TECHNISCHE UNIVERSITAT CHEMNITZ

Faculty of Computer Science

Media Computing

Bachelor’s Thesis

Object Localization from 3D Point Clouds

Richard Siegel

Chemnitz, March 19, 2018

Examiner: Dr. Danny Kowerko
Supervisor: Dr. Danny Kowerko



Siegel, Richard

Object Localization from 3D Point Clouds

Bachelor’s Thesis, Faculty of Computer Science

Chemnitz University of Technology Chemnitz, March 2018



Acknowledgement

I would like to thank Dr. Danny Kowerko for giving me the opportunity to write
my thesis at the junior professorship Media Computing and letting me thereby
contribute to the localizel T project.

For his advice and support, | thank Robert Manthey.

I would also like to thank the Intenta GmbH for supplying enhanced software
interfaces for the professorship, without which the work on this thesis would not
have been possible.

Last but not least, | want to thank my ancee Elvira for giving me strength and
my parents for all their years of e orts and support for my education.






Contents

[iST of Fiqures iii

iX

1 Intfroduction 1

g._Taboratory, Stereo sensor_and AP] 2

PT—TheInfenta S2000 . . . . . . v v o e e e e e e e e e e 2

P 7 S2000 APT and MuUlfisensorconnection Dema 6

E.3. Laboratory Hardware Setugd . . . . . . . . . . . . . . . .. ... .... 7

._Fundamenta an FOCESSINg_Concepts and Librarie 10

.L._Principles of Optical Localization from 030 . ........... 10

.2._Locallizing jects within Poin oudy . ... ... ... 13
.3._Localizing Markers within the mage of the Poin oud_Textur

INOPENTV] . . . . . o e e e s e e e e e e 16

B.3.I. Fundamentals of the OpenCV Library . . . . . . . .. ... .. 16

.o /7 Marker Detection and | ocalization with Ardca . . . . . . . . . 17

4 Visnalization of 3D-Models . . . . . . . . .. . .. ... . 18

AT, Positioning, scaling and Rotating 0 -models wi pen .19

.4 7 \dsualization ot s)-NModel \/ertices 24

5. € Representation 0 ructureSin Fileg . . . .. ... ... ... 26

.6.__[ransforming Poin oud into Reference Model Coordinate Syste . 29
._Implementation_of_a Prototype _software for ject_Localization 1ro

1) Point Clouds 37

.I. _Architecture of the Localization Prototype softwarg . . . . . . .. .. 37

.Z._Visualizing the 0in oud wi penGO ... ......... 42

.3._Import and EXPOrt 0 jects and Positiony . . . . . . .. ... .. 45

4. Localizing Marker_Positions wi penCV . . . ... ... ... .... 48

.5.__[ransforming Poin oud into _Reference Model Coordinate Syste . 50

.6.__Implementation of Poin ou as e . . ... ... .. ... 53

B 7. Tmplementation Summary] . . . . . . . v . v v v e e e e e e e e 55




Contents

b Evaluation of [ ocalization Methodds

b.I. Preliminary Considerationg

a

0

alipration an ererence Foint,y . . ... oL

oln

ou recision an

ccurac

b.4. T oudspeaker Localization from Point Cloud§ . . . ... ... .....

. summary and Conclusion

]

[ Outlook

N

ATTachment

. e Keymap 1or

€ Localization >0

ar

._Lulae to

Sing

€ Locallzation >0

ar

57
57
58
61
69

74

75

76

81

81

83



List of Figures

P.I. The S2000 smart sensor by the Intenta GmbH (at the top) and
its speci cations (at the bottom).  The circular gabs In_the

ac ayer, enin € glass covering € Sensors ftace, mar
€ positons or Its cameras. mage an aple In IS gur
ave peen adopte rom e _Intenta rocnure, avalla

psS://www. Intenta.de/riies/1nna e/sensor-systeme

Z._Four_images extracted from the Sensor_via the -PTotoco
isualized wi PENCV. Fig. 2.2d is the color_representation of co
rdinate values transmitted inside an image structure, where the re

