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Introduction 
The proposed dissertation project is situated at the cross-section of numerical sound field control, 
virtual acoustics, wave field analysis, and the assessment and optimization of perceived audio quality. 
Furthermore, current challenges across industries, such as Digitalization and Virtualization (Industry 
4.0), form the need for interdisciplinary, model based product development methods (Virtual Product 
Development, VPD). These industrial challenges act as a main driver and motivation to enframe the 
proposed research activities by the context of an up-to-date industrial application in the field of 
automotive audio. Which, in consequence, consolidates a solid link between the planned academic 
work and highly relevant and topical industrial needs. 
 

State of the Art 
SOUND FIELD CONTROL 
The reproduction of arbitrary sound fields over a spatial region can be achieved by using multichannel 
audio reproduction methods. The most studied and widely implemented methods are Wave Field 
Synthesis (WFS) and Ambisonics (especially Higher Order Ambisonics, HOA). Where for WFS the 
theoretical basis is the Kirchhoff-Helmholtz-Integral [1], and Ambisonics is based on the decomposition 
of the sound field into a series of eigenfunctions [2]. Both methods are derived completely as 
sequences of theoretical acoustic principles, thus can be categorized as “analytic” approaches. Which 
implies, that problems occuring during real world utilization may not be represented in the underlying 
theory and thus can affect the reproduction quality inherently. 
An alternative and common approach is to treat the sound reproduction in a purely mathematical way. 
In this case, the desired and reproduced sound fields are represented as grid points in space, forming 
a multiple-input-multiple-output (MIMO) system of filter equations. Filter functions are then 
computed by e.g. minimizing the squared reproduction errors [3, 4]. This approach is based on a 
polynomial framework and will used as an audio reproduction method application within this doctoral 
thesis. 
 
WAVE FIELD ANALYSIS 
Conventional room acoustic measurements usually are carried out at a small number of locations 
across a reproduction room. Any room impulse response acquired on a single point in space contains 
information about the temporal structure of the direct sound, the reflective and the reverberant sound 
at this point only. In contrast, closely spaced impulse response measurements are resulting in a 
coherent acoustic data set. In case of a digital recording the wave field now is sampled in space and 
time. This enables the possibility for analyzing also the spatial characteristics of the sound field in 
detail. Especially, when transforming the data set into other representation domains by utilizing 
Fourier, Radon or Wavelet transforms [5,6]. Those methods are widely used in medical or seismic 
imaging. Part of the current thesis project deals with applying those analysis principles on the acoustics 
use case. 
 
VIRTUAL ACOUSTICS / PERCEPTUAL ASSESSMENT 
Virtual Acoustics describes a scenario to invoke the illusion of an acoustic space by the use of artificially 
composed reflection patterns. For a loudspeaker based reproduction system, e.g. artificial room 
acoustical characteristics can be achieved by superposition of an electro-acoustically generated 
(artificial) sound field. 
Quality assessment of perceived room acoustics requires a proper linking between physical and 
perceptual domain attributes. This formulates the challenge for accurate assessment models. Valuable 
contributions especially focusing on perception of virtual room acoustics (or also referred to as room-
in-room reproduction) can be found in literature like [7,8]. The method described by van Dorp [9], 
called Auditory Modelling for Assessing Room Acoustics (AMARA), has been tested throughout this 
thesis and applied to the assessment of virtual room acoustics. 
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PhD Project Description 
OVERVIEW 
The work for this PhD project is split up in several phases. Major part of research activities has already 
been achieved during previous scientific activities by the Candidate. A list of publications is available 
and added as electronic copy (see: cv_michael_strauss.pdf). 
 
Research activities have been absolved at Delft Technical University (The Netherlands) and Technical 
University Ilmenau (Germany). During this research the main problem formulation, fundamental 
studies as well as development and application of analysis methods has been achieved.  
This work was dedicated to wave field analysis methods, where special focus was put on virtual 
acoustics inside car compartments. The main goal was to support the development of sound field 
reproduction techniques (mainly Wave Field Synthesis [1]) by research on adequate assessment 
methods and tools, for the sake of rating reproduction quality.  
 
Objective and subjective analysis methods were developed and tested. Due to the lack of a dedicatedly 
related product – only an experimental reproduction system was available – the application focus of 
this previous work did remain quite open. 
 
This current and final phase at KUG (Austria), will be used to narrow down, apply the general 
achievements to a specific use case and by thus steer the research work in a highly up-to-date 
direction. Literally, it can be seen as “carving out the keystone and finally closing the archway”. 
 
PREVIOUS ACHIEVEMENTS (until 2015) 

 Multi-channel data acquisition [12]: Establishing a database of electroacoustic transfer 
functions (EATFs), describing the transfer path from any loudspeaker to a grid of microphone 
positions inside a car compartment. In total, the database contains a matrix of 64 loudspeakers 
to  approx. 3000 grid points EATFs. Additionally, binaural measurements have been carried out 
for each of the 64 loudspeakers at 2 seating positions. 

 Multi-dimensional signal processing [11]: Wave field analysis methods have been derived and 
tested under theoretical and realisitc conditions, respectively: 

o 4-dimensional Fourier transform 
o Radon transform 
o Wave field extrapolation 
o Spatial Filtering 

 Error Compensation [10]: Real world conditions introduce measurement errors into the EATF 
data base. The impact of different kind of errors was investigated. Compensation methods 
were derived for e.g. temperature drift problems and uncertainty in microphone positions. 

 Application of wave field analysis methods: The methods were applied to analyze the interior 
acoustics of a typical passenger car. It was possible to detect the origin of distinct reflections 
or to calculate objective room acoustic parameters. 

