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A B S T R A C T

Mapping and investigating the technical, energy, and safety properties of buildings can be
effectively accomplished using Building Information Modelling (BIM) tools. However, detailed
geometric and structural information, material properties, and complete BIM models are often
unavailable for existing buildings. Renovations, conversions, and aging phenomena further
complicate the assessment of a building’s condition over its lifetime, necessitating (re)surveying
efforts. In a collaborative project focused on studying smoke and gas dispersion pathways
in buildings, a multidisciplinary team at the German Aerospace Center (DLR) explored the
application of innovative mobile and non-invasive measurement methods to characterize
existing buildings, surpassing the capabilities of state-of-the-art techniques. This research
entailed the development and testing of enhanced acoustic measurements and H2 tracer gas
techniques for leakage detection. Furthermore, a novel radar system was designed to analyse
walls for concealed interconnecting structures. All measurement systems and approaches were
collectively demonstrated on an existing office building, with the integration and localization
of measurement data achieved through an automated process into a unified 3D database.
The information obtained from these comprehensive measurements was visualized within a
single-building model. By employing these advanced measurement techniques, a more thorough
understanding of existing building conditions was achieved, surpassing the limitations of
conventional methods. The successful integration and visualization of the acquired information
within a unified model provide valuable insights for future renovations, conversions, and safety
analyses. This research contributes to bridging the gap between traditional surveying practices
and modern, data-driven approaches, enabling more efficient and accurate assessments of
existing buildings.

∗ Corresponding author.
E-mail addresses: nicole.janotte@dlr.de (N. Janotte), Jacob.EstevamSchmiedt@dlr.de (J. Estevam Schmiedt), magdalena.linkiewicz@dlr.de (M. Linkiewicz),

markus.peichl@dlr.de (M. Peichl).
vailable online 28 June 2024
352-7102/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
http://creativecommons.org/licenses/by-nc/4.0/).

https://doi.org/10.1016/j.jobe.2024.109937
Received 6 December 2023; Received in revised form 4 June 2024; Accepted 12 June 2024

https://www.elsevier.com/locate/jobe
https://www.elsevier.com/locate/jobe
mailto:nicole.janotte@dlr.de
mailto:Jacob.EstevamSchmiedt@dlr.de
mailto:magdalena.linkiewicz@dlr.de
mailto:markus.peichl@dlr.de
https://doi.org/10.1016/j.jobe.2024.109937
https://doi.org/10.1016/j.jobe.2024.109937
http://creativecommons.org/licenses/by-nc/4.0/


Journal of Building Engineering 95 (2024) 109937N. Janotte et al.

e
f
s
b
i
d

a
m
s
a
o
w

e
c
S

1. Introduction

The analysis of existing buildings often necessitates investigations into their structural integrity, safety aspects, and energy
fficiency. A significant challenge arises from the scarcity of available structural data, coupled with the unknown conditions resulting
rom renovations, conversions, and aging phenomena. While Building Information Modelling (BIM) or digital twins can address
ome of these gaps, they remain exceptional rather than standard practice. To bridge this information gap, systematic surveys of
uildings are required. Considering the extensive measurement volumes, overall surveying costs, broad applicability, and acceptance,
t is imperative to develop innovative approaches that are efficient, mobile, non-invasive, environmentally friendly, and minimally
isruptive to building occupants.

This study focuses on determining the actual geometry of existing buildings and localizing measurement results of novel
ssessment techniques. This approach ensures that information is not only clearly allocated but can be used to augment BIM with
etadata such as airtightness, construction features, and heat transfer properties. However, generating a full building model of the

urveyed building was beyond the scope of this study. The required procedure, along with a systematic review and performance
ssessment of the (automated) generation of digital models from geometric survey data of existing buildings, particularly focusing
n object recognition, is detailed in previous work [1,2]. Additionally, a critical review of developments in semantic enrichment
ith a focus on building and city information models is given in [3].

The motivation to investigate properties of airtightness, gas dispersion, and hidden connection structures is driven by the
ndeavour to increase energy efficiency, safety in hazardous situations, and general comfort in buildings. Building airtightness is
rucial for minimizing uncontrolled air infiltration, which can drastically affect the energy performance. For instance, research in
pain indicates that air infiltration can account for heating demands ranging from 2.43 to 19.07 kWh∕m2 per year, depending on

the climate zone, with higher impacts observed in continental climates such as Madrid [4]. Similarly, other studies emphasize the
influence of air leakage on a building’s overall energy consumption, necessitating stringent airtightness measures as part of energy
performance calculations [5].

This research also addresses severe health concerns associated with the distribution and dispersion of pollutants in building
environments [6]. Studies on dense gas dispersion highlight the significant impact hazardous material releases can have on building
occupants and nearby populations. Dense gases, being heavier than air, tend to remain ground-based, leading to slower dispersion
and greater hazard ranges, particularly in the presence of obstacles and complex terrain [7]. Additionally, research on airborne
transmission of diseases within buildings underscores the critical nature of controlling air movement to prevent the spread of
pathogens [8]. High-rise hospitals, due to their structural complexity, are particularly vulnerable to the stack effect, which can
facilitate vertical and horizontal transmission of airborne pathogens through HVAC systems [9]. Thus, this study aims to predict
and visualize the dispersion paths and potential concentrations of smoke and other harmful gaseous substances using digital twins
or BIM.

The following information is of particular interest for achieving these objectives:

• Precise geometry: Serving as the foundation for calculating reference metrics (e.g., distances, areas, and volumes) and
georeferencing observations or anomalies.

• Building envelope air tightness: Identifying locations and sizes of leakages/interconnections between rooms.
• Thermal bridges: Recognizing the existence and location of thermal bridges within the building structure.
• Wall structure and shaft locations: Understanding the composition of walls and identifying the location of shafts

This study aims to contribute to the realization of an efficient, mobile, automated, and integrated measurement system that generates
digital twins of existing buildings. The findings of this research are anticipated to have practical implications in various fields,
including fire protection and smoke extraction, infection prevention, emergency plans in buildings with laboratories, and energy-
oriented assessments of existing buildings and their refurbishment. To enable measurements even in areas that may be unsafe for
human access due to structural issues or fires, a commercially available automatic and autonomous robotic transportation system
such is being explored.

In conclusion, this study introduces a novel integrated measurement system that leverages automation and digital twin
technologies to enhance the precision and efficiency of building surveys. Distinguishing itself from traditional approaches, this
research utilizes a combination of advanced measurement techniques – including thermal imaging, acoustic transmission analysis,
and radar measurements – integrated through an autonomous robotic platform. The core innovation lies in the holistic application of
these technologies to not only capture and visualize the physical and thermal properties of buildings but also to model the dispersion
of smoke and hazardous gases. This approach aims to provide critical insights for fire safety, pollution control, emergency planning,
and energy efficiency assessments, particularly in complex buildings where manual surveys pose significant challenges.