green_and blue values are X, y and z coordinates of the point cloud]
[The other three images display regular color and brightness (grayd
scale) Images.) . . . . . . . . e e e e e e
iS_owchart_illustrates the essential_algorithm of_the
Xample "MUITiSensorconnection . Execution begins on _the top Ie
nCe running, the program does Not terminate by itselt, it constan
refreshes the visualized sensor data (symbolized on the bottom right)]
€ _black_bar_above Create_Sensor_Ihread _indicates_parallelism
US, ONe thread 107 €aCh SEMSOT] . .« « v v v v v v v e e e e e e
2. g frame cage inside the audiovisual laboratory. I he red, green an
blte arrows represent the dimensions of the cage along the X, y and 7
BXes, 426 3.756_3:49/m. Fiq. 2.4a highlights the position of the axey
nside a photograph of the frame cage, while . Z.4b illustrates
€S positions using models. T he coordinate origin is the intersectio
g illustrated arrows in the corner of the laboratory. Microphon
frays positions are highlighted with green quadrangles] . . . . . . . .

B.I._The technical limitations of point clouds from optical Stereo camerg
ensors. _Fig. 3.1a presents an example of characteristic_artifacts 1
ereo_sensor_point clouds. ITn__g. 3.Ib, 3.IC and 3.Id a schemati

Explanation for stereo sensor point cloud computation, explaining the

artifact, isiflustrated] . . . . . . . . . . ... ...




List of Figures

BZ_The concept of masks and density Iters for the Iocalization in_poini
ouds_is_ilfustrated in _this__gure. _similar to__g. 3.1 a ZD-Sectio
example_point_clouds _is_schematically ilfustrated. Highlighted i
Ight_green are areas containing unmasked and un_Itered point clou
ertices. _Areas highlighted in red are masks an ers, which_mar
€re _Vertices are removed. Fiq. 3.2a, 3.2C and 3.2€ illustrate_mas
reation. In__g. 3.2b, 3.2d and 3. € primary point cloud IS create
ost remaining sub_qures ilfustrated how masks an ers are applied] 14
.3.__Fiducial marKers of the ArUco library an € extraction of marker va
ues are visualized. Tmages have been adopted/modi ed from htfps?]
V7sourcetorge._net/projects/aruco/] . .. ... ... ... .. .. 18
. € output of an Open program, that illustrates the € ect of a se
matrix_operations: € black square_shows the reference position

ile_the red square is scaled and translated. Ihe bIue square iS no

Caled and not translated, but rotated] . . . . . .. . ... ... .... 24

B.5._Examples Tor basic geometric primitives in OpenGL . . . ... .. .. 25
6. €_geometric_content of_a simple - 1€ € __Te_includes

JECTS, One _consisting 0 0_lINES_and_one_consisting 0 0_Taces
Ithin the cartesian coordinate system In__(. 3.ba Is _illustrated ho
fhe OBJ- Te_is_displayed in _theory, while _g. 3.6b_shows how thg
BD-modeling software Blender interprets it] . . . . ... ... ... .. 28
7. ree_steps of_synchronizing the position of _identical but displace
gnd rescaled point sets: A group of red points (Ag to A3) and a groug
pf green points (Bgo to B3) are manipulated using a set of operationg
[(sub g. 3.7a; 3.7b; 3.7c), which e ect each group as a whole. Thqg
esultis ilfustrated insub . 3.7d. . . . . . . . . . oo 30
.8. WO groups o points_are_depicted inside_a 3D-coordinate syste
[(group 1: a;b;c; group 2: d;e; T): The distances and angular relationg

etween the points within each group are identical. € poInts a an
gd are In the same position and IT they are used as a pivot 1or ¢ and b,
[hey could rotate them INto the position ofreand 1) . . . . . . . . .. 32

9. TWo concepts: 3.9a Shows the position of pivot points in a ZD-system
B.9b illustrates how a rotational axis 1s (symbolized by ¥) is found in

BD=SPACE] . . . . v e e e e e e e e e e 33
€ two step rotation method for point synchronization: Fiq.
OWS angle ___for the rst rotation and Q. 3. shows _, the ang
forthesecondrofafion] . . . . . . . . . v v v v e 35



List of Figures

B.1.