 Application of perceptual analysis methods: A new method for perceptual assessment of room 
acoustics [9] was applied and feasibility for quality assessment of car acoustics was tested. 

 
Additionally, the workflow and structure of virtual product development has been studied in detail. A 
typical fully model based environment can be drawn like in Fig. 1. There, the central model of an 
arbitrary physical system represents the key element of virtual product development. Let’s assume 
this is the complete vibro-acoustic model of a car, including the audio system. System identification 
can take place during the Acquisition stage (based on measured or already synthetic data), while the 
model output provides subjective data (like for an auralization) and/or objective (numerical) data. The 
output data from Assessment stage can be used to manually or automatically invoke optimization of 
system features by feeding back those parameter updates into the central system model.  
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Figure 1: A generic and systematic approach to virtual model based product development. 
 
CURRENT WORK 
To fulfill contemporary requirements on sound quality and user experience, modern premium-level 
automotive audio systems rely heavily on the use of digital signal processing (DSP). In general, DSP 
software is responsible not only for basic tuning functionality such as loudspeaker crossovers and 
equalization, but also for more advanced multichannel sound processing such as surround up-mixing, 
reverberation, and various types of sound field control algorithms. The market for this type of 
algorithms is far from saturated, and among car manufacturers there is a constant demand for novel 
and advanced “surround” or “3D audio” solutions. 
During the development of an audio system, quality assessment of the resulting audio performance 
forms a crucial part. In an ideal case, such an assessment method would deliver robust and 
unambiguous attributes of the perceived audio quality. Especially with a focus on industrial 
applications, such methods should allow for a fast and efficient data acquisition, based on a cost-
effective and repeatable data acquisition technique. A proper linking from physical domain parameters 
to perceptual attributes is required in order to achieve objective metrics which closely correspond to 
human perception. 
As an example, the ideal industrial use case of an audio quality assessment can be drawn as follows 
(see Fig. 2): A virtual model of a car compartment including an audio reproduction system is used for 
data acquisition in order to derive the appropriate physical sound field properties. Then, a perceptual 
analysis is conducted via auditory model-based signal processing. The resulting parameters are related 
to human perception of the audio system performance. This data then can be fed into an optimization 
algorithm, automatically tuning the performance of the underlying audio system. The whole 
processing chain is describing a fully virtual and automated tuning process including perceptually 
 
There has been continuous academic and industrial research on car audio quality assessment and 
sound evaluation. However, up to now no standard assessment procedure and no standard measures 
have been agreed on and published in literature. 
 
 



Synopsis: Sound Field Analysis and Control for Virtual Acoustics in Cars   [Phd-Project – Michael Strauß] 

michael.strauss@gmx.at December 1, 2020 Page 5/7 

 
Figure 2: Systematic approach to the method under investigation: Focus of this thesis is marked in 
red/yellow: Relational mapping, as well as objective and subjective methods for quality analysis. 
 
In the present research project we are concerned with sound field control and related MIMO filter 
designs [3] for producing virtual acoustic environments in a car. More specifically, we want to 
investigate whether and how deterministic sound field control methods [4] can be extended with 
statistical and psycho-acoustical methods to produce a convincing illusion of a larger acoustic listening 
space, given that the number of loudspeakers is limited to that of a conventional car audio system. 
The work will be structured in three phases as outlined below: 
 
Phase 1 (Pre-study): The initial pre-study should check suitability of the existing impulse response data 
set for prototyping and virtual testing tasks. A feasibility study will be conducted to ensure validity of 
the database, compatibility with the polynomial framework and check the potentially achievable 
quality of the sound field control approach (e.g. upper frequency limit).  
 
Phase 2 (Methodology): In a first step, it is necessary to conduct research on perceptual cues that 
invoke illusion of an acoustic space, larger than the car. Once this is identified, it will be important to 
find a proper link between specific perceptual cues and their corresponding (objective) sound field 
parameters. 
Following the step-by-step approach, the next goal is to derive objective and subjective analysis 
methods for assessing the criteria identified earlier in this phase. 
The literature review will include work on perceptual based measures, reverberant to direct field 
impact, spatio-temporal structure of reflections, interaural cues, immersive effects as well as reknown 
room acoustics textbooks and articles, and auditory modeling of room acoustics perception. 
 
Phase 3: (Modeling): The experimental design of a sound field model, including the parameters and 
links from phase 2, should be used to identify potential targets for optimization. A prototype 
environment should be implemented (e.g. in Matlab), establishing a framework for virtual test and 
development of potentially succesful modeling approaches. After carefully designing the test cases, a 
series of virtual experiments should be conducted. The assessment methods from phase 2 will serve 
for quality checks. The goal of this phase is to understand the impact of different target parameters on 
the perceived quality. 
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It is important to mention that at a certain point it will become necessary to transition from virtual to 
a real environment. Then, additional measurements and subjective listeing tests need to be conducted 
in a real car.  
Finally, objective and subjective findings need to get summarized and design recommendations for the 
polynomial framework should be formulated. 
 
Research questions: 

 What are the significantly important cues, which are required to achieve the illusion of an 
acoustic space, larger than the car (e.g. making car cabin boundaries disappear)? 

 What are the sound field parameters, which are linked to such perceptual cues? 

 How to derive objective and subjective analysis methods, which are suitable to assess the 
criteria mentioned above? 

 How well can one synthesize those sound field properties on a target system? 

 Which design of a polynomial filter structure and what kind of filter design are needed to 
achieve that? 

 
First phase focus of this PhD project is on the arrow in Figure 2, the arrow contains everything. We 
narrow down specificly to the formulated research qeustions. This means to focus on only one aspect, 
but the methodology should be able to be transferred to other research questions. Thus, opening a 
range of further studies. 
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