2. Approach

2.1. Test site

To test and demonstrate the efficacy of the new measurement technologies and their integration, a section of an existing
office building was selected as the test site. The original construction of the building dates back to 1976, and over the years,
it has undergone multiple renovations and adaptations for different uses. Unfortunately, the documentation pertaining to these
modifications is scarce, and there is no digital record of the building’s structural components, wall structures, or materials used.
2
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Fig. 1. Overview of devices employed for non destructive analysis of an existing building in this study: (a) DLR’s Integrated Positioning System (IPS) mounted
on the commercial robot SPOT, (b) Commercial acoustic camera attached to IPS, (c) Commercial omnidirectional speaker, (d) Commercial Blower Door system,
(e) Infrared camera, (f) Tracer gas and gas detector (not depicted), (g) DLR’s TragRad mobile radar system.

2.2. Employed measurement techniques

In order to assess their capabilities for gathering essential building information, several innovative non-destructive measurement
techniques were investigated. The contributions of these techniques to the development of an integrated measurement system are
summarized in Fig. 1. The following techniques were employed:

• Commercial quadruped robotic system (SPOT): Utilized as an autonomous sensor carrier platform (Fig. 1(a)).
• 3D scanning: Inner building and room geometry were captured using DLR’s camera-based Integrated Positioning System (IPS).

This data was used to generate a comprehensive 3D model and spatially reference the inspection measurements (Figs. 1(a)
and 1(b)).

• Detection of openings and leakages: Acoustic beam forming and lock-in infrared thermography techniques were employed, in
conjunction with cycling pressurization using a blower door, to identify and locate openings and leakages (Figs. 1(b) to 1(e)).

• Gas exchange and air exchange rate measurement: Acoustic measurements and tracer gas techniques were employed to detect
gas exchange and measure air exchange rates (Fig. 1(f)).

• Detection of hidden wall structures: Radar and radiometry were utilized to identify concealed wall structures such as hollows,
ducts, and funnels (Fig. 1(g)).

For the sake of achieving as comprehensive a demonstration and building analysis as possible, all the measurement techniques
described above are combined in this study. In practice, however, individual measurement techniques or combinations thereof
would be chosen according to the characteristics of interest. In any case, the clear and quality-assuring localization of the measured
locally resolved characteristics requires a system like IPS linking findings to the building geometry. Only global room or building
parameters in small units could also be recorded referencing them manually. A robotic transport system is only necessary if a high
degree of automation is required or if access to the building is difficult or dangerous.

2.3. Requirements for data/sensor integration

For a seamless integration of all the recorded data into a digital twin, it is imperative to establish unambiguous spatial and
temporal associations. This was accomplished through two approaches implemented in this study. The first approach involved a
rigid coupling of the Integrated Positioning System (IPS) with the respective measuring system including a geometric calibration.
The second approach involved recording the data in relation to measured geometric markers. Both approaches were employed to
ensure accurate spatial and temporal alignment of the collected data.
3
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3. Individual measurement/evaluation techniques and their contributions

3.1. SPOT for transport and navigation

SPOT, a commercial terrestrial robot designed for civilian applications by Boston Dynamics, offers unique capabilities for
ransportation and navigation. Unlike traditional ground drones, SPOT utilizes four legs driven by electrical motors, enabling it
o traverse rough terrain, climb steps, and negotiate ledges with a height of up to 300mm. To aid in obstacle avoidance and

spatial orientation, the robot is equipped with stereo camera systems and projects near-infrared patterns for distance determination.
Additionally, SPOT features a universal rail system on its top, allowing for the attachment of various payloads. The integration
of in-house prototype sensors is facilitated by providing power supply and network communication, enabling the transmission of
sensor data via SPOT’s wireless network connection. With a maximum payload capacity of 14 kg, SPOT can transport a wide range
of equipment or payloads, while achieving a maximum speed of 1.6m s−1.

One of the key advantages of SPOT is its ability to navigate through stairwells, setting it apart from most available drones. This
apability makes it ideal for comprehensive mapping of buildings and infrastructures. SPOT can precisely move the sensors it carries
n its back at a predefined speed and constant height along a preprogrammed route. This ensures the repeatability and comparability
f measurement results, which is crucial when using camera-based, three-dimensional surveying equipment. Unlike multicopters,
POT’s locomotion does not introduce air turbulences that can affect the measurement process of gas detection systems.

SPOT finds valuable applications in repetitive monitoring, cartography, and industrial plant inspections. It excels in providing
urveillance and reconnaissance in areas where operator accessibility may be limited or pose significant risks. The robot’s ability
o implement and validate self-developed prototypes for multi-sensory data acquisition in the field opens new avenues for safety,
ecurity applications, and research, yielding previously unattainable knowledge. In the context of this study, SPOT was used to
ransport the IPS and tracer gas sensor along defined routes during the survey.

.2. Integrated Positioning System (IPS)

3D scanning with laser and camera systems is a state-of-the-art approach for many applications. In recent years they became
opular for digital twin and BIM generation. Integrated sensors provide additional information, such as referenced inspection
mages, point clouds and others. Commercial systems focus on particular sensing aspects and are thereby limited in their inspection
apabilities. An adequate multi-sensor data integrating technology, proposed by Börner et al. [10], can provide a spatio-temporal
eference for diverse inspection sensor data. This portable multi-sensor Integrated Positioning System is a real-time technology
elf-localization and 3D modelling developed at the German Aerospace Center. The IPS performs visual-aided inertial navigation
nd also has 3D modelling and thermal mapping capabilities [10–12]. Any further kind of inspection sensor data can be given a
patio-temporal reference via the IPS. Therefore, it serves as a basis for spatio-temporal reference for all the inspection sensor data
sed within the presented experiments. For a typical indoor scenario, IPS achieves a 3D error of 0.1% of the recorded path. All
echnical data of the device can be found in [10].

.2.1. Experimental set-up and conduction of measurements
Description of the IPS set-ups
For the measurements, a thermal camera, an acoustic camera and a gas sensor (see Fig. 1) were coupled with IPS and experiments

ere made on different carrier platforms (SPOT, tripod and handheld). 53 measurements within a week, with and without moving,
ere done. Particular IPS runs had a duration between 10 and 30 min. Table 1 gives an overview of sensor systems and carrier
latform combinations with which the experiments were completed.
Test site preparation
Before starting with the experiments, optical markers (in this case, April Tags) were placed outside the building on both terraces

n the ground for geo-referencing the sensor data as well as inside the inspected building floor and offices. The outside marker’s
eo-coordinates on the terraces were received using a differential GPS survey.
IPS handheld experiments
For generating an overall 3D model of the test site, the IPS was carried manually in several runs over the scene. Starting outside

nd seeing April Tags on one terrace, IPS was moved inside, through the floor and particular office rooms and recorded sensor data.
fter finishing sensing the indoor area, IPS was carried to the second terrace to the placed outside April Tags and then through the

loor to the starting point on the first terrace back again. This closed-loop approach allows an ad-hoc in-field evaluation of the IPS
avigation results quality.
IPS on SPOT set-up and experiments
The ambition to combine both systems (see Fig. 1(a)) was given using SPOT as a platform for autonomous survey and inspection.

he IPS battery pack was also fixed on SPOT, just like the operator’s laptop. A synchronization of the systems was not necessary.
POT was first trained and then was able to move autonomously for some experiments. The distance measurement of SPOT uses
ultiple infrared dot matrix projectors, e.g. for the collision avoidance system. This projection produces a non-natural texturing of

he surrounding area, which could negatively affect the IPS navigation algorithm. For this reason, the projectors were disabled.
IPS with acoustic camera setup and experiments
IPS and the acoustic camera were mounted on a tripod on-site (Fig. 1(b)). The set-up is mechanically stable, so the necessary
4
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Table 1
Set-ups with IPS participation.

