... ... ... 122

5.2.2  Acquiring Calibration Images . . . . . . . . . .. ... 123

5.2.3 Observing the Calibration Object . . . . . . . .. .. ... ... ... ... ... .... 123

5.2.4 Calibrating the Cameras . . . . . . . . . . . . . i i e e 124

5.3 Binocular Stereo Vision . . . . . . ... e 124
5.3.1 Comparison of the Stereo Matching Approaches Correlation-Based, Multigrid, and Multi-

Scanline Stereo . . . . . ... e e 125

5.3.2  Accessing the Calibration Results . . . . . . ... ... ... .. 0oL, 126

5.3.3 Acquiring Stereo Images . . . . . . ... L. 126

5.3.4 Rectifying the Stereo Images . . . . . . . . . . .. L 127

5.3.5 Reconstructing 3D Information . . . . . . ... oL oL 130

5.3.6 Uncalibrated Stereo Vision . . . . . . . . . . . L 138

54 Multi-View Stereo Vision . . . . . . . .. Lo e e e 139

5.4.1 Initializing the Stereo Model . . . . . . . . .. .. Lo Lo 139

5.4.2 Reconstructing 3D Information . . . . . . ... oL 141

Laser Triangulation with Sheet of Light 147

6.1 The Principle of Sheetof Light . . . . . . . . . ... ... L 147

6.2 The Measurement SEtUP . . . . . . . . ... e e e e 147

6.3 Calibrating the Sheet-of-Light Setup . . . . . . . . . . . .. .. . 149

6.3.1 Calibrating the Sheet-of-Light Setup using a standard HALCON calibration plate . . . . . 151

6.3.2 Calibrating the Sheet-of-Light Setup Using a Special 3D Calibration Object . . . . . . . . 154

6.4 Performing the Measurement . . . . . . . . . . ... ... 157

6.4.1 Calibrated Sheet-of-Light Measurement . . . . . . . ... ... .. ... ......... 157

6.4.2 Uncalibrated Sheet-of-Light Measurement . . . . . . . ... ... ... .......... 159

6.5 Usingthe ScoreImage . . . . . . . . . . . . e e e 160

6.6 3D Cameras for Sheet of Light . . . . . . . . . . . ... . 162

Depth from Focus 163

7.1 The Principle of Depth from Focus . . . . . . . . .. . ... . 163

7.1.1 Speedvs. AccuraCy . . . . ... e e 165

T2 Setup . . .o e e e 165

721 Camera . . . . . .o 165

7.22  Tumination . . . . . . .o v vt e e e e e 168

723 Object . . . o oo 169

7.3 Working with Depth from Focus . . . . . . . . .. ... .. .. 170

7.3.1 Rules for Taking Images . . . . . . . . . ... L e 170

7.3.2  Practical Use of DepthfromFocus . . . . . . ... ... .. ... .. ....... . ... 171



7.4

7.5
7.6

7.3.3  Volume Measurement with Depth fromFocus . . . . . .. ... .. ... ... ... ...
Solutions for Typical Problems With DFF . . . . . . . .. ... ... . ... ... ... ...
7.4.1 Calibrating Aberration . . . . . . . . . . . i e e e e e e e e e e e
Special Cases . . . . . . o e e e e e
Performing Depth from Focus with a StandardLens . . . . . . . ... .. ... ... ... ....

8 Robot Vision

8.1

8.2
8.3
8.4

8.5
8.6
8.7

Supported Configurations . . . . . . . . . .. e e e e e e e e e
8.1.1  Articulated Robot vs. SCARA Robot . . . . . . ... ... ... ... L
8.1.2  Camera and Calibration Plate vs. 3D Sensor and 3D Object . . . . ... ... ......
8.1.3 Moving Camera vs. Stationary Camera . . . . . . . . . .. ..o
8.1.4 Calibrating the Camera in Advance vs. Calibrating It During Hand-Eye Calibration . . . .
The Principle of Hand-Eye Calibration . . . . . . . .. .. ... ... .. ... ... ....
Calibrating the Camerain Advance . . . . . . . . . . . .. .. ... e
Preparing the Calibration Input Data . . . . . . . . . .. . ... .. L
8.4.1 Creatingthe DataModel . . . . . . . .. ... ...
8.4.2 Poses of the Calibration Object. . . . . . . . . . . . . ..
8.4.3 Posesofthe RobotTool . . . ... . .. . .. ... ..
Performing the Calibration . . . . . . . . . . . . . . e
Determine Translation in Z Direction for SCARA Robots . . . . . . . . ... ... ... ... ..
Using the Calibration Data . . . . . . . . . . ... .. e
8.7.1 Using the Hand-Eye Calibration for Grasping (3D Alignment) . . . . . . ... ... ...
8.7.2  How to Get the 3D Pose of the Object . . . . . . .. ... ... ... .. .........
8.7.3 Example Application with a Stationary Camera: GraspingaNut . . . . . ... ... ...

9 Calibrated Mosaicking

9.1
9.2

9.3

SEtUD . . . e e e
Approach Using a Single CalibrationPlate . . . . . . . .. ... . ... ... ... ... .....
9.2.1 Calibration . . . . . . . . . e e e e e e
9.22 Mosaicking . . . . . ... e e
Approach Using Multiple Calibration Plates . . . . . . .. . ... ... ... ... ... .....
9.3.1 Calibration . . . . . . . ... e
9.3.2 Merging the Individual Images into One Larger Image . . . . ... ... ... ... ...

10 Uncalibrated Mosaicking

10.1
10.2
10.3
10.4
10.5
10.6
10.7

Rules for Taking Images fora MosaicImage . . . . . . . . . ... ... ... ... . ....
Definition of Overlapping Image Pairs . . . . . . . .. .. ... ... ... . ..
Detection of Characteristic Points . . . . . . . . . . .. . L
Matching of Characteristic Points . . . . . . . . . . . .. .
Generation of the Mosaic Image . . . . . . . . . . . .. L
Bundle Adjusted Mosaicking . . . . . . . . .. e e e e
Spherical Mosaicking . . . . . . . . . .. e e

11 Rectification of Arbitrary Distortions

11.1
11.2
11.3
11.4

Basic Principle . . . . . . . L e e e
Rules for Taking Images of the Rectification Grid . . . . . .. ... ... ... ... ... ....
Machine Vision on Ruled Surfaces . . . . . . . . . . .. L
Using Self-Defined Rectification Grids . . . . . . . . . . . . ... ...

A HDevelop Procedures Used in this Solution Guide

Al
A2
A3
A4
A5
A6
A7

Index

gen_hom_mat3d_from_three_points . . . . . . . . . ... L L
parameters_image_to_world_plane_centered . . . . . . ... ... oL
parameters_image_to_world_plane_entire . . . . . . .. ... ..o oo
It _COITECHION . . . . . . . o e e e e e e e e
calc_calplate_pose_mMOVINZCAM . . . . . . v v v v v it e e e e e e e e e e e
calc_calplate_pose_stationaryCam . . . . . . . . .. e e e i e e e e e e e e e e e e
define_reference_coord_system . . . . . . . .. ...

175
175
175
176
177
177
177
179
179
180
181
182
183
184
185
185
186
187

191
191
193
193
194
195
196
197

205
207
208
212
213
215
215
216

219
220
222
223
225

231
231
232
232
233
233
233
234

235






Introduction

Chapter 1

Introduction

With HALCON you can perform 3D vision in various ways. The main applications comprise the 3D position
recognition and the 3D inspection, which both consist of several different approaches with different characteristics,
so that for a wide range of 3D vision tasks a proper solution can be provided. This Solution Guide provides you
with detailed information on the available approaches, including also some auxiliary methods that are needed only
in specific cases.

An introduction to 3D vision and many other topics is available in interactive online courses at our MVTec
Academy.

What Basic Knowledge Do You Need for 3D Vision?

Typically, you have to calibrate your camera(s) before applying a 3D vision task. Especially, if you want to achieve
accurate results, the camera calibration is essential, because it is of no use to extract edges with an accuracy of
1/40 pixel if the lens distortion of the uncalibrated camera accounts for a couple of pixels. This also applies if you
use cameras with telecentric lenses. But don’t be afraid of the calibration process: In HALCON, this can be done
with just a few lines of code. To prepare you for the camera calibration, chapter 2 on page 13 introduces you to the
details on the camera model and parameters. The actual camera calibration is then described in chapter 3 on page
59.

Using a camera calibration, you can transform image processing results into arbitrary 3D coordinate systems and
thus derive metrical information from images, regardless of the position and orientation of the camera with respect
to the object. In other words, you can perform inspection tasks in 3D coordinates in specified object planes, which
can be oriented arbitrarily with respect to the camera. This is, e.g., useful if the camera cannot be mounted such
that it looks perpendicular to the object surface. Thus, besides the pure camera calibration, chapter 3 shows how to
apply a general 3D vision task with a single camera in a specified plane. Additionally, it shows how to rectify
the images such that they appear as if they were acquired from a camera that has no lens distortions and that looks
exactly perpendicular onto the object surface. This is useful for tasks like OCR or the recognition and localization
of objects, which rely on images that are not distorted too much with respect to the training images.

Before you develop your application, we recommend to read chapter 2 and chapter 3 and then, depending on the
task at hand, to step into the section that describes the 3D vision approach you selected for your specific application.

How Can You Obtain an Object’s 3D Position and Orientation?

The position and orientation of 3D objects with respect to a given 3D coordinate system, which is needed, e.g., for
pick-and-place applications (3D alignment), can be determined by one of the methods described in chapter 4 on
page 91:

* The pose estimation of a known 3D object from corresponding points (section 4.1 on page 92) is a rather
general approach that includes a camera calibration and the extraction of at least three significant points for
which the 3D object coordinates are known. The approach is also known as “mono 3D”.

e HALCON’s 3D matching locates known 3D objects based on a 3D model of the object. In particular, it
automatically searches objects that correspond to a 3D model in the search data and determines their 3D
poses. The model must be provided, e.g., as a Computer Aided Design (CAD) model. Available approaches
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are the shape-based 3D matching (section 4.2 on page 95) that searches the model in 2D images and the
surface-based 3D matching (section 4.3 on page 104) that searches the model in a 3D scene, i.e., in a set of
3D points that is available as 3D object model, which can be obtained by a 3D reconstruction approach like
stereo or sheet of light. Note that the surface-based matching is also known as “volume matching”, although
it only relies on points on the object’s surface.

* HALCON’s 3D primitives fitting (section 4.5 on page 111) fits a primitive 3D shape like a cylinder, sphere,
or plane into a 3D scene, i.e., into a set of 3D points that is available as a 3D object model, which can be
obtained by a 3D reconstruction approach like stereo or sheet of light followed by a 3D segmentation.

» The calibrated perspective matching locates perspectively distorted planar objects in images based on a 2D
model. In particular, it automatically searches objects that correspond to a 2D model in the search images and
determines their 3D poses. The model typically is obtained from a representative model image. Available
approaches are the calibrated perspective deformable matching (section 4.6 on page 114) that describes the
model by its contours and the calibrated descriptor-based matching (section 4.7 on page 114) that describes
the model by a set of distinctive points that are called “interest points”.

* The circle pose estimation (section 4.8 on page 115) and rectangle pose estimation (section 4.9 on page
116) use the perspective distortions of circles and rectangles to determine the pose of planar objects that
contain circles and/or rectangles in a rather convenient way.

How Can You Inspect a 3D Object?

The inspection of 3D objects can be applied by different means. If the inspection in a specified plane is sufficient,
you can use a camera calibration together with a 2D inspection as is described in chapter 3 on page 59.