I'his owchart presents the structure Of the prototype software 1ol

ocalizing objJects Trom point clouas. n € IeTt sige tne adopte

gtructure Trom the sensor connection example (see 2.3) Is visible. On
e rignt siae the Foin ou odel, In green, an e open poin
oud Vvisualization, In Dlue, nave been added. between bu er ba
ements rrom sensor _an reate LISt Wi mage Data elements 1ro

Bu er (center lett), the example code has been modi _ed such that It
pdaates tne Foin ou odel _anad starts tne Open Vvisualizatio
IT 1S Not running. berore the Open mage Visualization 1Ndo

(at the bottom), another change to the example code has been made|

(T the loaded 1Image 1S the point cloud texture, IT IS Turther analyzed
1 pen 0 Supply the Foin ou oael wi ocations

L. IS sequence diagram Hiustrates the communication of user and mail

reads of the prototype software for object localization from 3D poin
clouds. The three lert most threads (illustrated In black) have been
adopted from Intentas sensor connection example (see 2.2). T he blug
OpenGL/GLUT UT thread 1s the main addition to the Intenta exam
jple. Tt reserves a constant stream of sensor data updates (symbolized
in_green), interacts with the [e system (in brown) and the user. Thg
gonstant visual output to the user is not represented] . . . . . . . . . .

g.3.

I'nis_owchart presents the structure of the display() tunction within

the OpenGL/GLUT Ul codes GLUT-Main-Loop. Represented In
reen are memoer tunctons o e Class Folin ou odel. Iviarked |

plue are tunctions which belong to the OpenGL/GLUT Ul. As visiblg
e tunctionality IS mostly Inciuded Into tne Foin ou odel Class

put it is executed by the display() function] . ... ... . ... ...
n this representation the functionality of the Model_ classi
chematically explained. 1 he Point Cloud Model class is reduced to
unctions directly related to the -Class. _Dashed arrows highlig

essential tuncrions calls 1o 1ustrate The interacrion or the classes. 1ne
green_arrows connect functions concerned with importing OBJ-_1€s]
Dashed arrows in the center show functions for drawing imported OBJ
gometry. The export of multiple geometry elements into one
..........................

o IS __owcnart Hiustrates tne algorrchm oOpen perations an P

date of Point Cloud Model in the context of . 4.1). Temporary
ocal variables are colored gray, the Point_Cloud Model_communica
ioN_is_green_and_export_related items are_brown, € main__ 0
is_colored black and_contains_elements which_summaries _100pS_OVEN
multiple markers to simplify COMPrenension] . . . . . . . . . . . . ..

38



List of Figures

Vi

I 'he posItions In which the reterence PoINts Tor calibration of the point

oud _model must be positionea: IStances In X direction are 1us
rated In red, green marks distances Into the y direction. Aruco code
n S are nigniignted In plue. Flve Sensors an elr 1Fs ar

arked greeny . . . . . oL L o s e e e e e e e e e e
N Ttwo screen SNOtS Trom the prototype sortware 10r opject localizatio

rom point ciouas, tne manual calloration Setting arter the automatize
ransiormation INnto tne coordinate system IS snown. ISIDIE are

001LS Of Trame cage plilars and a cube onject marking point locations
X-Y-Z-coordinates are Visible In red, green and blue. he pink labelg
have been added on top of the screen shoty . . . . .. ... .. .. ..

.0. IS _owchart Hiustrates tne algorithm 1or tne generation or maskALre:

Vectors, the createCloudMask() function. Such vectors contain not

pnly a number _of_masked point _cloud subareas, but also_count the
umber of point cloud vertices witnin € subbarea. ariaples ar

olored gray an eman _owlisplack) . . ... ... 00000
ar Q e callprarion 1est visualizarion e resUlts 1rrom senso
) an are presented In an image and a scatter plot. r
results of sensor H/ and ho or maore about The visualization see 5 /'
ar 0 e callpration test visualization. € point cloud textur
mages Or sensor an are presented. In notn parts o e Ca
ration test visuallization, tne images wi S Ol _detected reterenc

markers were exported along with one of the 25 (mostly equal) 3D
oordinate_measurements visualized in_the scatter plot on the rig
[The distance to zero on the z-axis is indicated by increasing size and
blue color of the circles in the plots. The bluest and biggest circle (seq
Bensor 52 in__g. 5.1 of part 1) indicates a computed distance of 7cm