IPS with thermal infrared camera IPS with acoustic camera IPS with tracer gas sensor

SPOT/mobile X X
Handheld/mobile X X
Tripod/static X

Fig. 2. Exemplary image triplets for extrinsic and intrinsic camera calibration: (a) IPS Left image; (b) IPS Right image; (c) acoustic camera image.

possible. During the acoustic experiments, IPS took one stereo image pair of the scene while the acoustic camera recorded data
for a few seconds. The set-up was not moved during the measurements. Several acoustic experiments for leakage detection (see
Section 3.3) were done on windows, terrace and office doors with the acoustic camera/IPS outside (see Fig. 6(a)) and a white noise
acoustic source (see Fig. 6(b)) inside and vice versa on different positions.

In-field geometrical camera calibration
Accurate geometrical calibration and pixel co-registration of the imaging sensors are necessary for texturing the 3D floor model

(generated with IPS) with spectral thermal infrared (TIR) and acoustic data. Therefore, IPS’s stereo camera with its thermal infrared
camera as well as the IPS’s stereo camera with the acoustic visual sensor (see Section 3.3.2) were calibrated and pixel co-registered
by chessboard [13,14], either before or after the actual experiments by an appropriate method. Therefore, several image triplets
(Fig. 2) of the chessboard target were captured and the calibration parameters were determined.

3.2.2. 3D model
The IPS, in its basic sensor configuration (stereo cameras + inertial measurement unit), estimates a trajectory related to its own

starting point. This relative trajectory, shown as the blue line in Fig. 3, is further optimized using April Tags [15], previously placed
inside and outside the building. These fiducial markers are detected [16] in both camera images, triangulated and added together
with the IPS poses to a landmark simultaneous localization and mapping (SLAM) algorithm [17]. Thereafter, the optimized relative
trajectory is transformed into a global coordinate system using five external, georeferenced AprilTags and a seven-parameter static
transformation.

In addition to estimating a high-accuracy trajectory with six degrees of freedom, the IPS stereo image pairs are also used to
compute high-density depth map sequences. Therefore, graphics processing unit supported image rectification with intrinsic and
extrinsic optical camera parameters, which are determined in the preparatory calibration step, and a semi-global matching algorithm
(SGM) [18] with a census cost function as described in [19] is applied to the data in this highly computational step. The necessary
frame rate of depth maps and local 3D point clouds for the subsequent aggregation of a sufficiently dense global 3D point cloud
set is adjusted based on the IPS navigation solution as described in [12]. Cloud and voxel filtering steps based on the Point Cloud
Library [20] are applied to all aggregated partial point clouds for the observed area. Fig. 3 shows an overview of the IPS trajectory
and the generated 3D point cloud for a base data set of the described measurement campaign. The points are filtered to a 1 cm voxel
grid, and the acoustic data are projected to it in the following. All 3D point cloud figures presented in this section are rendered with
CloudCompare [21].

The resulting high-resolution 3D point cloud is semiautomatically filtered and then projected onto the XY plane subdivided by
a regular grid (compare [22]). For each grid cell, the voxel density and spatial distribution are computed and evaluated to identify
potential façade pieces (Fig. 4(a)). On the set of cell elements that are considered as a part of the façade, a regression line is estimated.
Then the computation of the regression line is extended to groups of adjacent cells to form façade fragments of the same orientation.
For this purpose, the line direction of every cell in a local 8-neighbourhood is pair-wisely compared against the line direction of
its centre element using a fixed angular threshold. If the directions match, the respective cells are added to the same cell set. This
growth process repeats until no more adjacent cells are left to be assigned. If a stable state is reached, a standard regression line
is estimated through the point set of every cell group. The resulting linear façade fragments intersect if their endpoints are locally
adjacent (Fig. 4(b)) within the grid, forming a closed topologically correct two-dimensional contour. Finally, the contour is extruded
and the floor and ceiling are added (Fig. 4(c)).
5
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Fig. 3. IPS measurement result of the building section in form of a and 3D point cloud with 1 cm voxel resolution including the IPS trajectory (blue line). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Successive steps of 3D vector model reconstruction of the investigated (part of the) floor of the building: (a) point cloud projected onto 2D grid and
segmentation; (b) calculated segments and adjacent endpoints of the segments; (c) 3D vector model. Individual segments in (a,b) are identified by randomly
chosen colours. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.2.3. Results and interpretation
Due to the strong influence of the visual component on the navigation algorithm, the quality of the estimated IPS poses is

decisively determined by the feature distribution in the scene captured by the cameras. But if global navigation satellite system
(GNSS) or similar is available in the outer areas, the accuracy of these external measurements represents the maximum of the
achievable trajectory quality. While the overall accuracy of the 3D model is highly dependent on the accuracy of the generated
trajectory, the quality of the point cloud in detail is strongly influenced by the stereo camera parameters, in particular, the pixel
resolution and the base length. As shown in Fig. 3, a complete and dense point cloud of 83.3 million points was calculated. The
dispersion of the wall points of the projected cloud is only 5 cm (see Fig. 5(a)), which is a good precondition for the 3D vector model
reconstruction [23]. The absolute XY position of the point cloud is checked with a reference map by ESRI (Environmental Systems
Research Institute, Inc.) and fits the location of the building in the map as shown in Fig. 5(c). The relative accuracy is checked
for a few prominent lengths (Fig. 5(b)). On average, target and actual values differ by 0.04m as presented in Table 2. The average
ellipsoidal height of the 3D point cloud is 125m. If this height is corrected with the value of the geoid undulation of 47m given by
the German Federal Agency for Cartography and Geodesy and with the estimated height of the measurements above ground (fourth
floor, approx. 15m), one gets 63m. This in turn, corresponds to the elevation above the sea level given in Google Earth.

The accuracy of the 3D vector model is as good as that of the 3D point cloud. However, the calculated vector model shows minor
deviations from the point cloud at two places. First, a room was reconstructed separately from the model. In addition, a non-existent
6
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Fig. 5. Accuracy of the 3D cloud model: (a) dispersion of points of the projected cloud (detail, floor) (b) measured distances to check relative accuracy; (c)
absolute accuracy of the 3d cloud model (red–black dots) and of the 3d vector model (green) (reference map: ArcGIS Pro 3.0.0 by Esri). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Selected distances measured in the IPS point cloud (see Fig. 5(b)) compared to the reference distances measured on site for
verification of the accuracy of the measured point cloud.
Measured distances (Fig. 5(b)) Target [m] Actual [m] Deviation [m]

1 11.39 11.40 0.01
2 9.97 9.94 0.03
3 10.43 10.26 0.14
4 2.75 2.73 0.02
5 9.18 9.26 0.08
6 15.54 15.59 0.05
7 4.89 4.92 0.03
8 2.05 2.07 0.02
9 1.23 1.22 0.01

Average – – 0.04

corner was calculated on one wall in this room. It is due to the algorithm, which cannot reconstruct very fine structures. Also, the
reconstruction of incomplete parts of the 3D cloud can be problematic for the algorithm sometimes. The absolute accuracy of the
XY position is checked in ArcGIS Pro 3.0.0 by Esri and shown in Fig. 5(c). The determined building geometry and location forms
the basis for the localization of all further measurement data.

