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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 in [ZHK17]).
At the core of the laboratory is a frame cage (L � W � H = 4 :26� 3:756� 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 data1. However, due to the
support of Intenta GmbH for the junior professorship Media Computing, images and
point clouds2 created for sensor internal operations are available for development of
the prototype software.

1 Information 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.
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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 robots [BPS17]. 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. 500g and
has a maximal power consumption of 5W . 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 2; 50 ! 7m
above the ground.1

Internally the S2000 creates a 3D point cloud of its environment based on its two
cameras with a 97o �eld of view [ REK18]. 2D-Images recorded with the sensor consist
of 512� 384 or 1280� 960 distinguishable picture elements, pixels [Gra99, p. 569]2. As
illustrated in �g. 2.2 the 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 �g.2.2b and 2.2c). 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.de/files/
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 [J•a13].
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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 .

3



2. Laboratory, Stereo Sensor and API

(a) 1280� 960pixels.
The raw RGB-
color image form
the left sensor
camera.

(b) 512� 384 pixels.
The calibrated
gray-scale image
from the left
sensor camera.

(c) 512� 384 pixels.
The calibrated
gray-scale image
from the right
sensor camera.

(d) 512� 384 pixels.
The RGB-color
representation of
the sensor point
cloud.

Figure 2.2.: Four images extracted from the S2000 sensor via the SVP2-Protocol, vi-
sualized with OpenCV. Fig. 2.2d is 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.

4



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.

5



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 localizeIT3, 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 SVP2API 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 OpenCV library (see3.3)
to display the images, and point cloud image representation, as they are provided by
the sensor. The simpli�ed structure of this API example, called "Multisensorconnec-
tion", is illustrated in �g. 2.3 as 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�c 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 API 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 API Demo for the visualization simpli�es the implementation of
additional OpenCV functionality (see 3.3).

3Find more information about the localizeIT initiative at https://localize-it.de/initiative/
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2.3. Laboratory Hardware Setup

2.3. Laboratory Hardware Setup

For evaluations of acoustic localization methods the laboratory includes 16 loud-
speakers, as speci�ed in tab.2.1, to act as sound sources. The �ve di�erent 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.
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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, 4:26 � 3:756 � 3:497m. Fig. 2.4a highlights the position of the
axes inside a photograph of the frame cage, while �g.2.4b illustrates 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.
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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]
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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 in3.1, 3.2
and 3.3. The visualization tools for 3D-models with point clouds and other 3D-
geometry is explained in 3.4. 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 in [SP00],
and edge detection algorithms like canny edge (described in [Can83]) 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
[GDP10] 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 in3.3.2.

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 speci�ed distance to each other, record parallel images in
stereo vision systems. The cameras of the Intenta S2000 (see �g.2.1) 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 [MV08]. Since the precise calculation of 3D-positions depends on accurate
2D-location detection, the S2000 sensor calibrates its wide angle camera images (see
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