If the surface of the 3D object is needed and/or the inspection can not be reduced to a single specified plane, you can
use a 3D reconstruction together with a 3D inspection. That is, you use the point, surface, or height information
returned for a 3D object by a 3D reconstruction and inspect the object, e.g., by comparing it to a reference point,
surface, or height.

Figure 1.1 provides you with an overview on the methods that are available for 3D position recognition and 3D
inspection. For an introduction to 3D object models, please refer to section 2.3 on page 38.

How Can You Reconstruct 3D Objects?

To determine points on the surface of arbitrary objects, the following approaches are available:

*« HALCON:?’s stereo vision functionality (chapter 5 on page 117) allows to determine the 3D coordinates of
any point on the object surface based on two (binocular stereo) or more (multi-view stereo) images that are
acquired suitably from different points of view (typically by separate cameras). Using multi-view stereo,
you can reconstruct a 3D object in full 3D, in particular, you can reconstruct it from different sides.

¢ A laser triangulation with sheet of light (chapter 6 on page 147) allows to get a height profile of the object.
Note that besides a single camera, additional hardware, in particular a laser line projector and a unit that
moves the object relative to the camera and the laser, is needed.

* With depth from focus (DFF) (chapter 7 on page 163) a height profile can be obtained using images that are
acquired by a single telecentric camera but at different focus positions. In order to vary the focus position
additional hardware like a translation stage or linear piezo stage is required. Note that depending on the
direction in which the focus position is modified, the result corresponds either to a height image or to a
distance image. A height image contains the distances between a specific object or measure plane and the
object points, whereas the distance image typically contains the distances between the camera and the object
points. Both can be called also depth image or “Z image”.

* With photometric stereo (Reference Manual, chapter “3D Reconstruction > Photometric Stereo™) a height
image can be obtained using images that are acquired by a single telecentric camera but with at least three
different telecentric illumination sources for which the spatial relations to the camera must be known. Note
that the height image reflects only relative heights, i.e., with photometric stereo no calibrated 3D reconstruc-
tion is possible.

* With structured light (Solution Guide I, chapter 8 on page 69) a 3D object model is derived from projected
patterns on a diffuse object surface. The setup consists of calibrated camera and projector.
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Figure 1.1: Overview to the main methods used for 3D Vision.

* Besides the 3D reconstruction approaches provided by HALCON, you can obtain 3D information also by
specific 3D sensors like time of flight (TOF) cameras. These cameras typically are calibrated and return X,
Y, and Z images.

Figure 1.2 allows to compare some important features of the different 3D reconstruction approaches like the
approach-specific result types.

How Can You Extend 3D Vision to Robot Vision?

A typical application area for 3D vision is robot vision, i.e., using the results of machine vision to command a
robot. In such applications you must perform an additional calibration: the so-called hand-eye calibration, which
determines the relation between camera and robot coordinates (chapter 8 on page 175). Again, this calibration
must be performed only once (offline). Its results allow you to quickly transform machine vision results from
camera into robot coordinates.

What Tasks May be Needed Additionally?

If the object that you want to inspect is too large to be covered by one image with the desired resolution, multiple
images, each covering only a part of the object, can be combined into one larger mosaic image. This can be done
either based on a calibrated camera setup with very high precision (chapter 9 on page 191) or highly automated for
arbitrary and even varying image configurations (chapter 10 on page 205).

If an image shows distortions that are different to the common perspective distortions or lens distortions, caused,
e.g., by a non-flat object surface, the so-called grid rectification can be applied to rectify the image (chapter 11 on
page 219).
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3D Reconstruction
Approach

Hardware Requirements

Object Size

Possible Results

Multi-View Stereo

multiple cameras,
calibration object

approx. > 10 cm

3D object model or
X, Y, Z coordinates

Binocular Stereo

two cameras,
calibration object

approx. > 10 cm

X, Y, Z coordinates,
approach-specific
disparity image, or
Z image

calibrated TOF

Sheet of Light camera, object must fit onto 3D object model,
laser line projector, the moving unit X, Y, Z images, or
unit to move the object, approach-specific
and calibration object disparity image

Depth from Focus telecentric camera, approx. < 2cm Z image
hardware to variate
the focus position

Photometric Stereo | telecentric camera, restricted by Z image
at least three telecentric field of view of
illumination sources telecentric lens

Structured Light camera, projector few mm? to several m? | 3D object model

3D Sensors special camera like approx. 30cm-5m X, Y, Z images

Figure 1.2: 3D reconstruction: a coarse comparison.
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Basics

2.1 3D Transformations and Poses

Before we start explaining how to perform 3D vision with HALCON, we take a closer look at some basic questions
regarding the use of 3D coordinates:

e How to describe the transformation (translation and rotation) of points and coordinate systems,
e how to describe the position and orientation of one coordinate system relative to another, and

e how to determine the coordinates of a point in different coordinate systems, i.e., how to transform coordinates
between coordinate systems.

In fact, all these tasks can be solved using one and the same means: homogeneous transformation matrices and
their more compact equivalent, 3D poses.

2.1.1 3D Coordinates

The position of a 3D point P is described by its three coordinates (xp,yp, 2p). The coordinates can also be
interpreted as a 3D vector (indicated by a bold-face lower-case letter). The coordinate system in which the point
coordinates are given is indicated to the upper right of a vector or coordinate. For example, the coordinates of the
point P in the camera coordinate system (denoted by the letter ¢) and in the world coordinate system (denoted by
the letter w) would be written as:

C w

— C P w
P =1 v pY=1 Y
C w

ZZD ZP

Camera coordinate system

(x5 y% 29

World coordinate systerr
(x"y"z"

Measurement plane

Figure 2.1: Coordinates of a point in two different coordinate systems.
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Figure 2.1 depicts an example point lying in a plane where measurements are to be performed and its coordinates
in the camera and world coordinate system, respectively.

2.1.2 Transformations using 3D Transformation Matrices
2.1.2.1 Translation

Translation of Points

In figure 2.2, our example point has been translated along the x-axis of the camera coordinate system.

Camera coordinate system

(x%y* 29

[0\ 4
pl—\z‘ 2)
L 4) 4

Figure 2.2: Translating a point.

The coordinates of the resulting point P, can be calculated by adding two vectors, the coordinate vector p; of the
point and the translation vector t:
Lp, + ¢
P2=P1+t=| yp +u 2.1
Zp1 + 2

Multiple translations are described by adding the translation vectors. This operation is commutative, i.e., the
sequence of the translations has no influence on the result.

Translation of Coordinate Systems

Coordinate systems can be translated just like points. In the example in figure 2.3, the coordinate system c; is
translated to form a second coordinate system, co. Then, the position of ¢y in ¢y, i.e., the coordinate vector of its
origin relative to ¢ (og)), is identical to the translation vector:

t = ol (2.2)

Coordinate Transformations

Let’s turn to the question how to transform point coordinates between (translated) coordinate systems. In fact,
the translation of a point can also be thought of as translating it together with its local coordinate system. This is
depicted in figure 2.3: The coordinate system c;, together with the point (J1, is translated by the vector t, resulting
in the coordinate system cy and the point (2. The points @) and ()2 then have the same coordinates relative to
their local coordinate system, i.e., q' = g5°.

If coordinate systems are only translated relative to each other, coordinates can be transformed very easily between
them by adding the translation vector:

q;l _ qu 4t = qu + 02; (2.3)
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2
Coordinate system 1 t= ( 0 J Coordinate system 2
(Xcl ycl ch) (X02 ycz Zcz)

Figure 2.3: Translating a coordinate system (and point).

In fact, figure 2.3 visualizes this equation: qgl, i.e., the coordinate vector of Q2 in the coordinate system cy, is
composed by adding the translation vector t and the coordinate vector of ()2 in the coordinate system ca (qs5?).

The downside of this graphical notation is that, at first glance, the direction of the translation vector appears to be
contrary to the direction of the coordinate transformation: The vector points from the coordinate system c; to ca,
but transforms coordinates from the coordinate system c; to ¢;. According to this, the coordinates of ()1 in the
coordinate system co, i.e., the inverse transformation, can be obtained by subtracting the translation vector from
the coordinates of (1 in the coordinate system c;:

q? =qf' —t“ =qf* — ol (24)

Summary

e Points are translated by adding the translation vector to their coordinate vector. Analogously, coordinate
systems are translated by adding the translation vector to the position (coordinate vector) of their origin.

e To transform point coordinates from a translated coordinate system cs into the original coordinate system cy,
you apply the same transformation to the points that was applied to the coordinate system, i.e., you add the
translation vector used to translate the coordinate system c; into co.

e Multiple translations are described by adding all translation vectors; the sequence of the translations does
not affect the result.

2.1.2.2 Rotation

Rotation of Points
In figure 2.4a, the point p; is rotated by —90° around the z-axis of the camera coordinate system.

Rotating a point is expressed by multiplying its coordinate vector with a 3 x 3 rotation matrix R.. A rotation around
the z-axis looks as follows:

cosy —siny 0 Tp, COS7Y - Tp, — SINY - Yp,
ps=R.(v)-p1=| siny cosy O | -| v, |=| siny -z, +cosvy-yp, (2.5)
0 0 1 Zp, Zp,

Rotations around the x- and y-axis correspond to the following rotation matrices:

cosB 0 sinf 1 0 0
Ry(8) = 0 I 0 R,(a)=1] 0 cosa —sina (2.6)
—sinf 0 cospf 0 sina cosa
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a) first rotation b) second rotation

Figure 2.4: Rotate a point: (a) first around the z“-axis; (b) then around the y*“-axis.

Chain of Rotations

In figure 2.4b, the rotated point is further rotated around the y-axis. Such a chain of rotations can be expressed
very elegantly by a chain of rotation matrices:

p1=Ry(8) -ps =Ry(8) - R.(7) P 2.7)

Note that in contrast to a multiplication of scalars, the multiplication of matrices is not commutative, i.e., if you
change the sequence of the rotation matrices, you get a different result.

Rotation of Coordinate Systems

In contrast to points, coordinate systems have an orientation relative to other coordinates systems. This orientation
changes when the coordinate system is rotated. For example, in figure 2.5a the coordinate system cs has been
rotated around the y-axis of the coordinate system cy, resulting in a different orientation of the camera. Note that
in order to rotate a coordinate system in your mind’s eye, it may help to image the points of the axis vectors being
rotated.

Coordinate system 1 R, (90°) Coordinate system 3 R, (-90°) Coordinate system 4
(xcl yclzcl) (xc3 yc3zc3) (xc4 yc4zc4)
4
c3 yc
x g [4 P N g (4
q§=[0} x_/ch q;:[O]
‘ 0 ; / z c4 0
Q 9% —+=Q,=Q,
0 o 1 v o 0
ycj‘ §3= [0] y(]\ § qi4= (OJ
4 Yy v . 4
Z
(0] 7 0|
cl | - cl | !
qlz‘g‘\‘,,.r qlzgwi
4 ) 4 )
L ) Q
a) first rotation b) second rotation

Figure 2.5: Rotate coordinate system: (a) first around the y“!-axis; (b) then around the z°*-axis.
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Just like the position of a coordinate system can be expressed directly by the translation vector (see equation 2.2
on page 14), the orientation is contained in the rotation matrix: The columns of the rotation matrix correspond to
the axis vectors of the rotated coordinate system in coordinates of the original one:

R= [ xgb yd ozl ] (2.8)

c3 c3

For example, the axis vectors of the coordinate system cg in figure 2.5a can be determined from the corresponding
rotation matrix R,,(90°) as shown in the following equation; you can easily check the result in the figure.

cos(90°) 0 sin(90°) 0 0 1
R,(90°) = 0 1 0 = 0 1 0
—sin(90°) 0 cos(90°) -1 0 0

0 0 1

= xgt= 0 Yya=1|1 zg =10

-1 0 0

Coordinate Transformations

Like in the case of translation, to transform point coordinates from a rotated coordinate system c3 into the original
coordinate system c;, you apply the same transformation to the points that was applied to the coordinate system
c3, 1.e., you multiply the point coordinates with the rotation matrix used to rotate the coordinate system c; into cs:

qs' = “Re, -q5° (2.9

This is depicted in figure 2.5 also for a chain of rotations, which corresponds to the following equation:

a;' = “Re, - “Re,-ai' = Ry(8) -R:(7) -ai' = “Re, -qf* (2.10)

In Which Sequence and Around Which Axes are Rotations Performed?