3.3. Acoustic leakage detection

3.3.1. State of the art
Assessing the airtightness of buildings is integral for understanding its overall performance, as it directly influences aspects

such as energy efficiency [24–26], indoor air quality [27], thermal comfort, or structural safety. The objective of the acoustic
measurements proposed in this paper is to identify small openings in building enclosures for these reasons and to detect potential
gas propagation pathways within buildings. This knowledge of leak locations enables prioritized sealing of more significant leaks
and improves estimates of infiltration airflows [28].

To date, acoustic methods have been rarely utilized in building airtightness analysis. One possible approach was suggested by the
ASTM E1186 standard [29], and previous work by Keast et al. in the 1970s [30]. Several studies have examined sound transmission
through walls in laboratory settings [31–36] and field tests [37–40] to quantify leaks, yielding some successful results.

3.3.2. Measurement set-up and conduction of measurements
This paper introduces an acoustic beamforming method utilizing a microphone array, often referred to as an ‘‘acoustic camera’’,

to detect and visualize sound sources. Beamforming is a signal processing technique that allows for the distinction of sound sources
from different directions using the microphone array. The advantage of employing an acoustic camera for various applications is the
visual output, which can be overlaid with a visible image of the same scene. For a detailed understanding of the operating principle
of the acoustic camera, see Refs. [41–45].
7
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Fig. 6. Measurement setup for beamforming measurement of the building façade outside the building and measurement setup of a high-frequency (top), a
mid/low-frequency (bottom) omnidirectional dodecahedron speaker inside the building.

Fig. 7. Location and nature of window leaks in the examined using beamforming and lock-in thermography.

In the measurements conducted for this paper, the ‘‘Acoustic Camera Array Ring48 AC Pro’’ from the company gfai tech GmbH
was used. It has 48 equally spaced microphones and a diameter of 0.75m (see Fig. 6(a)). The recommended frequency range for
this array lies between 164Hz and 20 kHz, although localization of higher frequencies (up to 60 kHz) is possible. In this case, all
microphone signals were sampled at a frequency of 192 kHz and digitized with 32 bit. An optical camera (resolution: 1920 × 1080
pixels) was positioned at the centre of the array to capture a visual image of the measured scene.

The acoustic camera was placed on one side of the wall, while a pair of speakers were positioned on the other side. For this
measurement campaign, a high-frequency speaker with a frequency range of 15 to 120 kHz and a mid/low-frequency dodecahedron
speaker with a range of 0.05 to 16 kHz were used (see Fig. 6(b)). To measure the building envelope, the acoustic camera was
positioned outside, while the speakers were placed in the centre of the room. Throughout the measurements, the acoustic camera
and speakers remained stationary. The sound waves produced by speakers penetrate through the leaks in the wall and can be
detected as individual sound sources on the other side of the wall by the acoustic camera. A computer-generated broad-band white
noise signal with a level 85 dB was emitted inside the building for a duration of 6 s.

In addition to visible pre-existing leaks in the window frame (Fig. 7(a)), plastic stripes were intentionally placed at two points
into the window gasket to create artificial and reproducible leaks for detection (Fig. 7(b)). For enhanced visualization in the 3D
model, this system was calibrated and integrated with the IPS as described in Section 3.2.1.

3.3.3. Results and interpretation
Figs. 17(a), 17(c) and 17(e) present optical camera images of the examined window façade with selected superimposed results

from the beamforming analysis conducted by the acoustic camera, recorded from the white noise generated inside the building.
8
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T

Fig. 8. Linear display of pressurized and depressurized blower-door measurements of the meeting room.

hese figures display selected third-octave frequency bands with centre frequencies of 1.6 kHz (Fig. 17(a)), 4 kHz (Fig. 17(c)), and
20 kHz (Fig. 17(e)). The colour scale represents the upper 3 dB range of the displayed sound pressure level.

In Figs. 17(a) and 17(c), significant sound sources of up to 40.4 dB are visible in the upper left part of the window frame at a
third-octave frequency bands around 1.6 kHz and 4 kHz. These sound sources may correlate to the pre-existing leak shown in Fig. 7(a)
and the left-constructed leak using plastic stripes shown in Fig. 7(b). At higher frequencies around 20 kHz, even the tiny leaks at
the top and bottom of the inserted larger plastic strips at the left part of the window are visible. The smaller plastic stripes inserted
in the right part of the window are not visible. These visualizations of sound sources are later used in combination with the IPS to
be visualized on the 3D Model of the building part, see Section 4.1.2.

3.4. Blower door as a measure of building air tightness

3.4.1. State of the art
The blower door test, defined by international standards [46,47], and its uncertainties are investigated in several studies [48,49].

It involves installing a blower in the main door of the building, which induces airflow into or out of the building, measuring
the airflow rate 𝑄 and the pressure difference 𝛥𝑃 between the inside and outside. The relationship between airflow and pressure
difference is commonly described using a power law formulation, as outlined in the standards.

3.4.2. Measurement set-up and conduction of measurements
In this study, one pressurization and another depressurization was conducted in a meeting room using a Minneapolis Blower

Door M4 (measuring accuracy of flow rate: ±4% of the reading) according to ISO 9972 [46]. From these tests, the air change rate
per hour was deduced by interpolating the airflow at 50 Pa (𝑄50) and normalizing it by the room’s volume 𝑉 .

Additionally, the blower door was utilized for periodic pressurization in conjunction with the lock-in thermography technique
described in Section 3.5.

3.4.3. Results and interpretation
Two series of blower door measurements were conducted in the investigated meeting room, with separate tests for pressurization

and depressurization. Fig. 8 presents the measured pressure differences and their corresponding airflow rates. The calculated air
change rate per hour at 50 Pa (𝑛50) from the fitted data was found to be 7.62 h−1 for depressurization, 7.98 h−1 for pressurization,
with a mean value of 7.80 h−1. Based on this leakage rate, the room can be classified as significantly leaky, resulting in increased
infiltration heat losses.

3.5. Thermography

3.5.1. State of the art
Infrared (IR) thermography is a technique for visualizing surface temperature distributions, crucial for detecting leaks if there is

a temperature difference between the air and the surface, the flow is in the appropriate direction, and the camera has a clear line of
sight to the surface with temperature variations. Interpreting IR images to identify leaks requires experience to differentiate between
effects caused by insulation inhomogeneities, surface emittance, 3D geometry, solar irradiation, wind, or other factors. Integrating a
blower door system, as shown in Fig. 1(d), can significantly enhance the effectiveness of thermography, by controlling the direction
of airflow through the leak, enabling the use of differential images [50] and change analysis of time series [51].
9
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Lock-in thermography [52], typically employed for component testing, can be adapted for leak detection, when combined with
blower door. Consequently, the benefits of lock-in amplifiers [53], such as noise reduction and suppression of perturbations at

requencies other than the excitation frequency, can be harnessed for leak detection using IR imaging. The process involves cyclic
peration of the blower door and applying Fourier transform analysis to IR image sequences to identify the building’s response at
he excitation frequency, with phase filters mitigating environmental interference effects. Details are described in [54].