€ test 1or point cloud precision and accuracy. FlIg. o.oa presen

€ test pattern maade o ruco codes cm INn a distance 1ro
cm 1o eacn otner. e di_erent testing neignts are presented In__ g
, 9.9C, 9.050, 0.5€ an . rom tne view or sensor o/ . . . . . ..

b.Z._Point_cloud position localization test of sensor 5Z: 5.4a SNows thg

ortware prototype uring testing an e camera position. Ove
(Lo00 localized positions are plotted INto the diagrams .40, ©.4C and
p.4d (the less than 1 % tailed localizations have been excluded). 1he
pxis _scales (In_meters) Illustrate the ground truth coordinates of all
arkers. D1 erent marker 1bs o € utilized test pattern are symono

59



List of Figures

b.5.

Point cloud position Iocalization fest of sensor 54: 5.5a shows the

5.6.

5.7.

5.8.

5.9.

Boftware prototype UT during testing and the camera position. Over
1500 localized positions are plotted into the diagrams 5.5b, 5.5¢ and
5.5d (the less than 1 % failed localizations have been excluded). The
axis scales (in meters) illustrate the ground truth coordinates of all
markers. Di erent marker IDs of the utilized test pattern are symbol-

ized by color. . ... ... ... 65
Point cloud position localization test of sensor 56: 5.6a shows the
software prototype Ul during testing and the camera position. Over
1500 localized positions are plotted into the diagrams 5.6b, 5.6¢ and
5.6d (the less than 1 % failed localizations have been excluded). The
axis scales (in meters) illustrate the ground truth coordinates of all
markers. Di erent marker IDs of the utilized test pattern are symbol-
izedbycolor. . ... ... ... e 66
Point cloud position localization test of sensor 57: 5.7a shows the
software prototype Ul during testing and the camera position. Over
1500 localized positions are plotted into the diagrams 5.7b, 5.7c and
5.7d (the less than 1 % failed localizations have been excluded). The
axis scales (in meters) illustrate the ground truth coordinates of all
markers. Di erent marker IDs of the utilized test pattern are symbol-
izedbycolor. . ... ... .. 67
Point cloud position localization test of sensor 58. 5.8a shows the
software prototype Ul during testing and the camera position. Over
1500 localized positions are plotted into the diagrams 5.8b, 5.8c and
5.8d (the less than 1 % failed localizations have been excluded). The
axis scales (in meters) illustrate the ground truth coordinates of all
markers. Di erent marker IDs of the utilized test pattern are symbol-

ized by color. . . ... .. ... 68
The mask & lter subarea size tests: The small Genelec 8010 AP

in g. 5.9a is moved up in z-direction in 2cm steps resulting in the
subarea coordinates visualized in g. 5.9b and 5.9c. Similarly the
bigger TANNOY Reveal 502 in 5.9d is moved sideways resulting in

the subarea coordinates presented in g. 5.9eand 5.9f. . . . ... .. 70

5.10. The view of sensor 56 towards the test setting for the comparison

between localizations conducted with ArUco markers and mask & lter
subareas. two Genelec 8030 BPM loudspeakers with markers, attached
to their top most point, are visible. . . . . . ... ... oL 72

Vi



List of Figures

5.11. Comparison between localizations conducted with ArUco markers (in

viii

green and red) and mask & lIter subareas (in blue) are visualized
in this diagram. two Genelec 8030 BPM loudspeakers with markers
attached are used in the illustrated test. Several heights, combined in
the plot, are recorded with both localization techniques, from sensor 56.73



List of Tables

2.1. Technical speci cations of the laboratory loudspeakers. Addopted and
modied from [REK18] . ... ... ... ... ... . ... ...... 9

4.1. The les saved by the software prototype for localization. The last two
les listed are created for the software prototype only, while others are
exchange formats. . . . . . . . ... ... ... 56

5.1. Reference point positions and uctuations after calibration. The co-
ordinate values consist of most frequent position and maximum uc-
tuation over 25 test recordings per sensor. . . . . . ... ... ... 61






1. Introduction

The audiovisual laboratory of the junior professorship Media Computing at Chemnitz
University of Technology, as described in HMH*], was designed to develop and
improve acoustic source localization with microphone arrays (described inHK17]).
At the core of the laboratory isaframecage L W H =4:26 3756 3:497m)
inside of which sensors are installed and sound sources are placed. To support de-
velopment and evaluation of acoustic localization methods, a prototype software for
the localization of loudspeakers within the frame cage in the laboratory environment
must be designed, utilizing the available optical 3D-sensors. This software is designed,
implemented and evaluated in this thesis. In case the optical system is reliable and
precise enough, it may serve as a ground truth for tests and evaluations of the acoustic
localization system in development.