If you compare the chains of rotations in figure 2.4 and figure 2.5 and the corresponding equations 2.7 and 2.10,
you will note that two different sequences of rotations are described by the same chain of rotation matrices: In
figure 2.4, the point was rotated first around the z-axis and then around the y-axis, whereas in figure 2.5 the
coordinate system is rotated first around the y-axis and then around the z-axis. Yet, both are described by the chain

Ru(ﬁ) ' RZ(V)!

The solution to this seemingly paradox situation is that in the two examples the chain of rotation matrices can be
“read” in different directions: In figure 2.4 it is read from the right to left, and in figure 2.5 from left to the right.

However, there still must be a difference between the two sequences because, as we already mentioned, the mul-
tiplication of rotation matrices is not commutative. This difference lies in the second question in the title, i.e.,
around which axes the rotations are performed.

Let’s start with the second rotation of the coordinate system in figure 2.5b. Here, there are two possible sets of
axes to rotate around: those of the “old” coordinate system c; and those of the already rotated, “new” coordinate
system cs. In the example, the second rotation is performed around the “new” z-axis.

In contrast, when rotating points as in figure 2.4, there is only one set of axes around which to rotate: those of the
“old” coordinate system.

From this, we derive the following rules:
e When reading a chain from the left to right, rotations are performed around the “new” axes.
e When reading a chain from the right to left, rotations are performed around the “old” axes.

As already remarked, point rotation chains are always read from right to left. In the case of coordinate systems,
you have the choice how to read a rotation chain. In most cases, however, it is more intuitive to read them from
left to right.

Figure 2.6 shows that the two reading directions really yield the same result.
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Summary

e Points are rotated by multiplying their coordinate vector with a rotation matrix.

e If you rotate a coordinate system, the rotation matrix describes its resulting orientation: The column vectors
of the matrix correspond to the axis vectors of the rotated coordinate system in coordinates of the original
one.

e To transform point coordinates from a rotated coordinate system cs into the original coordinate system c;,
you apply the same transformation to the points that was applied to the coordinate system, i.e., you multiply
them with the rotation matrix that was used to rotate the coordinate system c¢; into cs.

e Multiple rotations are described by a chain of rotation matrices, which can be read in two directions. When
read from left to right, rotations are performed around the “new” axes; when read from right to left, the
rotations are performed around the “old” axes.

2.1.3 Rigid Transformations using Homogeneous Transformation Matrices

Rigid Transformation of Points

If you combine translation and rotation, you get a so-called rigid transformation. For example, in figure 2.7, the
translation and rotation of the point from figures 2.2 and 2.4 are combined. Such a transformation is described as
follows:

ps=R-pi+t (2.11)

For multiple transformations, such equations quickly become confusing, as the following example with two trans-
formations shows:
P = Ra (Rb ‘P1 + tb) + ta = Ra : Rb ‘P1 + Ra 'tb + ta (212)

An elegant alternative is to use so-called homogeneous transformation matrices and the corresponding homoge-
neous vectors. A homogeneous transformation matrix H contains both the rotation matrix and the translation
vector. For example, the rigid transformation from equation 2.11 can be rewritten as follows:

ps\_[ R t] (p\_[(Rpi+t)\_ . (m
(%)=L o ()= ("R ) =m (7 e
The usefulness of this notation becomes apparent when dealing with sequences of rigid transformations, which can
be expressed as chains of homogeneous transformation matrices, similarly to the rotation chains:

R, ta:| [ R, tb:|_|:Ra'Rb Ra'tb—Fta]

(2.14)
000 1 000 1 000 1

HI-Hg:[

Performing a chain of rotations: R, (90°) = R, (-90°)

a) reading from left to right = rotating around ""new'' axes

L'[Ry (900)

Figure 2.6: Performing a chain of rotations (a) from left to the right, or (b) from right to left.
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'R, (-90°)

Figure 2.7: Combining the translation from figure 2.2 on page 14 and the rotation of figure 2.4 on page 16 to form a
rigid transformation.

As explained for chains of rotations, chains of rigid transformation can be read in two directions. When reading
from left to right, the transformations are performed around the “new” axes, when read from right to left around
the “old” axes.

In fact, a rigid transformation is already a chain, since it consists of a translation and a rotation:

1 0 0 0
R ¢ 01 0 t R 0
H_[ooo 1}_ 00 1 o | =H®) - -HR) (2.15)
000 1 000 1

If the rotation is composed of multiple rotations around axes as in figure 2.7, the individual rotations can also be
written as homogeneous transformation matrices:

Ry(8) R.(7) t
000 1

Ry (5)

1 000

R.(7)

000

S O O
(=N el =)
o= O O
o+
— o O O
— o o O

Reading this chain from right to left, you can follow the transformation of the point in figure 2.7: First, it is rotated
around the z-axis, then around the (“old”) y-axis, and finally it is translated.

Rigid Transformation of Coordinate Systems

Rigid transformations of coordinate systems work along the same lines as described for a separate translation

and rotation. This means that the homogeneous transformation matrix “ H,_ describes the transformation of the

coordinate system c; into the coordinate system cs. At the same time, it describes the position and orientation

of coordinate system c5 relative to coordinate system cp: Its column vectors contain the coordinates of the axis
vectors and the origin.

o _ Xgl ygl Zgl 021

H., = 05 05 05 15 (2.16)

As already noted for rotations, chains of rigid transformations of coordinate systems are typically read from left to
right. Thus, the chain above can be read as first translating the coordinate system, then rotating it around its “new”
y-axis, and finally rotating it around its “newest” z-axis.
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Coordinate Transformations

As described for the separate translation and the rotation, to transform point coordinates from a rigidly transformed
coordinate system cs into the original coordinate system c;, you apply the same transformation to the points that
was applied to the coordinate system cs, i.e., you multiply the point coordinates with the homogeneous transfor-

mation matrix:
c1 Cs
(%) =rma () @)

Typically, you leave out the homogeneous vectors if there is no danger of confusion and simply write:

pgl — < H05 ,pgs (218)

Summary

e Rigid transformations consist of a rotation and a translation. They are described very elegantly by homoge-
neous transformation matrices, which contain both the rotation matrix and the translation vector.

e Points are transformed by multiplying their coordinate vector with the homogeneous transformation matrix.

e If you transform a coordinate system, the homogeneous transformation matrix describes the coordinate sys-
tem’s resulting position and orientation: The column vectors of the matrix correspond to the axis vectors and
the origin of the coordinate system in coordinates of the original one. Thus, you could say that a homoge-
neous transformation matrix “is” the position and orientation of a coordinate system.

e To transform point coordinates from a rigidly transformed coordinate system c5 into the original coordinate
system cp, you apply the same transformation to the points that was applied to the coordinate system, i.e.,
you multiply them with the homogeneous transformation matrix that was used to transform the coordinate
system ¢; into cs.

e Multiple rigid transformations are described by a chain of transformation matrices, which can be read in two
directions. When read from left to the right, rotations are performed around the “new” axes; when read from
the right to left, the transformations are performed around the “old” axes.

HALCON Operators

As we already anticipated at the beginning of section 2.1 on page 13, homogeneous transformation matrices are
the answer to all our questions regarding the use of 3D coordinates. Because of this, they form the basis for
HALCON’s operators for 3D transformations. Below, you find a brief overview of the relevant operators. For
more details follow the links into the Reference Manual.

e hom_mat3d_identity creates the identity transformation

e hom_mat3d_translate translates along the “old” axes: Hy = H(t) - H,

e hom_mat3d_translate_local translates along the “new” axes: Hy, = H; - H(t)
e hom_mat3d_rotate rotates around the “old” axes: H, = H(R) - H;

e hom_mat3d_rotate_local rotates around the “new” axes: Hy, = H, - H(R)

e hom_mat3d_compose multiplies two transformation matrices: Hy = H; - Hy

e hom_mat3d_invert inverts a transformation matrix: Hy, = H; -1

e affine_trans_point_3d transforms a point using a transformation matrix: pe = Hy -p;

2.1.4 Transformations using 3D Poses

Homogeneous transformation matrices are a very elegant means of describing transformations, but their content,
i.e., the elements of the matrix, are often difficult to read, especially the rotation part. This problem is alleviated
by using so-called 3D poses.

A 3D pose is nothing more than an easier-to-understand representation of a rigid transformation: Instead of the 12
elements of the homogeneous transformation matrix, a pose describes the rigid transformation with 6 parameters,
3 for the rotation and 3 for the translation: (TransX, TransY,TransZ,RotX,RotY,RotZ). The main principle
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behind poses is that even a rotation around an arbitrary axis can always be represented by a sequence of three
rotations around the axes of a coordinate system.

In HALCON, you create 3D poses with create_pose; to transform between poses and homogeneous matrices
you can use hom_mat3d_to_pose and pose_to_hom_mat3d.

2.1.4.1 Sequence of Rotations

However, there is more than one way to represent an arbitrary rotation by three parameters. This is reflected by
the HALCON operator create_pose, which lets you choose between different pose types with the parameter
OrderOfRotation. If you pass the value 'gba’, the rotation is described by the following chain of rotations:

Rgpe = Ry (RotX) - Ry (RotY) - R, (RotZ) (2.19)

You may also choose the inverse order by passing the value ’abg’:

Ravg = R.(RotZ) - Ry(RotY) - R;(RotX) (2.20)

For example, the transformation discussed in the previous sections can be represented by the homogeneous trans-
formation matrix

cosf-cosy —cosfB-siny sinf  xy

H— Ry(B) -R:(y) ¢ _ sin y cos "y 0
00 O 1 —sinf-cosy sinf-siny cosf  z

0 0 0 1

The corresponding pose with the rotation order "gba’ is much easier to read:

(TransX = x4, TransY = y;, TransZ = z;, RotX = 0,RotY = 90°,RotZ = —90°)

If you look closely at figure 2.5 on page 16, you can see that the rotation can also be described by the sequence
R.(—90°) - R,;(—90°). Thus, the transformation can also be described by the following pose with the rotation
order ‘abg’:

(TransX = x4, TransY = y;, TransZ = z;, RotX = —90°,RotY = 0,RotZ = —90°)

HALCON Operators

Below, the relevant HALCON operators for dealing with 3D poses are briefly described. For more details follow
the links into the Reference Manual.

e create_pose creates a pose

e hom_mat3d_to_pose converts a homogeneous transformation matrix into a pose
e pose_to_hom_mat3d converts a pose into a homogeneous transformation matrix
e convert_pose_type changes the pose type

e write_pose writes a pose into a file

e read_pose reads a pose from a file

e set_origin_pose translates a pose along its “new” axes

e pose_invert inverts a pose

e pose_compose multiplies two poses, i.e., it sequentially applies two transformations (poses)
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Figure 2.8: Determining the pose of the world coordinate system in camera coordinates.