In the presented campaign, two IR cameras were used, each with different evaluation methods:

• IPS-integrated IR camera: Images were evaluated as normal evaluation as normal IR images. The integration with IPS facilitated
localization and automatic integration into the 3D model. Detailed measurements and results are described in Sections 3.2 and
4.1.1.

• Stand-alone IR camera: Measurement and evaluation were performed using lock-in thermography, which will be discussed in
the following section.

3.5.2. Measurement set-up and procedure for lock-in thermography
The measurements were conducted on the façade outside the meeting room, as depicted in Fig. 7, with similar preparations as

escribed in Section 3.3 involving the use of plastic strips to create artificial leaks. The chosen IR camera, InfraTec ImageIR 8380,
s sensitive within the range of 2 μm to 5 μm and has a thermal resolution of 25mK. The emittance is set to 1. This is considered to

be sufficient here, as thermography is used as a tool to visualize leaks using the lock-in method. In that context, primarily relative
temperature differences in the scene and temperature changes at the frequency of excitation are relevant. By cyclically switching
on and off the blower door, a periodic pattern of over-pressure of 75 Pa for 20 s and near-zero over-pressure for another 20 s was
generated for three periods. Air temperature of the interior and exterior was measured with thermocouples protected from direct
sun light, values for individual measurements are included in Fig. 9(a) and b. The weather conditions during the IR measurements
were challenging, with gusty wind, rapidly changing irradiation conditions, and quickly shifting cloud patterns in the sky.

3.5.3. Data processing for lock-in thermography
For each pixel, the complex Fourier Transform is calculated, and the value for the excitation frequency is extracted from the

spectrum. This process enables the creation of amplitude and phase images. While the phase image is commonly used in lock-in
thermography applications, in this case, the amplitude image is of higher immediate value. In order to further suppress artifacts
resulting from the unstable radiation environment, phase and amplitude image are combined by filtering the amplitude image for
specific phase. This phase-filtering was achieved by computing the scalar product of the complex Fourier transform and the complex
representation of the evaluation vector at the desired phase (cf. [54]). The appropriate phase for evaluation was manually chosen.

3.5.4. Results and interpretation for lock-in thermography
Fig. 9(a) displays an IR image after 30 min operation of the blower door. The central door and the windows on either side

are visible. In the foreground, the terrace floor is heated by direct solar irradiation. The circle in the top-left corner is lens flare.
Reflections in the door and windows reveal the terrace floor and the guard rails. The plastic strips on the right side of the door exhibit
lower radiation temperature, potentially indicating a leak, although this lower temperature could also be attributed to differing
surface properties. Interpretation of the image and proper leak detection necessitate additional knowledge about the object and the
relevant physics.

Fig. 9(b) shows the result of a lock-in thermography measurement made two hours after the measurement of Fig. 9(a). The phase
filter was set manually to 60°. The artificial leaks on both sides are visible. Especially the leak on the plastic strip on left side causes
a prolonged leak in the seal in the upper left corner of the door.

A comparison between the results of lock-in thermography Fig. 9(b) and the acoustic measurement Fig. 17 and is noteworthy:
while lock-in thermography detected the artificial leak on the right side that the acoustic system missed, the existing leak shown in
Fig. 7(a) cannot be seen in Fig. 9(b), although it was detected by the acoustic measurement (cf. Fig. 17(a)). It is possible that the
air exits of the leak are simply outside the image boundaries. Alternatively, this disparity could be a physical effect highlighting
the limitations of lock-in thermography. As the existing leak leads to the cabinet of the Venetian blind above the door, the air
from inside the building passes through the cabinet before exiting to the outside, possibly mixing with the air reservoir inside the
cabinet. Additionally, the air passing through the relatively small hole on the inside spreads over a larger area through the Venetian
blinds. Consequently, the air may not significantly affect the temperature of the surface observed by the camera. An investigation
of absolute detection sensitivity of the method has not been performed in the context of this measurement campaign, as this would
have required the quantification of the leaks detected in the images. This is reserved for future work.

3.6. Tracer gas measurements characterizing gas dispersion

3.6.1. State of the art and needs in TragSens
Tracer gas techniques involve adding a small quantity of a tracer gas to air to measure air exchange or leakage rates by

tracking the gas’s concentration decrease, often using sulphur hexafluoride (SF6), a strong greenhouse gas, for its absence in natural
environments and detectability in low quantities via gas chromatography. Despite its effectiveness, alternatives like syringe sampling
for lab analysis offer cost benefits but are slower. Other detection methods include photo-acoustic infrared sensors and electron
10
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Fig. 9. Comparison of thermography and lock-in thermography measurements with phase filter of a façade door.

Hydrogen (H2), with a minimal presence in ambient air, serves as a tracer gas in select applications due to its safe indoor use and
environmental benignity. Its application in air exchange rate measurements is uncommon, despite its frequent use in leak detection
in pipelines and flat roofs. Laboratory measurements benefit from highly sensitive mass spectrometers, while portable options include
semiconductor or photoionization detectors, with infrared technology is unsuitable for hydrogen detection.

Recent studies, such as those by Liu et al. [55] and Mu et al. [56] have investigated airflow and hazardous gas dispersion in
buildings using various methods.

3.6.2. Measurement set-up and conduction of measurements
For this study, hydrogen is chosen as the tracer gas due to its cost-effectiveness, environmental friendliness, ease of handling

and mobility. The necessary equipment includes portable meters with electronic interface for data reading and devices for metring
and distributing the hydrogen in the room. The gas is metred in the room using a pressure reducer with integrated variable area
flow meter with a measurement range of 50 L/min and hand valve specially designed for this type of gas. The gas is distributed
in the room using a thin hose of 4 mm inner diameter at the pressure reducer and a fan. Semiconductor sensors are primarily
used for detection, while thermal conductivity detectors and portable photo-ionization detectors are employed in specific phases.
This test used the instrument Sewerin EX-TEC GM4 based on an electrochemical sensor for the hydrogen concentration range 40
.. 4000 ppm and a measurement uncertainty of 10% stated by the manufacturer. In a preceding lab test the linearity of the sensor
was successfully cross-checked, which is relevant for the decay curve measurements.

Two different scenarios are distinguished: The ‘‘airport’’ scenario simulates the diffusion of a (dangerous) substance from a
single source in a large building, like an airport. The substance migrates from high to low concentration areas according to the air
exchange rate between such spaces. This phenomenon was studied using hydrogen (as 5% forming gas) as the model substance,
using a single sensor periodically recording local hydrogen concentration. In combination with recording of the respective locations,
the concentration time series for each location are extracted.

The ‘‘leakage’’ scenario is a simpler leakage model involving a single room with an initial concentration of the substance,
observing its exponential decay over time due to air exchange with adjacent spaces and the environment.

Both scenarios aim to characterize physical parameters for simulating complex setups based on air exchange rates.