Whether the optical system is capable of serving as the ground truth for the evalua-
tion of the acoustic localization is dependent on the accuracy of positions measured by
the optical system and the level of accuracy being tested acoustically. To e ectively
support series of tests, a program for the optical localization of loudspeaker must be
capable of exporting several object positions of a test setting at once. The localization
software prototype, created in this thesis, provides documentation of the laboratory
test settings by generating a basic, exportable, 3D-model of the laboratory and object
positions. As part of the user interface a model is constantly providing visualization
of the available data and manipulations applied to it.

An essential requirement for the creation of the software prototype is utilizing
existing laboratory equipment. Besides audio technology the laboratory is equipped
with 10 optical Intenta S2000 smart sensors. These sensors are highly specialized in
tasks such as access control and generation of statistical data However, due to the
support of Intenta GmbH for the junior professorship Media Computing, images and
point clouds? created for sensor internal operations are available for development of
the prototype software.

YInformation about the S2000 is found in a brochure provided by the sensor
developer Intenta: https://www.intenta.de/files/inhalt/de/sensor-systeme/
brochure-INTENTA-S2000-EN-20160524.pdf

2point clouds represent 3D-positions. Details about the S2000 point cloud are found in 2.1. For
further information about point clouds form optical sensors see 3.1 and 3.2.



2. Laboratory, Stereo Sensor and API

This chapter introduces the hardware available for software development. The optical
sensors and software requirements for working with their sensor API are explained in
section2.1. An example program for streaming connections to the sensor (supplied by
Intenta) is presented in section2.2. Lastly, in section 2.3, the audiovisual laboratory
itself and the computer system for development and its con guration, along side the
installed connection to the sensors, is described.

2.1. The Intenta S2000

The S2000 sensor is an intelligent monitoring sensor developed for tasks such as room
surveillance, access control and recognition of potentially dangerous situations, e.g.
analyzing human behavior in save areas for working with robotsBPS17]. The sensor
is capable of counting people and di erentiating them by size. Dimensions of the
S2000 (presented in g.2.1) measure 200 70 33mm, while it weights ca. 500y and
has a maximal power consumption of 5. To connect to the sensors their Ethernet
port can be used, which is also capable of supplying the power needed for the S2000 to
operate via Power over Ethernet. The recommended mounting height is 50! 7m
above the ground?

Internally the S2000 creates a 3D point cloud of its environment based on its two
cameras with a 97 eld of view [ REK18]. 2D-Images recorded with the sensor consist
of 512 384 or 1280 960 distinguishable picture elements, pixels@ra99, p. 569F. As
illustrated in g. 2.2the sensor provides an unprocessed color image, two calibrated
gray-scale images and point cloud values stored within an image structure. For each
sensor camera a calibrated images is generated (see @.2b and 2.2¢9. The image
structure containing the point cloud information includes the coordinates of every
calibrated left camera image pixel in 3D-space. To represent the 3D-coordinates of
the point cloud in the image (visible in g. 2.2d) the three coordinate values are
stored in place of the three color values, red, green and blue of an RGB-color image.
Consequently the image structure of the point cloud maps the 2D-positions of pixels
inside the image from the left sensor camera ( g.2.2b) into a 3D-coordinate system

1This information is based on the S2000 brochure by Intenta: https://www.intenta.deffiles/
inhalt/de/sensor-systeme/brochure-INTENTA-S2000-EN-20160524.pdf

2Detailed information about the fundamentals of 2D digital image representation is found in chapter
two of [Jal3).