2.1.4.2 How to Determine the Pose of a Coordinate System

The previous sections showed how to describe known transformations using translation vectors, rotation matrices,
homogeneous transformation matrices, or poses. Sometimes, however, there is another task: How to describe the
position and orientation of a coordinate system with a pose.

Figure 2.8 shows how to proceed for a rather simple example. The task is to determine the pose of the world
coordinate system from figure 2.1 on page 13 relative to the camera coordinate system.

In such a case, we recommend to build up the rigid transformation from individual translations and rotations from
left to right. Thus, in figure 2.8 the camera coordinate system is first translated such that its origin coincides with
that of the world coordinate system. Now, the y-axes of the two coordinate systems coincide; after rotating the
(translated) camera coordinate system around its (new) y-axis by 180°, it has the correct orientation.

2.1.5 Transformations using Dual Quaternions and Pliicker Coordinates
2.1.5.1 Dual Quaternions

In contrast to unit quaternions, which are able to represent 3D rotations, a unit dual quaternion is able to repre-
sent a full 3D rigid transformation, i.e., a 3D rotation and a 3D translation. Hence, unit dual quaternions are an
alternative representation to 3D poses and 3D homogeneous transformation matrices for 3D rigid transformations.
In comparison to transformation matrices with 12 elements, dual quaternions with 8 elements are a more compact
representation. Similar to transformation matrices, dual quaternions can be combined easily to concatenate multi-
ple transformations. Furthermore, they allow a smooth interpolation between two 3D rigid transformations and an
efficient transformation of 3D lines.

A dual quaternion § = g,- + € * g4 consists of the two quaternions ¢,- and g4, where q,- is the real part, ¢, is the dual
part, and e is the dual unit number (¢2 = 0). Each quaternion ¢ = w + ix + jy + kz consists of the scalar part w
and the vector part v = (x,y, z), where (1, 4, j, k) are the basis elements of the quaternion vector space.

In HALCON, a dual quaternion is represented by a tuple with eight values [wy., Tr, Yr, 2r, Wd, Td, Yd, Zd), Where
w, and v, = (2, Yr, z) are the scalar and the vector part of the real part and wy and vg = (24, Y4, 24) are the
scalar and the vector part of the dual part.

Each 3D rigid transformation can be represented as a screw (see figure 2.9 and figure 2.10):
The parameters that fully describe the screw are:

e screw angle 6

e screw translation d

e direction L = (L*, LY, L*)T of the screw axis with ||L|| = 1

e moment M = (M* MY, M?)T of the screw axis with L * M =0
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(L,M)

Figure 2.9: a) A 3D rigid transformation defined by a rotation and a translation... b) can be represented as a screw.

y

(L,M)

Figure 2.10: Moment M of the screw axis.

A screw is composed of a rotation about the screw axis given by L and M by the angle § and a translation by d
along this axis. The position of the screw axis is defined by its moment with respect to the origin of the coordinate
system. M is a vector that is perpendicular to the direction of the screw axis L and perpendicular to a vector from
the origin to a point P on the screw axis. It is calculated by the vector product M = Fy x L.

Hence, M is the normal vector of the plane that is spanned by the screw axis and the origin. Note that Py = L x M
is the point on the screw axis (L, M) with the shortest distance to the origin of the coordinate system. The elements
of a unit dual quaternion are related to the screw parameters of the 3D rigid transformation as:

R cosg n %dsing 2.21)
= € .
¢ Lsing Msin% +L%cosg

Note that ¢ and —¢ represent the same 3D rigid transformation. Further note that the inverse of a unit dual
quaternion is its conjugate, i.e., §~! = §.

The conjugation of a dual quaternion § = g, + £qq is given by ¢ = G, + £G4, where g, and g, are the conjugations
of the quaternions ¢, and qg .

The conjugation of a quaternion ¢ = xg + 21t + x2j + xsk is given by § = g — 17 — x25 — x3k.

HALCON Operators

e pose_to_dual_quat converts a 3D pose to a unit dual quaternion
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dual_quat_to_pose converts a dual quaternion to a 3D pose
dual_quat_compose multiplies two dual quaternions
dual_quat_interpolate interpolates between two dual quaternions
dual_quat_to_screw converts a unit dual quaternion into a screw
screw_to_dual_quat converts a screw into a dual quaternion
dual_quat_to_hom_mat3d converts a unit dual quaternion into a homogeneous transformation matrix
dual_quat_trans_line_3d transforms a 3D line with a unit dual quaternion
dual_quat_trans_point_3d transforms a 3D point with a unit dual quaternion
dual_quat_conjugate conjugates a dual quaternion

dual_quat_normalize normalizes a dual quaternion

serialize_dual_quat serializes a dual quaternion

deserialize_dual_quat deserializes a serialized dual quaternion

2.1.5.2 3D lines and Pliicker Coordinates

Pliicker coordinates are a very useful representation of lines in 3D space.

A line in 3D space, as shown in figure 2.11, can be described by two points Py and P;. However, this usage of
arbitrary points comes with the disadvantage that the same line can be described in multiple ways.

Another approach is to take the unit line direction L and the line moment M. M is a vector that is perpendicular to
the plane spanned by the origin, a point on the line, and the line direction L. L. and M define the line independent
of the arbitrary line points. The six parameters of L and M are called the Pliicker coordinates of the line.

From its definition, it holds that |L|| = 1 and L - M = 0, where - denotes the dot product of two vectors.

y

(L,M)

Figure 2.11: A line in 3D space and its components.

Using Pliicker coordinates, it is very simple and efficient to compute the distance D of a point P to a line: D =
P x L — M]||.

HALCON Operators

distance_point_pluecker_line Calculate the distance between a 3D point and a 3D line given by
Pliicker coordinates.

pluecker_line_to_point_direction Convert a 3D line given by Pliicker coordinates to a 3D line given
by a point and a direction.
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e pluecker_line_to_points Convert a 3D line given by Pliicker coordinates to a 3D line given by two
points.

e point_direction_to_pluecker_line Convert a 3D line given by a point and a direction to Pliicker
coordinates.

e points_to_pluecker_line Converta 3D line given by two points to Pliicker coordinates.

e point_pluecker_line_to_hom_mat3d Approximate a 3D affine transformation from 3D point-to-line
correspondences.

2.1.5.3 Dual Quaternions and Pliicker Coordinates

Pliicker lines can be transformed efficiently with rigid transformations using dual quaternions.

Lines in 3D can be represented by dual unit vectors. A dual unit vector can be interpreted as a dual quaternion
with 0 scalar part. The 3D rigid transformation that is represented by a unit dual quaternion is easily related to the
corresponding screw around a screw axis. As described in section 2.1.5.1 on page 22, the screw axis is defined by
its direction L with ||L|| = 1 and its moment M. But L and M are exactly the Pliicker coordinates introduced in
section 2.1.5.2 on page 24.

Consequently, a line [ can be represented by a dual quaternion with 0 scalar part by

0 0
[ =1, +el L +e M
= by d =

Ly M,

L, M,

The line [ can be transformed by the 3D rigid transformation that is represented by the unit dual quaternion ¢ very
conveniently:

k= qlg

The resulting dual quaternion k also has 0 scalar part and directly contains the direction and the moment of the
transformed line in its vector part.

2.2 Camera Model and Parameters

If you want to derive accurate world coordinates from your imagery, you first have to calibrate your camera. To
calibrate a camera, a model for the mapping of the 3D points of the world to the 2D image generated by the camera,
lens, and frame grabber is necessary.

HALCON supports the calibration of two different kinds of cameras: area scan cameras and line scan cameras.
While area scan cameras acquire the image in one step, line scan cameras generate the image line by line (see
Solution Guide II-A, section 6.6 on page 39). Therefore, the line scan camera must move relative to the object
during the acquisition process.

Two different types of lenses are relevant for machine vision tasks. The first type of lens effects a perspective
projection of the world coordinates into the image, just like the human eye does. With this type of lens, objects
become smaller in the image the farther they are away from the camera. This combination of camera and lens is
called a pinhole camera model because the perspective projection can also be achieved if a small hole is drilled in
a thin planar object and this plane is held parallel in front of another plane (the image plane).

The second type of lens that is relevant for machine vision is called a telecentric lens. Its major difference is that it
effects a parallel projection of the world coordinates onto the image plane (for a certain range of distances of the
object from the camera). This means that objects have the same size in the image independent of their distance to
the camera. This combination of camera and lens is called a telecentric camera model.

The distinct types of camera use different parameters. An overview of the units used in HALCON for the different
camera parameters is given in chapter “Calibration > Multi-View”.

In the following, after a short overview, first the camera model for area scan cameras is described in detail, then,
the camera model for line scan cameras is explained.



C-26

Basics

2.2.1 Map 3D World Points to Pixel Coordinates

To transform a 3D point p* = (x¥,y%,z%)T, which is given in world coordinates, into a 2D point q° = (r,c)T,
which is given in pixel coordinates, a chain of transformations is needed:
pY —-p‘—>q°—=q° [—> qt] —q° (2.22)

First, p" is transformed into the camera coordinate system into p©. Then, p€ is projected into the image plane,
i.e., converted to the 2D point q°, still in metric coordinates. Then, lens distortion is applied to q¢, transforming
it into the distorted point q¢. If a tilt lens is used, q¢ only lies on a virtual image plane of a system without tilt.
This is corrected by projecting q° to the point q* on the tilted image plane. Finally, the coordinates of the distorted
point §° (or q*) are converted to pixel coordinates, which results in the final point q°.

2.2.2 Area Scan Cameras

Figure 2.12 displays the perspective projection effected by a pinhole camera graphically. The world point P is
projected through the optical center of the lens to the point P’ in the image plane, which is located at a distance
of f (the focal length) behind the optical center. Actually, the term “focal length” is not quite correct and would
be appropriate only for an infinite object distance. To simplify matters, in the following always the term “focal
length” is used even if the “image distance” is meant. Note that the focal length and thus the focus must not be
changed after applying the camera calibration.

Although the image plane in reality lies behind the optical center of the lens, it is easier to pretend that it lies at a
distance of f in front of the optical center, as shown in figure 2.13. This causes the image coordinate system to be
aligned with the pixel coordinate system (row coordinates increase downward and column coordinates to the right)
and simplifies most calculations.

2.2.2.1 Transformation into Camera Coordinates (External Camera Parameters)

With this, we are now ready to describe the projection of objects in 3D world coordinates to the 2D image plane
and the corresponding camera parameters. First, we should note that the points P are given in a world coordinate
system (WCS). To make the projection into the image plane possible, they need to be transformed into the camera
coordinate system (CCS). The CCS is defined so that its = and y axes are parallel to the column and row axes of
the image, respectively, and the z axis is perpendicular to the image plane.

The transformation from the WCS to the CCS is a rigid transformation, which can be expressed by a pose or, equiv-
alently, by the homogeneous transformation matrix “H,,. Therefore, the camera coordinates p¢ = (x¢,y¢,z¢)7
of point P can be calculated from its world coordinates p* = (x*,y%,z%)7 simply by

p° = °H, p" (2.23)

The six parameters of this transformation (the three translations ¢, t,, and ¢, and the three rotations «, 3, and )
are called the external camera parameters because they determine the position of the camera with respect to the
world. In HALCON, they are stored as a pose, i.e., together with a code that describes the order of translation and
rotations.

2.2.2.2 Projection

The next step is the projection of the 3D point given in the CCS into the image plane coordinate system (IPCS).
For the pinhole camera model, the projection is a perspective projection, which is given by

q° = (u) = i <X> (2.24)
v z¢ \y

For cameras with hypercentric lenses, the following equation holds instead:

q° = <u) = 7{ (X> (2.25)
v z¢ \y
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CCD chip Image plane coordinate system (u,v)
c Image coordinate system (r,c)
Camerawith
optical center Camera coordinate system (x°, y¢, z9
W World coordinate system (x*,y",z")
y” W

Figure 2.12: Perspective projection by a pinhole camera.