3.6.3. Results and interpretation
In the ‘‘airport’’ scenario the data from room 4.03, as shown in Fig. 10, display a near-linear increase in H2 concentration

within an hour of releasing the contents of one 50 L cylinder of forming gas. A maximum concentration of 2700 ppm is reached. The
light-grey curve shows a total of 13 walkarounds with the sensor on a repeated track in defined office space section of the building,
see figures in Section 3.2.2. Room 4.03 then exhibits the typical exponential decay. In adjacent rooms, specifically rooms 4.04 and
4.05, there is a noticeable sharp increase in concentration, which then follows an exponential decay. This behaviour suggests that
these rooms, being in close proximity to room 4.03, are directly affected by the gas dispersion from the source room.

Room 4.18, being located at the opposite side of the floor, presents a different pattern. The concentration in this room increases
at a comparatively slow rate, peaking at a value significantly lower than the source room. The sensor signal from this room does
not return to zero concentration within the span of a 4-h measurement campaign. This indicates a prolonged presence of the tracer
gas and suggests a varying influence of the source room based on spatial positioning and potential airflow dynamics within the
building.

The variations in the rise and decay of concentration across different rooms underscore the complexity of gas dispersion in such a
large structure. It becomes evident that a simplistic model, based solely on air exchange rate decay, will not be sufficient to capture
11
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Fig. 10. Complete H2 concentration measurement series recorded 27-Sep-2021 KAS 4th floor for the ‘‘airport scenario’’.

these intricacies. The need for a more comprehensive model is highlighted, one that considers individual room volume, inter-room
airflow, local air exchange rate, and potential barriers to gas movement.

For future studies, it will be beneficial to place multiple sensors in strategic locations within the building to capture a more
detailed dispersion pattern. This approach would provide real-time data from various points, offering a more comprehensive view
of gas movement. The use of H2 as a non-hazardous forming gas is advantageous, especially in large, operational buildings. It ensures
safety while allowing for real-world measurements without necessitating building evacuation.

3.7. Radar wall structure analysis

3.7.1. State of the art and needs in TragSens
Microwave radar has a long-standing tradition as a valuable tool for detecting concealed objects or structures in various fields

such as ground penetrating radar (GPR) for mining, geophysics, archaeology and general ground exploration [57–59], radars for
detection of landmines and unexploded ordnance (UXO) [60–62], or systems for the investigation of building fabric like bridges or
other large concrete constructions [59,63–66]. However, the use of radar for detailed analysis of fine building structures, including
precise wall constructions and the detection and interpretation of unexpected anomalies, remains relatively rare. Therefore, there
is a compelling need for a more comprehensive investigation of these phenomena. In a previous project, essential theoretical and
experimental work was conducted to determine the number of layers, layer thickness, and layer permittivity of walls [67,68]. This
experience serves as the foundation for building and testing a hand-carried radar system and validating its effectiveness on existing
buildings.

The objective of radar measurements along building elements, such as walls and ground floors, is to non-destructively and
precisely determine their hidden depth structure. Microwaves in the lower frequency domain, below approximately 10GHz, have
the capability to penetrate dielectric materials and exhibit complete reflection by metallic surfaces. Different materials possess
distinct permittivity values, which is an electromagnetic property describing the material’s electric polarization capability. Variation
in permittivity results in different wave impedance, leading to partial reflection of the incident wave at material transition.
Consequently, radar can provide information about the range-dependent reflection profiles of a layered medium. By moving the
radar along a surface, a two-dimensional image of the reflection behaviour, depicting depth versus along-track direction, can be
obtained. These images can then be analysed to reveal sub-surface structures, indicating different material types, layers, thicknesses,
inclusions, hollows, or any localized objects of interest. Furthermore, by incorporating prior knowledge and scene modelling,
additional parameters such as permittivity, density, and even thermal behaviour can be derived [69].

3.7.2. Measurement setup and conduction of measurements
As part of this cooperation project, the TragRad radar system was specifically developed and constructed to enable flexible and

manual operation inside buildings for monitoring the internal structure of walls and ground floors. Fig. 11 (left) shows the TragRad
system in operation on an existing office building.

TragRad is designed and constructed as a stepped-frequency radar using the frequency range of 1–4 GHz. Hence a corresponding
range or depth resolution in air of about 5 cm can be achieved. Within another medium than air, the depth resolution can improve
up to 1–2 cm, depending on the dielectric constant of the material. Due to the close distance to a wall, the lateral spatial resolution is
roughly determined by the antenna aperture, being in the order of about 10 cm close to the antenna, and degrades to about 15 cm at
12
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Fig. 11. Left: Photograph of the TragRad radar during operation by scanning a wall. Right: Sketch of a radar image with respect to the scanned wall as produced
from data processing. A typical result shows radar reflectivity, i.e. echo intensity, in decibels over driveway and depth, both in metres.

can be neglected and the performance is mainly dictated by the spatial resolution and near-field interaction of the electromagnetic
waves with the wall structure itself.

The radar device is supported by a pillar mounted on a small creeper, allowing for easy manual movement along a wall at a
constant height above the floor, as defined by the length of the pillar. The radar is equipped with small wheels touching the wall,
ensuring a constant distance between the radar antenna and the wall surface. Three LEDs are observed by an optical camera during
the measurement to determine position data, forming an optical tracker with an accuracy pretty much higher than the spacial
resolution. For ground floor measurements, the radar is simply rolled along the floor surface using its wheels.

3.7.3. Data processing
While moving along the wall or the ground floor, the TragRad radar transmits microwaves within a specific frequency range

and receives the corresponding echoes in a very short time. Hence, several frequency profiles are measured in short sequences. To
transform the frequency profiles into range profiles, a series of special signal processing techniques, including Fourier transform,
are employed. Once the linear wall scan, as depicted in Fig. 11 (right), is completed, all range profiles are arranged based on
their distance to the optical tracker. This arrangement results in a two-dimensional radar image, representing the echo or reflection
distribution of the wall in both depth and along-track directions. The generated radar image provides valuable information about
the internal structure of the wall, allowing for the identification of layers, local objects, and anomalies. The interpretation of the
radar image and the extraction of meaningful insights currently rely on manual analysis and expert interpretation.

3.7.4. Results and interpretation
The present study was used to validate the TragRad radar on real objects. The interior wall structures of that building were

mainly formed by drywall and concrete constructions, on the one hand for separating office rooms and on the other hand as a truss
for the ceilings and lift shafts. For the richness of detail of such measurements, the two-dimensional radar image of one side wall
of an inner office corridor is illustrated and discussed. Fig. 12 shows the radar images of selected corridor segments together with
a photograph and part of an old building plan.

The corridor has a length of about 10m. The side walls appear optically identical in fabrication along the whole length. The
illustrated side wall is only suspended by a door and an adjacent integrated pillar of glass brick for decoration purposes. The shown
photograph is warped in the horizontal direction for better illustration since the photographic perspective of a long corridor results
in only a narrow side wall representation. Hence, the pictured TragRad system also appears excessively stretched on the left side. The
old building plan shows basic wall construction. Two side walls are visible, separated by the door, partly mapped by the illustrated
radar signatures indicated by the orange bars on the plan and the photograph. Besides visual and touching surface inspection, the
only further available information was that the wall should be made of drywall construction.