2.1. The Intenta S2000

Figure 2.1.: The S2000 smart sensor by the Intenta GmbH (at the top) and its
speci cations (at the bottom). The circular gabs in the black layer,
behind the glass covering the sensors face, mark the positions of its cam-
eras. Image and table in this gure have been adopted from the Intenta
S2000 brochure, available athttps://www.intenta.de/files/inhalt/
de/sensor-systeme/brochure-INTENTA-S2000-EN-20160524.pdf .



2. Laboratory, Stereo Sensor and API

() 1280 960pixels. (b) 512 384pixels. (c) 512 384pixels. (d) 512 384 pixels.

The raw RGB- The calibrated The calibrated The RGB-color
color image form gray-scale image gray-scale image representation of
the left sensor from the left from the right the sensor point
camera. sensor camera. sensor camera. cloud.

Figure 2.2.: Four images extracted from the S2000 sensor via the SVP2-Protocol, vi-
sualized with OpenCV. Fig. 2.2dis the color representation of coordinate
values transmitted inside an image structure, where the red, green and
blue values are x, y and z coordinates of the point cloud. The other three
images display regular color and brightness (gray-scale) images.

when the color values of the point cloud images equal 2D-position (g. 2.2d) are
interpreted as 3D-coordinates. Likewise, every point cloud pixel position in 3D-space
is stored with the same index as the corresponding brightness value inside the left
sensor camera image. The common index is determined by the common image size
of 512 384 for both, left sensor image and point cloud. Due to the ability of the
calibrated left camera image (g. 2.2b), it is also referred to as point cloud texture

in this thesis.

To con gure the S2000 sensors an HTTP interface, protected by logging credentials,
is used. Any conventional modern web browser, on a computer connected to the
sensor via Ethernet, may be used to connect to this sensor interface by navigating to
the preset static IP address incorporated into the standard con guration of the S2000.
Security relevant settings, like the logging credentials and the IP con guration are
adjustable once logged in. Automatic sensor calibration and complex functionaries
of the sensor, including the detection and counting of people within areas of the
sensors wide eld of view, are also con gurable through the browser. The images and
point cloud, currently streaming from the sensor, are visible among the con guration
menus and visually support the e ect of changes applied to settings. Extracting the
raw point cloud data from the sensor is currently not possible for the general Intenta
costumer, since the S2000 was designed primly to supply its users with statistical,
non visual data.



2.2. S2000 API and Multisensorconnection Demo

Figure 2.3.: This owchart illustrates the essential algorithm of the SVP2 _API exam-
ple "Multisensorconnection”. Execution begins on the top left. Once run-
ning, the program does not terminate by itself, it constantly refreshes the
visualized sensor data (symbolized on the bottom right). The black bar
above 'Create Sensor Thread" indicates parallelism. Thus, one thread
for each sensor.



2. Laboratory, Stereo Sensor and API

2.2. S2000 API and Multisensorconnection Demo

To gain access to sensor data and the point cloud image representation, Intenta
utilizes the SVP2-Protocol. Due to the partnership of the Intenta GmbH with the
junior professorship Media Computing through the project localizel T3, the profes-
sorship was permitted to use selected tools, which provide access to the S2000 for
development. The Intenta program SVPManager, similar to the HTTP interface of
the sensor, allows to con gure sensor settings. However, unlike the regular sensor
interface the SVPManager provides an option to change the control mode of the
S2000, such that the point cloud is transmitted via the SVP2-Protocol. Once the
sensors control mode was changed appropriately, the Intenta SVP2PI| enables ac-
cess to images and point cloud data through c++ code. The most essential part of
the SVP2_API is the Sensor class, it acts as a mediator, data from the sensor is
stored and extracted from it. In order to use the Sensor class for data extraction,
the API supports several phases needed to initiate actual sensor data access, such
as, automatic sensor detection, connecting to sensors, starting a streaming client and
loading available sensor data frame-wise. To illustrate and test the capabilities of the
API, Intenta created a demo-project which makes use of the OpenCYV library (se&.3)
to display the images, and point cloud image representation, as they are provided by
the sensor. The simpli ed structure of this APl example, called "Multisensorconnec-
tion", isillustrated in g. 2.3as a owchart. After discovering the available sensors, a
thread for each sensor is created. Within these threads a streaming connection to the
sensor is running inside loops. New available sensor data is repeatedly bu ered and
the image elements contained inside every such bu ered data set is displayed. If the
appropriate control mode is selected for each sensor within the SVPManager, images
similar to the examples in g. 2.2 are visualized for each sensor by the API example.
To connect to a speci ¢ sensor, an argument, consisting of protocol and sensor IP is
added, when the program is executed from Microsoft's command line (e.g. 'demo.exe
svp2://192.168.10.52"). The default development environment for the SVP2API is
Visual Studio 15 2017 for 64-Bit Microsoft Windows installations. To compile the
program, OpenCV must be installed. Version 3.4.0 of OpenCV supports the example.
Due to the complexity of the APl and limited availability of documentation out-
side of the Intenta GmbH, the Multisensorconnection API Demo is utilized as the
foundation of the prototype software developed in this thesis. It does not include
functionality for 3D-visualization of point clouds or provide assistance for general
localization tasks. However, it provides a constant stream of bu ered sensor data,
including the current point cloud image. The integration of OpenCV into the Mul-
tisensorconnection APl Demo for the visualization simpli es the implementation of
additional OpenCV functionality (see 3.3).