For the telecentric camera model, the projection is a parallel projection, which is given by

e~()-+()
v y

where m = magnification. As can be seen, the distance z of the object to the camera has no influence on the image
coordinates.
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Camerawith

optical center Camera coordinate system (x5 y¢, z9

C Image coordinate system (r, c)
Image plane coordinate system (u,v)

w World coordinate system (x", y*, z")

Figure 2.13: Image plane and virtual image plane.

2.2.2.3 Lens Distortion

After the projection into the image plane, the lens distortion modifies the coordinates (u, v)T of q°to @¢ = (1, 9)%.
The effect is illustrated in figure 2.14: If no lens distortion were present, the projected point P’ would lie on a
straight line from P through the optical center, indicated by the dotted line in figure 2.14. Lens distortions cause
the point P’ to lie at a different position.

The lens distortion is a transformation that can be modeled in the image plane alone, i.e., 3D information is
unnecessary. In HALCON, the distortions can be modeled either by the division model or by the polynomial
model.

The division model uses one parameter () to model the radial distortions. The following equations transform the
distorted image plane coordinates into undistorted image plane coordinates if the division model is used:

@
_ 2.27
" 1+ r(@ + 02) (2.27)
7

1+ k(a2 + 92?)
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CCD chip

Optical center

Figure 2.14: Schematic illustration of the effect of the lens distortion.

These equations can be inverted analytically, which leads to the following equations that transform undistorted
coordinates into distorted coordinates if the division model is used:

2
i = Y (2.28)
14+ /1 —4kr(u? +v?)

2v

14+ /1 —4kr(u? 4 0v?)

Figure 2.15: Effect of radial distortions modeled with the division model with x > 0 (left), x = 0 (middle), and x < 0
(right).

The parameter x models the magnitude of the radial distortions. If x is negative, the distortion is barrel-shaped,
while for positive & it is pincushion-shaped (see figure 2.15).

The polynomial model uses three parameters (K7, Ko, K3) to model the radial distortions, and two parameters (
Py, P») to model the decentering distortions. The following equations transform the distorted image plane coordi-
nates into undistorted image plane coordinates if the polynomial model is used:

u = A+ a(Kr? + Kor + K3r) + Py (r? + 20°) + 2P0 (2.29)
+ 0(K17r? + Kor* + K3r®) + 2P0t + Py(r? + 297)

with r = v/@2 + ©2. These equations cannot be inverted analytically. Therefore, distorted image plane coordinates
must be calculated from undistorted image plane coordinates numerically.

Some examples for the kind of distortions that can be modeled with the polynomial model are shown in figure 2.16.




C-30

Basics

@ <0 0 0 0 0
® <0 >0 0 0 0
¢ <0 >0 <0 O 0
@ <0 0 0 <0 0
e) <0 0 0 <0 >0
# <0 >0 <0 <0 >0

Figure 2.16: Effect of distortions modeled with the polynomial model with different values for the parameters K,
K, K3, P1, and Ps.

2.2.2.4 Tilt Lenses

If the lens is a tilt lens, the tilt of the lens with respect to the image plane is described by two parameters: The
rotation angle p (0° < p < 360°), which describes the direction of the tilt axis, and the tilt angle 7(0° < 7 < 90°),
by which the sensor plane is tilted with respect to the optical axis (see figure 2.17).

For tilt lenses, different camera models are available, as they can have different geometries (see figure 2.18). Note
further, that different results are obtained with different angles of incidence.

For projective tilt lenses and object-side telecentric tilt lenses, the projection of §¢ = (%, %)” into the point
q' = (4,9)T, which lies in the tilted image plane, is described by a projective 2D transformation, i.e., by the
homogeneous matrix H:

q =H-q° (2.30)
where
hii hiz hiz 411933 — 913931 421933 — q23931 O
H=| ha ho hos | =| qi2g33 — q13932 @22¢33 — q23q32 0 (2.31)

hs1  haa  has q13/d q23/d 433
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1. Rot

Exit Pupil KX

Figure 2.17: The tilt of the lens is described by the two parameters Tilt and Rot. Rot describes the orientation of
the tilt axis. Tilt describes the actual tilt of the lens.

< projective tilt lens (‘area_scan_tilt_*")

image-side telecentric tilt lens (‘area_scan_tilt_image_side_telecentric_*")

< object-side telecentric tilt lens ('area_scan_tilt_object_side_telecentric_*’)

bilateral telecentric tilt lens (‘area_scan_tilt_bilateral_telecentric_*’)

Figure 2.18: The ray geometries of the different types of tilt lenses.

with d = ImagePlaneDist and

q11 qi12 413
Q = q21 422 (23 =
431 432 433

(cos p)?(1 — cosT) +cosT cos psin p(1 — cos ) sin psin 7
cos psin p(1 — cos ) (sinp)?(1 — cosT) +cosT —cospsinT
—sinpsinT cospsinT CcoST

with Rot = p and Tilt = 7.

For image-side telecentric tilt lenses and bilateral telecentric tilt lenses, the projection onto the tilted image
plane is described by a linear 2D transformation, i.e., by a 2 X 2 matrix:
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H=— ( hii hi2 > _ 1 ( q22 —q12 ) (2.32)
hor  hao 911922 — q12921 —q21 411

where Q is defined as above for projective lenses.

2.2.2.5 Transformation into Pixel Coordinates

Finally, the point ¢ = (@, 9)7 (or q' if a tilt lens is present) is transformed from the image plane coordinate
system into the image coordinate system (the pixel coordinate system):

. r + Cy
q' = ( ) = Y (2.33)
¢ 5 +C

CQ‘§>

>

Here, S, and S, are scaling factors. For pinhole cameras, they represent the horizontal and vertical distance of
the sensors elements on the CCD chip of the camera. For cameras with telecentric lenses, they represent the size
of a pixel in world coordinates (not taking into account the lens distortions). The point (C,, Cy,)7 is the principal
point of the image. For pinhole cameras, this is the perpendicular projection of the optical center onto the image
plane, i.e., the point in the image from which a ray through the optical center is perpendicular to the image plane.
It also defines the center of the radial distortions. For telecentric cameras, no optical center exists. Therefore, the
principal point is solely defined by the radial distortions.

The parameters f, Magnification, k, K1, Ko, K3, Py, P2, T, p, Ss, Sy, Cy, Cy are called the internal camera pa-
rameters because they determine the projection from 3D to 2D performed by the camera. Note that in addition,
the CameraType, the ImageWidth, the ImageHeight and, only for object-side telecentric tilt lenses, the Image-
PlaneDist must be given. Depending on the camera type, lens type, and lens distortion model, only a subset of
the parameters is actually used, as the following list shows:

’area_scan_division’
[’area_scan_division’, Focus, Kappa, Sx, Sy, Cx, Cy, ImageWidth, ImageHeight]

’area_scan_polynomial’
[’area_scan_polynomial’, Focus, K1, K2, K3, P1, P2, Sx, Sy, Cx, Cy, ImageWidth, ImageHeight]

’area_scan_tilt_division’
[‘area_scan_tilt_division’, Focus, Kappa, ImagePlaneDist, Tilt, Rot, Sx, Sy, Cx, Cy, ImageWidth,
ImageHeight]

’area_scan_tilt_polynomial’
[’area_scan_tilt_polynomial’, Focus, KI, K2, K3, PI, P2, ImagePlaneDist, Tilt, Rot, Sx, Sy, Cx, Cy,
ImageWidth, ImageHeight]

’area_scan_tilt_image_side_telecentric_division’
[‘area_scan_tilt_image_side_telecentric_division’, Focus, Kappa, Tilt, Rot, Sx, Sy, Cx, Cy, ImageWidth,
ImageHeight]

’area_scan_tilt_image_side_telecentric_polynomial’
[‘area_scan_tilt_image_side_telecentric_polynomial’, Focus, K1, K2, K3, P1, P2, Tilt, Rot, Sx, Sy, Cx, Cy,
ImageWidth, ImageHeight]

’area_scan_telecentric_division’
[’area_scan_telecentric_division’, Magnification, Kappa, Sx, Sy, Cx, Cy, ImageWidth, ImageHeight]

’area_scan_telecentric_polynomial’
[’area_scan_telecentric_polynomial’, Magnification, K1, K2, K3, P1, P2, Sx, Sy, Cx, Cy, ImageWidth,
ImageHeight]

’area_scan_tilt_bilateral_telecentric_division’
[‘area_scan_tilt_bilateral_telecentric_division’, Magnification, Kappa, Tilt, Rot, Sx, Sy, Cx, Cy,
ImageWidth, ImageHeight]
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’area_scan_tilt_bilateral_telecentric_polynomial’
["area_scan_tilt_bilateral_telecentric_polynomial’, Magnification, K1, K2, K3, P1, P2, Tilt, Rot, Sx, Sy, Cx,
Cy, ImageWidth, ImageHeight]

’area_scan_tilt_object_side_telecentric_division’
[’area_scan_tilt_object_side_telecentric_division’, Magnification, Kappa, ImagePlaneDist, Tilt, Rot, Sx, Sy,
Cx, Cy, ImageWidth, ImageHeight]

’area_scan_tilt_object_side_telecentric_polynomial’
[‘area_scan_tilt_object_side_telecentric_polynomial’, Magnification, K1, K2, K3, P1, P2, ImagePlaneDist,
Tilt, Rot, Sx, Sy, Cx, Cy, ImageWidth, ImageHeight]

’area_scan_hypercentric_division’
[’area_scan_hypercentric_division’, Focus, Kappa, Sx, Sy, Cx, Cy, ImageWidth, ImageHeight]

’area_scan_hypercentric_polynomial’
[‘area_scan_hypercentric_polynomial’, Focus, KI, K2, K3, PI, P2, Sx, Sy, Cx, Cy, ImageWidth,
ImageHeight]

’line_scan_division’
[’line_scan_division’, Focus, Kappa, Sx, Sy, Cx, Cy, ImageWidth, ImageHeight, Vx, Vy, Vz]

’line_scan_polynomial’
[’line_scan_polynomial’, Focus, K1, K2, K3, P1, P2, Sx, Sy, Cx, Cy, ImageWidth, ImageHeight, Vx, Vy, Vz]

’line_scan_telecentric_division’
[’line_scan_telecentric_division’, Magnification, Kappa, Sx, Sy, Cx, Cy, ImageWidth, ImageHeight, Vx, Vy,
Vz]

’line_scan_telecentric_polynomial’
[’line_scan_telecentric_polynomial’, Magnification, KI, K2, K3, P1, P2, Sx, Sy, Cx, Cy, ImageWidth,
ImageHeight, Vx, Vy, Vz]

To create camera parameter tuples, you can use the different procedures available in HALCON. There is a proce-
dure available for each camera type, e.g., gen_cam_par_area_scan_division.

We can see that camera calibration is the process of determining the internal camera parameter and the external
camera parameters (., ty,ts, Q, R W)-

2.2.3 Tilt Lenses and the Scheimpflug Principle

In a normal setup, the image plane is orthogonal to the optical axis of the lens (see figure 2.19). In case of strong
magnification, that leads to the sometimes undesired effect, that objects that are viewed from an angle are partly
out of focus, because of the limited depth of field (see figure 2.20).