The illustrated radar sections have been selected since they show three different types of wall construction, although they belong
to the same side wall of one corridor without any optical peculiarity. Section 1 shows clearly where the outer surface of the drywall
starts, being roughly the centre line of the elongated orange strap. Note that due to the finite spatial resolution, only positions of
the maximal values of thin radar signature features should be used for position reading. Furthermore, three pillars for fixing the
drywall plates can be identified, starting close to the outer surface. Hence, this may indicate a single-layer panelling used for cost
reduction. A second strap-like echo in mostly cyan colour shows the inner drywall surface, having most probably identical thickness.
In addition, on the right part of the radar image, an additional echo in larger depth indicates the presence of a cross wall which
can also be recognized from the plan.

Section 2 shows the presence of a cross wall being validated again by the plan. On the right side of the cross-wall signature, the
drywall panelling seems different. While the outer surface appears similar, the pillars now start at a slightly larger depth. This gives
rise to the assumption that the second strap-like signature belongs to the end of the outer panelling, indicating larger thickness,
13
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Fig. 12. Example for radar results together with some meta information. Top: Warped photograph of the wall of an office corridor. The orange bars 1 and 2
indicate roughly the areas for which the radar images below are shown. Bottom: Part of an old building plan indicating the basic wall segmentation. The orange
bars indicate the illustrated radar tracks again. The plan is mirrored with respect to the photograph for simpler illustration. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

e.g. double-layer panelling. In addition, two further weak signatures behind the pillars can be recognized, indicating the echoes of
the inner drywall panel. On the right image part, an additional signature resulting from a whiteboard mounted on the inner wall
of the office room can be recognized. The depth locations of the echo maxima are in line with the outer echo of the inner drywall,
hence confirming its presence.

Left of the cross-wall area of Section 2, yet another wall construction can be observed. Here, the beginning of the outer drywall
cannot be identified as clearly as before since the strap-shaped signature is much broader, indicating another type of panelling or
material. The same is valid for the inner drywall signature. The pillar position seems to be similar compared to the right side.

The short analysis presented here impressively shows the power and potential of highly resolved radar signatures for inspecting
building structures. Very slight changes in fabrication can be clearly identified. However, the interpretation of radar signatures and
their association with true construction details has still to be explored in more depth.

4. Combined results

4.1. Data integration

The processed data of all inspection sensors (thermal infrared, acoustic, lock-in thermography and radar) is integrated via spatio-
temporal referencing and then projected onto the IPS 3D vector model, which represents the digital twin. Various methods were
used to integrate the data (Table 3). Some data, such as those from thermal imaging or acoustic camera, were co-registered via
geometric chessboard calibration. Other data, such as radar and lock-in thermography, were incorporated into the model in the
post-processing through spatial referencing via control points. Fig. 13 gives an overview of the workflow and results.

4.1.1. IPS-IR camera
IPS can simultaneously record additional sensor data synchronized with stereo images and IMU data. Figs. 14(a) and 14(b) show

a left IPS image and an IR image recorded at the same time. In the case of image data, they can be immediately mapped onto the 3D
point cloud, which is used to map the thermal information in colour representation from the additional thermal camera. An exact
trifocal geometrical calibration, as described in [14], is mandatory here.

By projecting the local 3D points into the valid IR camera image, considering the internal and relative orientations, the colour or
measured temperature values can be assigned directly to the respective surface points. A voxel-based occlusion algorithm prevents
incorrect colour assignments on occluded 3D points. They could be caused by the different points of view of the left stereo and
the IR camera. In a subsequent automatic filter process, voxels and their additional information are removed based on the number
of 3D points found per voxel, the proportion of values with additional information and their reliability. The final 3D object view
14
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Table 3
Data integration methods applied for localization of measurements and results in this study.
Sensor Spatio-temporal reference

IPS-Thermal Automatic IPS and thermal infrared camera synchronization, automatic
pixel co-registration via geometric chessboard calibration, automatic
trajectory spatial referencing on optical markers in global coordinates

Acoustic camera Automatic pixel co-registration between IPS and acoustic camera via
geometric chessboard calibration, manual spatial referencing via point
cloud features

Lock-in thermography Manual spatial referencing via point cloud features

Tracer gas Timestamp

Radar Manual spatial referencing via point cloud features

Fig. 13. Overview of data processing workflow integrating measurement results in the geo-referenced 3D vector model.

helps to understand the observed scene’s temperature distribution. Fig. 15(a) shows a 3D point cloud, partially with recorded and
plotted colour-coded IR data, and the trajectory as light blue points. Fig. 15(b) shows only the points with temperature information
and the trajectory for better visualization with an additional rendering filter. These indoor IR measurements were carried out (at
an ambient temperature of 20 ◦C) mainly to demonstrate the sensor combination of IPS and its integrated IR camera and were not
further evaluated.

Finally, the IPS 3D thermal cloud, or respectively points closest to the façades, were projected into the 3D vector model using
the least squares method (Fig. 16).

4.1.2. Acoustic measurements
Integration of acoustic measurements with point cloud model
The acoustic sensor captures RGB images along with corresponding 2D acoustic measurements, which are represented as colour-

coded acoustic images, as shown in Figs. 17(a), 17(c) and 17(e). In principle, if data from an external sensor in the form of suitable
image data is available, this sensor information can be directly mapped to the generated 3D points using the same method described
for thermal data in Section 4.1.1. Therefore, achieving accurate spatial registration between the external sensor and the IPS stereo
15
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Fig. 14. Simultaneously recorded images of the IPS-IR system (a) Left IPS RGB image; (b) IR image. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 15. Evaluation results obtained from the IPS measurements with the integrated IR camera (a) 3D point cloud, partial with recorded and plotted colour-coded
IR data; (b) All 3D points with given temperature information and the IPS trajectory, rendered with an additional filter. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 16. Localization of IPS-IR evaluation results by projection of the IPS 3D thermal cloud onto the 3D vector model; absolute coordinates of the marked
thermal point in UTM are [372 098.00, 5 626 486.50, 125.75] [m].

camera is crucial. The registration process between the acoustic camera and the IPS determines the relative orientation between
the RGB camera of the acoustic camera and the IPS. It is essential to ensure reliable registration between the acoustic sensor and
the RGB camera within the acoustic camera system. The evaluated dataset consists of IPS stereo images and acoustic measurements
captured from fixed viewpoints. Figs. 17(b), 17(d) and 17(f) depict local 3D point clouds generated from IPS stereo pairs taken at
a fixed viewpoint, with mapped acoustic information evaluated for different third-octave centre frequencies: 1.6 kHz (Figs. 17(a)
and 17(b)), 4 kHz (Figs. 17(c) and 17(d)), and 20 kHz (Figs. 17(e) and 17(f)). Due to the complex measurement setup and time-
consuming process, IPS navigation data were not recorded between the acoustic measurements at different locations. As a result,
in this campaign, the mapping of acoustic images was performed for single, local IPS 3D point clouds, and the colour-coded point
clouds had to be manually referenced with the overall cloud, as described in the next subsection.