3Find more information about the localizelT initiative at  https://localize-it.definitiative/



2.3. Laboratory Hardware Setup

2.3. Laboratory Hardware Setup

For evaluations of acoustic localization methods the laboratory includes 16 loud-
speakers, as specied in tab.2.1, to act as sound sources. The ve dierent types
of loudspeakers are also visible in g. 2.4a The Genelec models are installed on
stands with adjustable height; TANNOY loudspeakers remain on the ground. An
optical localization system must be able to determine position areas of these ve
types of sound sources within several positions in the laboratory. Fig.2.4b presents
a schematic plan and a 3D-model of the laboratory frame cage, which illustrates
the coordinate system used to describe object positions (e.g. loudspeaker positions).
Object positions consist of three oating point number values in meters, one for each
axes of the coordinate system. The frame cage installed in the laboratory with the
dimensionsL W H =4:26 3:756 3:497m is where the sensors are installed
and the experiments conducted. Fig.2.4 illustrates illustrates this frame cage.

The sole optical data source in the audiovisual laboratory, capable of producing
a streams including 3D-data, is the S2000. Thus, the development environment
for the creation of the prototype software is largely determined by the exclusive
SVP2_API for the Intenta sensor. Hence, a 64-Bit installation of Microsoft Windows
8.1 Pro, running Visual Studio 15 2017 and OpenCV 3.4.0 for C++ development
with the SVP2_API, is utilized. Additionally the opencv _contrib (see 3.3) module
and OpenGL 4.6.0 (see3.4) were installed during the curse of development. The
Computer running the software is equipped with a 3.40GHz Intel(R) Core(TM) i7-
4770 CPU, 32GB of RAM and an NVIDIA GeForce GT 740 graphics card. The
10 Intenta sensors installed inside the frame cage are connected to the development
computer via Ethernet. two netowrk switches are utilized to combine the signals
from all 10 sensor connection cables into the single connection cable plugged into the
computer. The netowrk switches are also connected to an Ethernet power adapter
and supply the power from the adapter to the sensors. Static IPs have been con gured
for the development computer and every connected S2000. The sensors are installed
at about 2.45 m above the ground with di erent view angles.



2. Laboratory, Stereo Sensor and API

(a) This photograph presents the testing area inside the frame cage. All types of laboratory
loudspeakers are visible on the center left. The Genelec 8010 AP, 8020 CPM and 8030
BPM (installed on stands) and below them, the TANNOY Reveal 402 and 502 are visible
in that order, form left to right. Furthermore several S2000 sensors are visible, one
installed directly above the loudspeakers.

(b) The 3D-model on the right gives an overview of the frame cage visible in g.2.4a On
the left a schematic side view (top) and top view (bottom) of the cage illustrate, how
object positions should be measured. The models in this representation are not to scale.

Figure 2.4.. The frame cage inside the audiovisual laboratory. The red, green and
blue arrows represent the dimensions of the cage along the x, y and z
axes, 426 3756 3:1497m. Fig. 2.4a highlights the position of the
axes inside a photograph of the frame cage, while g2.4billustrates the
axes positions using models. The coordinate origin is the intersection of
the illustrated arrows in the corner of the laboratory. Microphone arrays
positions are highlighted with green quadrangles.