Figure 2.19: The Scheimpflug principle: Left: Without tilt lens the focus plane F is parallel to the image plane I.
Therefore, the object is only partly in focus if it exceeds the depth of field d. Right: When using a tilt
lens, the focus plane, the image plane, and the lens plane L are intersecting in the Scheimpflug line
S. Using this principle, a planar object can be completely in focus even if it is viewed from an angle.
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Figure 2.20: Image of a caliper taken from an angle in two different setups: Left: Without tilt lens, parts of the object
are out of focus. Right: With tilt lens, the whole object is in focus.

To avoid this situation the lens or the image plane may be tilted to meet the Scheimpflug condition: The image
plane, the lens plane, and the focus plane intersect in a single line, the Scheimpflug line. As a consequence, it is
now possible to take images of objects that are completely in focus, even if they are not parallel to the camera.

The use of tilt lenses is especially useful if the depth-of-field is small, e.g., due to a small field of view, a large
magnification, or a low f-number. In these cases, it might be necessary to use a tilt lens to adjust the focus plane to
better fit the observed scene.

This is typically the case in one of the following conditions:

Physical Obstacles If the space directly above the object is blocked by obstacles, e.g., some machine parts above
the conveyor belt, the camera has to be mounted in a way that the objects can only be seen from an angle.
Tilt lenses can be used to align the focus plane with the object plane.

Stereo Vision In most stereo setups, the used cameras observe the scene at different angles. That means, when
using normal lenses, their focal planes are also not parallel, i.e., each camera covers a different volume that
is in focus. With smaller depth-of-field or larger angle between the cameras, the volume that is in focus for
all cameras gets smaller, what might lead to serious problems for the reconstruction. Tilt lenses can be used
to align the focus planes of the different cameras (see section 5.1.3).

Sheet of Light In a sheet-of-light setup, a laser line is projected onto the scene, while a camera is observing the
line’s reflection of the object. To get the most accurate results, it is desirable, that the focus plane of the
camera is aligned with the sheet of light emitted by the laser. This is not always possible with normal lenses
(see section 6.2).

Note that, if no tilt lens is available, in some applications it may be sufficient to increase the depth of field by
using a higher f-number, i.e., a smaller aperture. Of course that implies that either the exposure times have to be
increased (which may lead to a longer overall cycle time) or a stronger illumination has to be used.

2.2.4 Hypercentric Lenses

Hypercentric lenses allow to image the top and the sides of an object simultaneously with a single view.

Like conventional perspective lenses, hypercentric lenses perform a perspective projection of the world coordinates
into the image. In contrast to conventional perspective lenses, however, the optical center (more precisely, the
center of the entrance pupil) of hypercentric lenses lies outside in front of the lens (figure 2.21). Furthermore,
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objects to be inspected are placed between the optical center and the lens. As a consequence, objects that are
closer to the camera appear smaller in the image.

Because of these properties, hypercentric lenses can be used, e.g., for inspection tasks where otherwise multi-
ple images would have to be acquired and stitched together. An example is shown in figure 2.22, where the
surface of a vial must be inspected. Using a hypercentric lens allows a 360 degree inspection with a single cam-
era image. See the HDevelop example program %HALCONEXAMPLESY,\hdevelop\Calibration\Multi-View\
calibrate_cameras_hypercentric.hdev for more details.

As for conventional perspective lenses, the origin of the camera coordinate system of hypercentric lenses lies in the
optical center of the lens. Note that because the z-axis of the camera coordinate system points in viewing direction,
3D object points have a negative z coordinate in the camera coordinate system.

Camera

Lens

b= Object

y
i& Optical center (center of entrance pupil)
Camera coordinate system

Figure 2.21: The vial is placed between the entrance pupil and the front of the lens. Note that the z coordinates of
object points are negative in the camera coordinate system.

Wirkstoff:
Lodoxamid-Trometamol

Figure 2.22: (left) Side view of the vial that should be inspected, using a regular lense. (middle) Top view using a
hypercentric lense. (right) Unrolled surface of the label, after camera calibration and mapping.

2.2.5 Line Scan Cameras

A line scan camera has only a one-dimensional line of sensor elements, i.e., to acquire an image, the camera must
move relative to the object (see figure 2.23). This means that the camera moves over a fixed object, the object
travels in front of a fixed camera, or camera and object are both moving.

The relative motion between the camera and the object is modeled in HALCON as part of the internal camera
parameters. In HALCON, the following assumptions for this motion are made:

1. the camera moves — relative to the object — with constant velocity along a straight line

2. the orientation of the camera is constant with respect to the object

3. the motion is equal for all images
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Figure 2.23: Principle of line scan image acquisition.

The motion is described by the motion vector V' = (V,, V,, VZ)T, which must be given in [meters/scanline] in the
camera coordinate system. The motion vector describes the motion of the camera, i.e., it assumes a fixed object.
In fact, this is equivalent to the assumption of a fixed camera with the object traveling along —V'.

HALCON supports a pinhole camera model as well as a telecentric camera model for line scan cameras.

The camera coordinate system of pinhole line scan cameras is defined as follows (see figure 2.24): The origin of
the coordinate system is the center of projection. The z-axis is identical to the optical axis and it is directed so
that the visible points have positive z coordinates. The y-axis is perpendicular to the sensor line and to the z-axis.
It is directed so that the motion vector has a positive y-component, i.e., if a fixed object is assumed, the y-axis
points in the direction in which the camera is moving. The x-axis is perpendicular to the y- and z-axis, so that the
X-, y-, and z-axis form a right-handed coordinate system. For telecentric line scan cameras, the conventions are
identical except for the origin of the coordinate system: it is given by the center of distortion for telecentric line
scan cameras.

Similarly to area scan cameras, the projection of a point given in world coordinates into the image is modeled in
two steps: First, the point is transformed into the camera coordinate system. Then, it is projected into the image.

As the camera moves over the object during the image acquisition, also the camera coordinate system moves
relative to the object, i.e., each image line has been imaged from a different position. This means that there would
be an individual pose for each image line. To make things easier, in HALCON all transformations from world
coordinates into camera coordinates and vice versa are based on the pose of the first image line only. The motion
V is taken into account during the projection of the point p¢ into the image.

The transformation from the WCS to the CCS of the first image line is a rigid transformation, which can be
expressed by a pose or, equivalently, by the homogeneous transformation matrix “H,,. Therefore, the camera
coordinates p¢ = (x¢,y¢, z°)” of point P can be calculated from its world coordinates p¥ = (x*,y%,z%)7
simply by

p‘ = ‘H, -p” (2.34)

The six parameters of this transformation (the three translations ¢, t,, and ¢, and the three rotations «, 3, and )
are called the external camera parameters because they determine the position of the camera with respect to the
world. In HALCON, they are stored as a pose, i.e., together with a code that describes the order of translation and
rotations.

For pinhole line scan cameras, the projection of the point p€ that is given in the camera coordinate system of the
first image line into a (sub-)pixel [r,c] in the image is defined as follows:



2.2 Camera Model and Parameters

C-37

Camera with

optical center Camera coordinate system (z¢, 3¢, z°)

S c’
v P T e Sensor line coordinate system (7%, ¢*)

Virtual image plane

Cy /[ /_> u Image plane coordinate system (u,v)
v

World coordinate system (2%, y*, z%)

Figure 2.24: Coordinate systems in regard to a line scan camera.

Assuming

=1y |
z
the following set of equations must be solved for A, @, and ¢:
Au(t,py) = z—t-V,
Xv(t,py) = y—t-V,
Aof = z—=t-V,
where p, = —S,, - Cy and u(%, 0) and v(@, D) are given by equation 2.27 on page 28 for the division model and
equation 2.29 on page 29 for the polynomial model.

For telecentric line scan cameras, the projection of the point p¢ into a (sub-)pixel [r,c] in the image is achieved by
solving the following set of equations for u and ¢:

w(t,py)/m = x—1t-V,
v(,py)/m = y—t-V,

where m denotes the magnification of the lens and p,,, u(%, ¢), and v(4, ) are defined as above. Note that neither
z nor V,, influence the projection for telecentric cameras.

The above formulas already include the compensation for radial distortions.

Finally, the point is transformed into the image coordinate system, i.e., the pixel coordinate system:

m
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S, and S, are scaling factors. S, represents the distance of the sensor elements on the CCD line, S, is the extent
of the sensor elements in y-direction. The point (Cy, C,,)7 is the principal point. Note that in contrast to area scan
images, (Cy, C'y)T does not define the position of the principal point in image coordinates. It rather describes the
relative position of the principal point with respect to the sensor line.

The parameters f,m, x, K1, K2, K3, P1, P2, Sy, Sy, Cy, Cy, V., V,,, V. are called the internal camera parameters
because they determine the projection from 3D to 2D performed by the camera.

As for area scan cameras, the calibration of a line scan camera is the process of determining the internal camera
parameters and the external camera parameters ¢, ty,t., o, 3, 7 of the first image line.

2.3 3D Object Models

A 3D object model is a data structure that describes 3D objects. 3D object models can be obtained by several means
and they may contain different types of data. Additionally, the different operations that use 3D object models have
different requirements concerning the model’s content. Thus, not every operation can be applied to every 3D object
model. To provide you with the basic knowledge needed to work with 3D object models, the following sections
show

* how to obtain 3D object models (section 2.3.1),

» which information typically is stored in 3D object models (section 2.3.2 on page 40),

* how to modify 3D object models (section 2.3.3 on page 43),

» how to access specific features of 3D object models (section 2.3.4 on page 49),

* how to register 3D object models, i.e., how to match different models of the same object or of overlapping
object parts (section 2.3.5 on page 50), and

* how to visualize 3D object models (section 2.3.6 on page 56).

2.3.1 Obtaining 3D Object Models

The following sections give an impression on the various ways that can be used to obtain a 3D object model.
Generally, 3D object models can be

« created from scratch by explicitly setting the coordinates of points lying on the object’s surface or by explic-
itly setting the parameters of a simple 3D shape (see section 2.3.1.1),
» obtained from Computer Aided Design (CAD) data (see section 2.3.1.2), or

¢ derived by one of the available 3D reconstruction approaches (see section 2.3.1.3 on page 40).

2.3.1.1 Creating 3D Object Models from Scratch

3D object models can be created from scratch either by using given points that approximate the surfaces of the
objects or by using the parameters of simple 3D shapes like boxes, spheres, cylinders, or planes, which are called
“3D primitives”. In particular, the following operators are available to create a 3D object model from scratch:

e gen_empty_object_model_3d creates an empty 3D object model that can be filled with content, e.g., with
the operator set_object_model_3d_attrib or set_object_model_3d_attrib_mod as is described in
section 2.3.3.2 on page 44,

* gen_object_model_3d_from_points creates a 3D object model consisting of points,

* gen_box_object_model_3d creates a box-shaped 3D primitive,
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* gen_sphere_object_model_3d or gen_sphere_object_model_3d_center creates a sphere-shaped
3D primitive,

* gen_cylinder_object_model_3d creates a cylinder-shaped 3D primitive, and

* gen_plane_object_model_3d creates a plane-shaped 3D primitive.
For example, in the HDevelop example program ¥%HALCONEXAMPLESY\hdevelop\3D-Object-
Model\Creation\set_object_model_3d_attrib.hdev an empty 3D object model is cre-
ated with gen_empty_object_model_3d and filled with the point coordinates of a cube using

set_object_model_3d_attrib_mod (see also section 2.3.3.2 on page 44). The resulting 3D object model,
which is a simple point set, is shown in figure 2.25 on the left side.