Integration of acoustic measurements within 3D vector model
The acoustic measurements, once integrated within the IPS 3D point cloud model, were transformed into the UTM WGS84

coordinate system using the Helmert transformation and the georeferenced IPS point cloud. Additionally, the acoustic measurements
were projected onto the 3D vector model using the least squares method (Fig. 18). The absolute XY position of the measurements
was compared to Apple Maps data. The coordinates of the measured acoustic spot in the model were determined as [372 102.06 m E,
5 626 483.83 m N]. The absolute position of this spot measured in Apple Maps was found to be [7.18599◦E, 50.77596◦N], equivalent
to [372 101.85 m E, 5 626 483.33 m N] in the UTM coordinate system. The difference between the two positions is minimal, with
only a few centimetres, which is within the limits of measurement uncertainty. To validate the relative position of the acoustic
measurements, the distance to the window frame was measured in the model and compared to the on-site distance. The deviation
between the two measurements was found to be 1.2 cm.

4.1.3. Lock-in thermography
Since the measurement using lock-in thermography was conducted with a separate IR camera, the resulting lock-in images were

manually integrated into the 3D model. This integration involved rectifying and georeferencing the lock-in thermography image
using the georeferenced IPS 3D point cloud. Finally, the image was projected onto the 3D vector model, as depicted in Fig. 19. By
comparing this image with the results obtained from the acoustic method (Fig. 17), the leak in the top left corner of the door is
once again visible.

This integration process ensures that the lock-in thermography results are aligned with the spatial information captured by the
IPS and incorporated into the comprehensive 3D model. The manual integration allows for a direct visual comparison between the
results of lock-in thermography and other measurement techniques, facilitating a holistic understanding of the building’s condition.

4.1.4. Tracer gas
To semi-automatically illustrate the spatial concentration of hydrogen, a tracer gas measuring device along with an IPS was

attached to the SPOT so, that the relative positions of the two devices were known. The idea was to synchronize the IPS time
measurement with the tracer gas time measurement on the beginning of the SPOT run by setting tracer gas time corresponding
to an unique IPS button trigger event. As the tracer gas meter did not accept time settings, the possible time assignment was too
imprecise and visualization of the hydrogen spreading measurements was inaccurate.

4.1.5. Radar
For radar data acquisition, local measurements were conducted, capturing the start point and end point of each acquisition.

Leveraging the IPS 3D point cloud and 3D vector model, the radar images of wall cross-sections were semi-automatically rectified
and georeferenced. This process ensured accurate alignment of the radar data with the spatial information captured by the IPS
and incorporated into the comprehensive 3D model. Fig. 20 illustrates the position of the radar data within the 3D vector model,
providing a visual representation of the integration of radar measurements.

By incorporating radar data into the database, information on the internal structures of the walls can be included in the model.
The semi-automated rectification and georeferencing of radar images ensure their accurate positioning within the 3D model, enabling
effective visualization and analysis of the structural characteristics of the building.
17
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Fig. 17. Acoustic results of the acoustic camera (left) and their integration into 3D IPS point cloud (right): superimposed sound pressure levels are shown in
dB and selected third-octave frequency bands with centre frequencies of 1.6 kHz (top), 4 kHz (middle) and 20 kHz (bottom). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 18. Acoustic measurements projected onto a 3D vector model given in UTM coordinates (the height is ellipsoidal) and visualized in Apple Maps.
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Fig. 19. Image of lock-in measurement integrated into 3D model. The absolute position of the leak in the top left corner of the door in UTM is [372 102.06,
5 626 483.77, 126.43][m].

Fig. 20. Image of radar measurement integrated into 3D model. The absolute position of the radar data in UTM is: from start point [372 091.54, 5 626 497.00,
125] to end point [372 092.32, 5 626 496.03, 125] and from start point [372 094.15, 5 626 493.75, 125] to end point [372 095.71, 5 626 491.80, 125][m].

5. Conclusion and outlook

The results of the measurement campaign show how the outcome of various inspection techniques can be combined and
represented in a joint framework if they are carefully spatially referenced. By integrating the outcome of different measurements,
it becomes possible to create a comprehensive 3D model of the inspected rooms, incorporating visualizations of the results from
various measurements modalities. The innovation of our approach lies in its ability to consolidate different data sources into a joined
analysis platform.

The individual measurements provide mostly structural information about the building. The visual data collected with the
IPS enables the generation of a point cloud, which can be further processed into a polygon model of the building parts. The
thermal IR layer provides insights into the homogeneity of the building structure, highlighting variations in building materials
or their thickness that affect heat flows through walls, floors, and ceilings. These show up as small temperature differences on the
surface and, therefore, different intensity – or colour – in the thermography images. The radar measurements provide additional
information about the structure of these building elements as its radiation penetrates the materials. Therefore, it allows to clearly
distinguish between changes in thickness or changes in material and can resolve several layers of different materials or objects. The
acoustic transmission and lock-in thermography measurements complement the structural analysis by identifying small openings
in the building envelope or between rooms, which can significantly impact air exchange and energy efficiency. These combined
measurements cover a significant range of structural properties and provide a comprehensive understanding of the building’s
characteristics. The measurement results themselves can be visualized in a 3D model as shown in Section 4.

The structural building information obtained through our measurement methods serves several purposes. The knowledge about
geometry, air exchange paths, and composition of the building components can support safety and security measures by providing
insights into evacuation routes, smoke spreading paths, and the presence of flammable materials. Additionally, this information is
valuable for energy performance assessment and the preparation of energetic retrofit measures. Understanding the air exchange
paths and the composition of building components is one of the key factors for evaluating heat loss and heat conduction through
19
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the building envelope, both of which have a significant impact on energy efficiency. This depends on the thickness and composition
of materials in the envelope components. The geometry of the building is another key information for heating demand calculations
as the heated volume and the area of external surfaces can be derived from it. All of this information – either completely or parts
of it – can be obtained by the measurements presented in this paper.

Some of the measurements were performed using a mobile robotic platform as carrier of the sensors. Ongoing research focuses
n further developing the mobility and autonomy of the sensor system aiming to improve measurement efficiency and reduce
ependency on human labour. These advancements hold the potential for significantly faster inspections and increased automation
n the future. The focus of this study was on demonstrating an integrated building analysis approach and novel measurement
ethodologies. All preparations, measurements, their evaluation, and integration into the BIM were carried out by experienced

pecialists closely involved in the development of the measurement and evaluation techniques. While interaction and integration of
ystems were demonstrated, complete automation remains a work in progress. Presently, operation, data evaluation, interpretation,
nd integration into the BIM necessitate skilled personnel, making its usage labour-intensive and relatively costly. A favourable
ost–benefit ratio is likely attainable primarily for special buildings, such as large historical buildings or those with complex hidden
tructures.

Future work will focus on developing a workflow to efficiently translate these measurements into BIM-compatible formats, with
he objective of further automating and streamlining the process. Additionally, there will be a focus on expanding the capabilities
f our measurement techniques for integration within digital twin technologies. Furthermore, development efforts are required to
uantitatively correlate measurement results with performance indicators, such as thermal transmittance (U-value) and air exchange
ate.

In conclusion, the integration of multiple measurement techniques and their visualization within a unified 3D model enables
comprehensive understanding of the structural, energetic, and safety-related properties of buildings. Continued research and

evelopment in this field will contribute to more efficient and automated measurement processes, further enhancing our ability
o evaluate and optimize building performance.
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