2.3. Laboratory Hardware Setup

Type Genelec Genelec Genelec TANNOY TANNOY
8010 AP 8020 CPM 8030 BPM Reveal 402 Reveal 502

Quantity 2 8 2 2 2

Watt 25 20 40 50 75

Hz 74 - 20000 66 - 20000 58 - 20000 56 - 48000 49 - 43000

Length (mm) 116 142 178 212 238

Width (mm) 121 151 189 147 184

Height (mm) 180 227 284 240 300

Table 2.1. Technical speci cations of the laboratory loudspeakers. Addopted and
modi ed from [ REK18]



3. Fundamental 2D and 3D Processing Concepts
and Libraries

In this chapter the concepts and libraries necessary for the development of the object
localization and representation, based on point clouds, are described. Methods for
processing 2D-images and 3D point clouds are considered and combined 3ril, 3.2
and 3.3, The visualization tools for 3D-models with point clouds and other 3D-
geometry is explained in3.4. 3D-model interchange le formats are introduced in
3.5. Lastly, 3.6 explains a transformation method which synchronizes 3D-models
such as 3D point clouds with a reference coordinate system.

3.1. Principles of Optical Localization from 2D to 3D

Object localization through image processing is a demanded in many research areas,
such as media retrieval, robotics, virtual reality and the development of surveillance
systems. To nd object positions inside 2D-images several algorithms exist. Such
algorithms rely on feature extraction operations applied to the image, inside of which
objects are located. Binarization techniques similar to the described one ingP0(Q,
and edge detection algorithms like canny edge (described inCan83) are used in
feature detection. Based features inside an image, which is being searched for an
object, characteristics of the object are compared to the image. The Surf-Algorithm
[GDP1Q] is a popular detection algorithm, which uses these principles. It is capable
of locating a reference image inside an images, distorted by perspective. In controlled
environments optical markers simplify the detection of objects. These markers are de-
signed to be easily and robustly recognizable by simple feature detection algorithms.
One type of such optical markers is discussed in greater detail i3.3.2

Apart form localization within 2D-images, stereo camera systems enable 3D-
position estimation through triangulation. Similar to human two eyed vision, two
cameras, installed at a specied distance to each other, record parallel images in
stereo vision systems. The cameras of the Intenta S2000 (see @.1) are an example
for a conventional stereo vision camera setup. The object positions on 2D-images
is recorded side by side, similar to human, two eyed, vision, and the distance value
between the cameras enable the calculation of distance to the stereo camera as de-
scribed in [MVO08]. Since the precise calculation of 3D-positions depends on accurate
2D-location detection, the S2000 sensor calibrates its wide angle camera images (see

10






	List of Figures
	List of Tables
	Introduction
	Laboratory, Stereo Sensor and API
	The Intenta S2000
	S2000 API and Multisensorconnection Demo
	Laboratory Hardware Setup

	Fundamental 2D and 3D Processing Concepts and Libraries
	Principles of Optical Localization from 2D to 3D
	Localizing Objects within Point Clouds
	Localizing Markers within the 2D Image of the Point Cloud Texture in OpenCV
	Fundamentals of the OpenCV Library
	Marker Detection and Localization with ArUco

	Visualization of 3D-Models
	Positioning, Scaling and Rotating of 3D-models with OpenGL
	Visualization of 3D-Model Vertices

	The Representation of 3D Structures in Files
	Transforming Point Cloud into Reference Model Coordinate System

	Implementation of a Prototype Software for Object Localization from 3D Point Clouds
	Architecture of the Localization Prototype Software
	Visualizing the S2000 Point Cloud with OpenGL
	Import and Export of 3D Objects and Positions
	Localizing Marker Positions with OpenCV
	Transforming Point Cloud into Reference Model Coordinate System
	Implementation of Point Cloud Mask & Filter
	Implementation Summary

	Evaluation of Localization Methods
	Preliminary Considerations
	Stability of Calibration and Reference Points
	Point Cloud Precision and Accuracy
	Loudspeaker Localization from Point Clouds

	Summary and Conclusion
	Outlook
	Bibliography
	Attachment
	The Keymap for the Localization Software
	Guide to Using the Localization Software