The points of a cube:

Continue Continue

Figure 2.25: 3D object models created from scratch: (left) 3D object model defined by point coordinates, (right) 3D
primitives defined by shape parameters.

gen_empty_object_model_3d (ObjectModel3D)

PointCoordX := [0.5, 0, 1, 1, O, O, 1, 1, 0] - 0.5

PointCoordY := [0, 1, 1, 1, 1, 0, O, O, O] - 0.5

PointCoordZz := [0.5, 0, O, 1, 1, O, O, 1, 1] - 0.5

set_object_model_3d_attrib_mod (ObjectModel3dD, ['point_coord_x', \
'point_coord_y', 'point_coord_z'l, [1, \
[PointCoordX,PointCoordY,PointCoordZ])

In contrast, the HDevelop example program %HALCONEXAMPLES),\hdevelop\3D-Object-Model\Creation\
gen_primitives_object_model_3d.hdev creates different 3D primitives by specifying their parameters. The
resulting 3D object models are displayed in figure 2.25 on the right side.

gen_plane_object_model_3d4 ([0, O, O, O, O, 0, 01, [1, [1, \
ObjectModel3DPlanel)

gen_sphere_object_model_3d4 ([0, O, 3, O, O, O, 0], 0.5, \
ObjectModel3DSpherel)

gen_sphere_object_model_3d_center (-1, 0, 1, 1, ObjectModel3DSphere2)

gen_cylinder_object_model_3d ([1, -1, 2, 0, 0, 60, O], 0.5, -1, 1, \

ObjectModel3DCylinder)
gen_box_object_model_3d ([-1, 2, 1, 0, O, 90, 0], 1, 2, 1, ObjectModel3DBox)

2.3.1.2 Obtaining 3D Object Models from Computer Aided Design (CAD) Data

If a 3D model of an object is already available as a Computer Aided Design (CAD) model, e.g., as a DXF or
PLY file, the model simply can be read as 3D object model with the operator read_object_model_3d as is
shown, e.g., in the HDevelop example program %HALCONEXAMPLESY,\hdevelop\3D-0bject-Model\Features\
smallest_bounding_box_object_model_3d.hdev (see figure 2.26). Please refer to the description of the
operator read_object_model_3d in the Reference Manual for the complete list of supported file formats and
their descriptions.
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read_object_model_3d ('pipe_joint', 'm', [1, [], ObjectModel3D, Status)

s

Left button: rotate
Center button: zoom

Right button: move

Figure 2.26: 3D object model obtained from a CAD model that is available as a PLY file.

2.3.1.3 Deriving 3D Object Models by 3D Reconstruction

All (calibrated) 3D reconstruction approaches are suitable to explicitly or implicitly derive a 3D object model. For
example, with multi-view stereo you can explicitly obtain a 3D object model, whereas with a common 3D sensor
X, Y, and Z images and with depth from focus depth images are obtained.

X, Y, and Z images implicitly contain the information needed for a 3D object model. Thus, you can de-
rive a 3D object model from X, Y, and Z images using the operator xyz_to_object_model_3d, as is
shown, e.g., in the HDevelop example program %HALCONEXAMPLESY,\hdevelop\3D-Object-Model\Features\
select_object_model_3d.hdev (see figure 2.27).

ImagePath := 'time_of_flight/'

read_image (Image, ImagePath + 'engine_cover_xyz_01')
scale_image (Image, Image, .001, .0)
zoom_image_factor (Image, Image, 2, 2, 'constant')
decompose3 (Image, X, Y, Z)

Xyz_to_object_model_3d (X, Y, Z, ObjectModel3DID)

If only a (calibrated) depth image, i.e., a “Z image” is available, you can create artificial X and Y images as follows:
The X and Y images must have the same size as the Z image. The X image is created by assigning the column
numbers of the Z image to each row of the X image and the Y image is created by assigning the row numbers of
the Z image to each column of the Y image as is illustrated in a simple (pixel-precise) version in figure 2.28. The
thus created X, Y, and Z images can then be transformed again into a 3D object model. Note that the X and Y
images generated in this way usually still need to be multiplied by a suitable factor reflecting the distance between
adjacent points in the X and Y directions, respectively, given in units of the Z values.

Figure 2.29 on page 42 guides you through the different ways how to derive a 3D object model that can be used,
e.g., for a following 3D position recognition approach.

2.3.2 Content of 3D Object Models

The following sections give an impression on

» what kind of information generally may be stored in 3D object models (see section 2.3.2.1) and

* how to query the information contained in a specific 3D object model (see section 2.3.2.2 on page 43).
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Left button: rotate
Center butteon: zcom

Right button: move

Figure 2.27: 3D object model obtained from X,Y, and Z images.
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Figure 2.28: Partial content of (pixel-precise) X and Y images created to complete a Z image to an X, Y, and Z
image.

2.3.2.1 Kind of Information Contained in 3D Object Models

Because 3D object models can be obtained by several means, the information that is contained in 3D object models
differs from model to model. For example, if a 3D object model is created explicitly from given points using the
operator gen_object_model_3d_from_points, the basic information in this model is a set of point coordinates.
In contrast, a model that is created explicitly by the parameters of a 3D primitive contains no points but the
parameters of the corresponding simple 3D shape.

Generally, the content of a specific 3D object model depends on the specific process that was used to create or
derive it. For example, if a 3D object model is derived from a (calibrated) 3D reconstruction method like stereo
vision, sheet of light, or depth from focus, it contains points. If within such a 3D object model a 3D primitives
fitting is applied, the model of the resulting 3D primitive contains points as well as the primitive’s parameters.
That is, the 3D object model of such a 3D primitive contains more information than that of a 3D primitive that was
created explicitly by its parameters.

A 3D object model that is obtained from X, Y, and Z images typically contains the coordinates of the 3D points
and the corresponding 2D mapping, i.e., a mapping of the 3D points to 2D image coordinates, whereas a 3D object
model that is obtained by multi-view stereo can contain a lot of further information. For example, the surface may
be approximated by triangles or polygons. A triangulation can be applied also explicitly to a 3D object model that
contains points using the operator triangulate_object_model_3d. Additional operations to modify 3D object
models are introduced in section 2.3.3 on page 43.

The following lists the different kind of data that may be contained in a 3D object model:

¢ Points: Coordinates of the 3D points
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gen_box_object_model_3d,
gen_sphere_object._model_3d,

gen_cylinder_object_model_3d,
or gen_plane_object_model_3d

'

gen_object_model_3d_from_points

or

gen_sphere_object_model_3d_center, gen_empty_object_model_3d and
set_object_model_3d_attrib_mod

l

(the Primitive’s

3D Object Model 3D Object Model (3D Points)

Parameters)

(Sheet of Light) (3D Sensor]  (DFF)

(Binocular Stereo) (Multi—View Stereg

Z Image

Add Artificial
Xand Y Images

X, Y, ZImage

xyz_to_object_model_3d

Disparity Image

disparity_image_to_xyz

3D Object Model (3D Points and 2D Mapping)|| 3D Object Model (Extended Information)

read_object model_3d —® prepare_object_model_3d

}

v

3D Object Model 3D Object Model
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3D Matching Point Normals) Meshing)

Shape-Based
3D Matching

L »-|3D Primitives
Fitting

Y v

3D Pose

\

Parameters

3D Object Model
with the Primitive’s

Figure 2.29: Overview on the 3D object model.

If contained in the 3D object model, further parameters can be:

Lines: Indices of the 3D points that represent polylines

Faces: Indices of the 3D points that represent faces

Normals: Normal vectors

* Primitive
If contained in the 3D object model, further parameters are:

Triangles: Indices of the 3D points that represent triangles

xyz Mapping: Mapping of a 3D point to image coordinates

— Primitive Type: Type of the primitive (plane, sphere, box, cylinder)

— Primitive Pose: Pose that describes the position and orientation of the primitive

]
S <
o L
z 5
=
g
o E
o9
A=
[32]
—
o
c
Ke]
2
(4]
[
s
(©]
c
XS]
=]
]
=1
I~
=
7]
c
Q
O
(5
o
[m]
(a2}
<+
c
Xe]
=
c
>
Q
O
(5}
[an
c
xe]
=
7]
o
o
[m)
[s2]

t model 3d

Modifications, e.g., by triangulate_objec



2.3 3D Object Models

C-43

— Primitive Rms: Accuracy of the primitive parameters (only available if they were determined by fitting
the primitive into a point cloud)

Note that a 3D object model may contain at most one primitive.
» Extended Attributes
— Attribute Names: Names of extended attributes defined for the 3D object model
— Attribute Types: Types of extended attributes defined for the 3D object model
» Additional Attributes

— Shape Based Data: Flag that indicates if the 3D object model has been prepared for shape-based 3D
matching

— Distance Computation: Flag that indicates if the 3D object model has been prepared for distance com-
putation

The content is represented in form of attributes and can be accessed with the operator
get_object_model_3d_params. For the complete list and a detailed description of the available attributes, see
the reference manual entry of get_object_model_3d_params.

2.3.2.2 Querying Information from Specific 3D Object Models

Because many approaches exist to obtain and modify a 3D object model, also many different combinations of
information can be contained in the models. To query the actual content of a specific 3D object model you can
apply the operator get_object_model_3d_params. With this operator, you can query if a specific information,
a so-called ’attribute’, is contained in the model. For example, you can query if the 3D object model contains
primitive data, points, point normals, triangles, faces, or a 2D mapping. If an attribute is contained in the model,
you can query its explicit values with the same operator.

Note that here only the most common attributes were listed. The complete list of attributes that may be contained
in a 3D object model and their descriptions are provided with the operator get_object_model_3d_params in the
Reference Manual.

Another possibility to check the actual content of a 3D object model is given with a special inspection window
in HDevelop. Here, the parametric properties of the 3D object model that are listed in the previous section are
displayed as described in the HDevelopUser’s Guide, section 6.22.8 on page 176.

2.3.3 Modifying 3D Object Models

The following sections show how to modify 3D object models by

* preparing them for a following 3D pose recognition (see section 2.3.3.1),
* adding attributes to their content (see section 2.3.3.2),
* reducing their content to selected attributes (see section 2.3.3.3 on page 46),

» changing their contained point sets, e.g., by a reduction of the number of points or by a selection of points
with specific characteristics (see section 2.3.3.4 on page 46),

* transforming them (see section 2.3.3.5 on page 48), or

» combining several 3D object models to a single 3D object model (see section 2.3.3.6 on page 49).
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2.3.3.1 Preparing 3D Object Models for a Following 3D Pose Recognition

Some 3D position recognition approaches need 3D object models as input. Especially the shape-based 3D match-
ing (see section 4.2 on page 95) and the segmentation that is applied in the context of a 3D primitives fitting (see
section 4.5 on page 111) need specific information that may be contained only implicitly in the 3D object model.
To prepare a 3D object model for one of these 3D position recognition approaches, i.e., to enable a faster internal
access to this information, you can use the operator prepare_object_model_3d. There, for the shape-based 3D
matching the parameter Purpose must be set to ’shape_based_matching_3d’, whereas for the 3D segmen-
tation it must be set to ’segmentation’. Note that for a surface-based 3D matching (see section 4.3 on page
104) such a preparation is not needed for the actual matching, but may also be required if a visualization with
the operator project_object_model_3d using one of the generic parameters *hidden_surface_removal’ or
'min_face_angle’ is applied. Then, similar to the shape-based 3D matching the parameter Purpose of pre-
pare_object_model_3d must be set to >shape_based_matching_3d’.

