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several reference specimens of steel have been 
manufactured, covering a wall thickness range
of 2.5 mm up to 20 mm. In other applications
similar test results were gathered through lab
experiments and filed validation. A long term 
experiment monitoring overhead line anchors
on building walls shows the reliabilty of an en-
ergy-constrained system.

Finally a high-performance multi-sensor ap-
proach is shown using fast vibration sensors
that monitor automotive loads on driving sur-
faces. A field test setup is shown that demon-
strates mulitple systems aquiring data at high
speeds, which are capable of evaluating the 
data at real time to reduce data throughput to
the acquisition site.

Fig. 2. Developed EMAT-SID concept applied to a
half shell test specimen for stationary use including 
the wireless result display

Fig. 3. Developed MAUS-SID applied to line angle 
monitoring of wall anchors with constrained power

Conclusion
The system developed in this work excels to a:

• Scalable toolbox of hardware and soft-
ware components

• High adaptability of the topology of the
monitoring system

• Parameterization of the sensors to the
test object geometry and damage
mechanisms

• Sensor-related data reduction, -fusion
and adapted signal evaluation directly
in hardware

This system enables further use cases for the
modular sensor platform combined with EMAT, 
covering applications in monitoring of critical
infrastructure components and enhancing the
detection of structural anomalies, assessing
material integrity, and facilitating predictive 
maintenance to prevent catastrophic failures.

In addition, the MAUS platform as part of re-
cently installed monitoring systems have been 
successfully implemented in different industrial
projects, such as for the investigation of load 
and the motion of wall anchors via accurate 
position- and distance measurements [1]. Re-
sults in research projects for the determination
of the humidity of concrete at bridges leading to 
structural damages like corrosion at the rein-
forcement or spalling due to volume increase 
[2][3] are not yet available but look very promis-
ing.

Acknowledgement
This work was supported by the Saarland Min-
istry of Economic Affairs, Innovation, Digital and
Energy (MWIDE) and the Fraunhofer Ge-
sellschaft (High-Performance Center ‘Sensor-
Intelligence’).

References
[1] S. Philipp, SWO Netz installs smart wall anchors:

Fraunhofer IZFP research project in Osnabrück, , 
Sep 2021, https://nachrichten.idw-
online.de/2021/09/08/swo-netz-installs-smart-
wall-anchors-fraunhofer-izfp-research-project-in-
osnabrueck (abgerufen am 31.07.2024)

[2] https://imab-edge.de/

[3] Rapid-Prototyping für Monitoring-Anwendungen 
an Brückenbauwerken, Dirk Koster et al., BRÜ-
CKENBAU, Issue 4 – 2024, Verlagsgruppe Wie-
derspahn

3D Density Field Reconstruction of Vehicles Exhaust 
Plumes using Background Oriented Schlieren Tomography 

based on Windowed Fourier Transform and Graphical 
Phase Analysis

Hafiz Hashim Imtiaz1, Paul Schaffer1, Thomas Forstinger1, Martin Kupper1 and Alexander Bergmann1

1 Institute of Electrical Measurement and Sensor Systems, Graz University of Technology, 8010, Graz, 
Austria 

hafiz.imtiaz@tugraz.at

Summary:
This work presents a 3D Gas Schlieren Imaging Sensor (GSIS) system. The 3D-GSIS system allows to 
construct 3-D density fields of gas flows and vehicle exhaust plumes from conventional camera images,
by using an innovative Windowed Fourier Transform-based Graphical Phase Analysis (WFT-GPA)
algorithm and state-of-the-art Optical Flow techniques to calculate and construct density fields. The 
system will be combined with advanced remote emission sensing (RES) systems to measure the direct 
concentration of pollutants in the vehicle exhaust plumes.

Keywords: background oriented schlieren imaging, BOS tomography, 3D density fields, remote
emission sensing, exhaust plume imaging

Background, Motivation and Objective
Air pollution is a significant public health issue, 
with on-road traffic emissions playing a pivotal 
role, especially in urban areas. Remote emission
sensing (RES) is an advanced method for 
monitoring emissions from thousands of vehicles 
in real-world conditions. Advanced RES systems 
use absorption spectroscopic techniques to 
determine the concentration ratios of pollutants 
relative to CO2, as this allows conclusions about 
the emissions related to fuel consumption.

To accurately measure the concentrations of 
pollutants in vehicle exhaust plumes, it is 
necessary to calculate the absorption path 
length, which refers to the extent of the exhaust 
plume in the direction of the laser beam from the 
RES system. Hence, if we can measure the size 
and extent of the exhaust plume in the direction 
of the laser beam of the RES system, we can 
measure the absolute concentration of pollutants 
according to Beer-Lambert Law [1]. The 2D Gas 
Schlieren Imaging Sensor (GSIS) System has 
been developed for qualitative and quantitative 
analysis of vehicle exhaust plumes [2]. It
supports a vertical RES system, which means a 
laser transmitter is placed above the road and 
transmits a laser beam from the top toward the 
road. 2D images of exhaust plumes from single
side only give enough information to calculate 
the laser beam's absorption path length in fixed 
setups.

This work presents a 3D-GSIS system that can 
construct the 3D density fields of vehicle exhaust 
plumes and other turbulent flows using 
background-oriented Schlieren (BOS) 
tomography. The 3D-GSIS system uses an 
advanced and efficient Windowed Fourier 
Transform-based Graphical Phase Analysis 
(WFT-GPA) and state-of-the-art Optical Flow
(OF) techniques to calculate displacement fields 
and construct density fields. With the 3-D density 
fields of exhaust plumes, we can efficiently find 
the absorption path length of the laser beam 
from any direction. 

Description of the System
The 3D-GSIS system is made of 8 cameras 
covering the angle of 160° from 0° to 160° as 
shown in Fig. 1.

Fig. 1. Road Setup of 3D-GSIS System 
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The number of cameras can be adapted on the 
working conditions and applications, to adapt 
coverage and resolution. A pattern is placed in 
front of each camera unit. The gas flow and 
vehicle exhaust plume are located in the middle 
so that the plume is in the field of view of each 
camera. Each camera captures the image of the 
pattern board with and without the flow. The 
image pair is then used to calculate the 
displacement field using WFT-GPA and OF. The 
2D line of sight integrated density fields are 
calculated using the displacement fields and 
solving the Poisson equation [3]. 3D density field 
is constructed using the tomographic 
reconstruction based on the Simultaneous 
Algebraic Reconstruction Technique (SART). 
The workflow of the 3D-GSIS system is shown in 
Fig. 2.  

Fig. 2. Workflow of 3D-GSIS System 

Results 
The 3D-GSIS system was set up in the lab and 
tested with gas flows. Initially, the system 
experimented with the gas flow containing 10% 
air and 90% CO2. The constructed 2D line-of-
sight integrated density field and 3D density field 
are shown in Fig. 3 and Fig. 4. 

Fig. 3. 2D Density Field of Gas Flow 

The 3D-GSIS system was also set up the 
Inffeldgasse campus of Graz University. It is 
being tested with passing cars. Fig. 5 and Fig. 6 
show the constructed 2D and 3D density field of 
a car's exhaust plume. 

Fig. 4. 3D Density Field of Gas Flow 

Fig. 5. 2D Density Field of Vehicle Exhaust Plume 

Fig. 6. 3D Density Field of Vehicle Exhaust Plume 
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