2.3.3.2 Adding Attributes to 3D Object Models

Sometimes, specific attributes are needed, e.g., for a following operation, that are not contained explicitly but only
implicitly in a 3D object model. Then, different operators are available that can be used to make the implicit
information explicit or to manually add or modify specific attributes, e.g.,

* set_object_model_3d_attrib and set_object_model_3d_attrib_mod can be used to manually add
attributes to a 3D object model or to modify the already contained attributes. The main difference be-
tween both operators is that set_object_model_3d_attrib returns a new 3D object model, whereas
set_object_model_3d_attrib_mod changes the input 3D object model. Besides standard attributes that
can be obtained during the creation or modification of a 3D object model and that are expected by various
operators, so-called “extended” attributes can be set, i.e., new types of attributes can be defined by the user
and attached to a model. These attributes must be indicated in the parameter Name by a preceding “&”.

* surface_normals_object_model_3d can be used to add the normals attribute to 3D object models.

* triangulate_object_model_3d can be used to add the triangles attribute to a 3D object model that con-
sists of points and their normals. In particular, the returned 3D object model contains a mesh of triangles
that either fits perfectly to the set of points contained in the 3D object model (“greedy” algorithm) or that
approximates the set of points (“implicit” algorithm).

e fit_primitives_object_model_3d can be used to obtain the attributes that are related to 3D primitives.
In particular, it can be used to add the parameters of a 3D primitive that fits best into the set of points given
in the original 3D object model. Note that such a 3D primitives fitting is often preceded by a segmentation
of the 3D object model into different 3D object models having similar characteristics as is described in
section 4.5 on page 111.

How to add attributes using set_object_model_3d_attrib or set_object_model_3d_attrib_mod is
shown, e.g., in the HDevelop example program %,HALCONEXAMPLESY,\hdevelop\3D-0bject-Model\Creation\
set_object_model_3d_attrib.hdev. There, the coordinates of the corner points of a cube were added to an
empty 3D object model (see figure 2.30, left) as was already introduced in section 2.3.1.1 on page 38. Additionally,
the attribute for triangles and the corresponding triangle information (see figure 2.30, right) is added.
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T1 := [0, 8, 5]
T2 := [0, 7, 8]
T3 := [0, 6, 7]
T4 := [0, 5, 6]
T5 := [5, 6, 2]
T6é := [5, 2, 1]
T7 := [6, 7, 3]
T8 := [6, 3, 2]
T9 := [7, 3, 4]

T10 := [7, 4, 8]

T11 := [8, 4, 1]

T12 := [8, 1, 5]

T13 := [2, 3, 4]

T14 := [2, 4, 1]

set_object_model_3d_attrib (ObjectModel3D, 'triangles', [], [T1,T2,T3,T4,T5, \
T6,T7,T8,T9,T10,T11,T12,T13,T14], \
ObjectModel3D2)

Note that one of the sides of the cube contains an additional point that is needed to demonstrate how to modify
a point coordinate with the operator set_object_model_3d_attrib_mod in a following step (see figure 2.31).
Thus, this side of the cube is not represented by two but by four triangles.

PointCoordY [0, 3, 6, 7] := [-1, 0.3, -.8, -.3]
set_object_model_3d_attrib_mod (ObjectModel3D2, 'point_coord_y', [1, \
PointCoordY)

The points of a cube: Triangles added:

Figure 2.30: 3D object model of a cube: (left) model with point coordinates and (right) with triangles added.

Point coordinate modified:

Figure 2.31: 3D object model after modifying a point coordinate.
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2.3.3.3 Removing Attributes from 3D Object Models

To reduce the amount of data stored in a 3D object model, selected attributes of a 3D object model can be removed
from the model if they are not needed anymore. In particular, the operator copy_object_model_3d can be used
to copy a 3D object model such that only selected attributes are copied to the new 3D object model. For exam-
ple, in the HDevelop example program %HALCONEXAMPLESY,\hdevelop\3D-Object-Model\Segmentation\
segment_object_model_3d.hdev a simultaneous segmentation and 3D primitives fitting has been applied to a
3D object model that was obtained from X, Y, and Z images. To save memory, information like the point coordi-
nates and the 2D mapping, which were obtained automatically during the creation of the 3D object model from the
X, Y, and Z images, are removed from the model by copying only the data related to the obtained 3D primitives.

segment_object_model_3d (ObjectModel3DID, [ParSegmentation,ParFitting], \
[ValSegmentation,ValFitting], ObjectModel3DOutID)
for Index := 0 to |ObjectModel3DOutID| - 1 by 1
copy_object_model_3d (ObjectModel3DOutID[Index], 'primitives_all', \
CopiedObjectModel3DID)
endfor

2.3.3.4 Modifying the Point Sets of 3D Object Models

Various operators are provided that enable the modification of the 3D object model’s point set or the segmentation
of a 3D object model into different parts. For example,

* set_object_model_3d_attrib_mod can be used to directly modify point coordinates as was shown al-
ready in section 2.3.3.2 on page 44.

* select_points_object_model_3d applies thresholds to selected attributes to reduce the set of points to
those points that lie within the specified attribute value ranges.

* reduce_object_model_3d_by_view can be used to reduce the point set to a set of points lying within a
specified 2D region that is defined for a specified 2D projection of the 3D object model.

* sample_object_model_3d can be used to achieve 3D object models with a uniform point density with a
specified distance between the points. This is suitable to generally reduce the point density, e.g., to enable a
faster following operation like a triangulation, or if the 3D object model contains parts for which the point
density is higher than for other parts of the object. The latter case may result, e.g., from a multi-view stereo
reconstruction (see section 5.4 on page 139) or from the registration and fusion of multiple 3D object models
(see section 2.3.5 on page 50). Note that, depending on the specified distance between the points, the point
density of the resulting 3D object model may even be higher than that of the original one.

* simplify_object_model_3d can be used to reduce the number of points of triangulated 3D object models,
especially for smooth parts of the 3D object model, i.e., for parts where a high point density is often not
necessary. This may be used, for example, to speed up subsequent operator calls by using the resulting 3D
object model with reduced complexity. Typically, the point density of the simplified 3D object model is
nonuniform. The point density is higher for parts where more points are required to represent the object’s
geometry and it is lower for smoother parts. This is in contrast to the results of sample_object_model_3d,
where a uniform point density is achieved.

* smooth_object_model_3d smoothens the surface of the 3D object model. Typically, it is used to prepare
a 3D object model for a surface triangulation or to smooth noisy point data within a 3D object model.

* segment_object_model_3d segments a 3D object model into parts with similar characteristics, e.g., the
same orientation of the normals or a similar curvature. Such a segmentation can be applied, e.g., in the
context of a 3D primitives fitting (see section 4.5 on page 111).

* connection_object_model_3d segments a 3D object model into parts that consist of connected compo-
nents. Whether two components are considered as being connected depends on user-specified criteria, in
particular attributes or distance functions and their corresponding threshold values.
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For example, in the HDevelop example program %HALCONEXAMPLESY\hdevelop\3D-Object-Model\
Features\select_object_model_3d.hdev select_points_object_model_3d is used to select points of
a 3D object model using a threshold on the z coordinates. Thus the individual parts of the engine cover shown in
figure 2.32 on the left side are separated from their background as is shown in figure 2.32 on the right side.

select_points_object_model_3d (ObjectModel3DID, 'point_coord_z', MinValue, \
MaxValue, ObjectModel3DIDReduced)

After excluding the background from the model, the remaining parts are further segmented into connected parts
with connection_object_model_3d as is shown in figure 2.33.

connection_object_model_3d (ObjectModelBDIDReduced, 'distance_3d', 0.010, \
ObjectModel3DIDConnections)

Result after thresholding at z=670mm from the camera

Left button: rotate Left button: rotate
Center button: zoom Center button: zoom

Right button: move Right button: move

Figure 2.32: 3D object model (left) in its initial state and (right) after removing points of the background using a
threshold.

Found 10 connected components

#6
" i

Left butten: rotate
Center button: zoom

Right button: move

Figure 2.33: 3D object model after the segmentation into its connected components.

Another way to effectively reduce your 3D object model point set for further processing steps is the usage of the
2D mapping of the point data. By calling object_model_3d_to_xyz with ’cartesian_faces’ set for Type, a 3D
object model (which needs to contain polygon or triangle faces) is transformed into the three images X, Y, and Z.

Thereby, the three images solely contain information about those parts of the model, that can be observed
by a camera with specified pose and parameters, while hidden parts are omitted (see figure 2.34). With
xyz_to_object_model_3d you can then perform the reverse transformation and obtain the reduced 3D object
model.
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Figure 2.34: 3D object model (left) in its initial state and as viewed from the specified camera pose (center). The
model is reduced to the parts visible to the camera, using a 2D mapping. The resulting object model
(green) and the initial model (gray) are visualized together for comparison (right).

* Transform the 3D model to XYZ images, reducing the data

* according to the chosen camera parameters and pose.

object_model_3d_to_xyz (X, Y, Z, ObjectModel3D, 'cartesian_faces', \
CameraParam, Pose)

* Transform the XYZ images to a 3D object model.

xyz_to_object_model_3d (X, Y, Z, IntermediateObjectModel3D)

In the HDevelop example program %HALCONEXAMPLESY\hdevelop\3D-0Object-Model\Segmentation\
reduce_object_model_3d_to_visible_parts.hdev the reduction of an 3D object model using a 2D mapping
is shown step by step.

Not just for the reduction of model data, but also for tasks like surface comparison, 2D mappings can be very
useful, as by handling 2D images instead of 3D point clouds, significant speed-up can be achieved. After lo-
cating a 3D object model in the observed scene with any alignment method, potential deviations between model
and scene can be detected by comparing their respective 2D mappings. Therefore, use sub_image on the Z
images of scene and model, which results in an image, where higher pixel values represent higher deviation be-
tween scene and model. Extract the domain of the defect by applying a suitable threshold. You can call re-
duce_object_model_3d_by_view with CamParam set to 'xyz_mapping’ in order to reduce your point cloud to
the respective view.

In general, the usage of 2D mapping increases speed when handling point clouds. This can for instance be the case
when preparing a 3D object model for surface-based matching, e.g., by removing outliers, smoothing or reducing
its domain. Especially the operators sample_object_model_3d and surface_normals_object_model_3d
benefit, if a 3D object model contains a 2D mapping.

2.3.3.5 Transforming 3D Object Models

3D object models can be spatially transformed by several means. In particular, you can transform 3D object models
by

e arigid 3D transformation using the operator rigid_trans_object_model_3d,

e an arbitrary affine 3D transformation using the operator affine_trans_object _model_3d, or

e an arbitrary projective 3D transformation using the operator projective_trans_object_model_3d.
Note that the transformed 3D object model contains only data that can be represented by a 3D object model and

that could be transformed. For example, after an affine 3D transformation no 3D primitives will be contained in
the transformed 3D object model. For the transformation of 3D primitives only the rigid transformation is suitable.
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2.3.3.6 Combining 3D Object Models

To combine several 3D object models to a single 3D object model, you can apply the operator
union_object_model_3d. Note that the resulting model contains only those attributes that are contained in all of
the input 3D object models. Alternatively, you can use fuse_object_model_3d to fuse multiple 3D object models
(that are registered in the same coordinate system) into a surface. See the HDevelop example ,HALCONEXAMPLESY,\
hdevelop\3D-Object-Model\Transformations\fuse_object_model_3d.hdev to see how to fine-tune the
parameters for this operator.

2.3.4 Extracting Features of 3D Object Models

The following sections show how to

* calculate or access specific features of 3D object models and

* how to select 3D object models by their specific features.

2.3.4.1 Calculating or Accessing Features of 3D Object Models

Several kinds of features are contained explicitly or implicitly in 3D object models. On the one hand, the 3D object
models explicitly contain different attributes as was introduced in section 2.3.2 on page 40. These attributes can
be related to features like point coordinates, normals, triangles, faces, or the parameters of 3D primitives and can
be accessed w