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1 ABSTRACT

The emerging shift in the use of innovative andtdigechnologies in the architecture, engineeriaggl
construction (AEC) industry promises an opportumitycreate consistent, system-intelligent builditiyzst
provide a reliable source of all relevant inforroatiabout the building for maintenance, technical
management, or decision-making processes in rea. tiFor this vision, the integration of Building
Information Modeling (BIM), Digital Twins (DTs), kernet of Things (IoT), and Extended Reality (XR) i
the context of operative building management aiséarch data utilization within laboratory enviromige
proves to be essential to leverage smart buildsgan enabling pillar of a smart city. This pap@spnts a
novel approach for in situ generation of 3D buitgdimodels from point cloud scans, providing a vaddl-
time representation of the existing state of ading. This process significantly enhances the amguand
utility of BIM in existing structures where pre-sting digital models are not available.

Further, we delve into the enrichment of these rsodéh 10T sensors strategically placed withinlding
spaces. These sensors are designed to monitorriagtoguality and occupancy through motion detettio
offering a comprehensive view of the buildings eomimental and usage patterns. This real-time data,
coupled with the integration of laboratory measwrtrdevices and their DT, facilitates a more dyaanid
responsive building management system. In conteaite majority of current approaches and concepts
research, the resulting models emphasize liveaadain accordance with the definition of a DTéle the
state and feedback representation bidirectionatly ithe virtual space and vice versa back intopthesical
space substantiated by XR technologies.

An essential component of our methodology is theslbgment of interfaces between the BIM model and
DTs of laboratory equipment, seamlessly incorpogathe generated research data into the buildindeino
This integration ensures that the BIM model remainsentral, up-to-date repository of both physinad
functional characteristics of the building anddtstents.

Moreover, we introduce a collaborative XR enviromtmesnabling transdisciplinary teams to interadhwi
and analyze the BIM model and associated data liglly immersive and intuitive manner. This XR
platform fosters enhanced collaboration and detigsiaking, bridging the gap between various stalddrsl
involved in building management and research. Tppraach demonstrates the potential of utilizing
advanced technologies to not only create these Is)\pdst-construction but also to continuously updatd
enrich them with operational data, thereby fadiliiga a more efficient and informed management @sce
Providing standardized interfaces to smart builgingth the BIM and IoT information obtained throutjie
concepts presented can also create added valbe tohtext of smart cities through clusters of ssiclart
buildings.
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This paper contributes to the field by showcasimgv ithe synergy of BIM, DTs, IoT, and XR can
revolutionize building management and Research Blataagement (RDM), offering a comprehensive, real-
time, and interactive digital representation of ibgl spaces and their operational dynamics.

Keywords: Research Data Management, Extended Re8litilding Information Modelling, Augmented
Reality, Digital Twin

2 INTRODUCTION

The integration of modern disruptive technologieggart of the digital transformation holds pdsdrin all
areas of public life, industry, as well as withigsearch institutions (Lehmann et al. 2023). It gpep a
broad variety of opportunities to enhance the igfficy and functionality of buildings especially @ndhe
premises of Construction 4.0 as well as labora@yironments. Static building information or Buridi
Information Modeling (BIM) data can be combinediwital-time Internet of Things (loT) data in order
create contextualized information. Such Digital fisv(DTs) as comprehensive digital representatiatis w
live 0T data can enrich BIM data with operatiortdta and thus go beyond historical or static data
compilations (Nasaruddin et al. 2018; Temidayo |e2@18). Extended Reality (XR) and Virtual Reality
(VR) devices can process this contextualized Dorimation for different operators and serve as &stas
collaboration or improvement. In addition, the imfation provided by the DTs can also be utilizedaas
partial blueprint for smart city objects (Couprya¢t2021).

Central to this approach is the idea of creatimmpmprehensive digital representation of building®ugh
the generation of 3D models from point clouds, ipgnas a foundation for optimizing building opeoais.
These models can not only depict physical spacalsotintegrate various digital experimental setapd
laboratory equipment used in research instituti@ysutilizing these digital models, various useesasan be
derived to make building and laboratory operatimse efficient. Another aspect is the direct inédigm of
Research Data Management (RDM) into the digital @hoBy linking research data to the corresponding
building and laboratory areas, researchers canlessiynaccess the required data and utilize ifdcther
knowledge generation. To harness the maximum pgatefrom the various technologies, a holistic
interaction approach is required. This involves oy the use of point clouds and loT devices s ¢he
development of a XR application that enable usemsteract with the DT.

This paper deals with the question of how buildiraggl laboratories at research institutions can be
intelligently geared with research equipment, useish as employees or students in the context refyba
accessible BIM data and integrated RDM. Thereftine, state-of-the-art is assessed based on current
literature in section 3 followed by the introductiof the detailed use case in section 4. Sectioresents the
overall concept, followed the implementation intgec 6. After a qualitative validation and discussiin
section 7, section 8 summarizes and provides futork prospects.

3 RELATED WORK

Digital Transformation has become an indispenspi#enise across a broad range of fields and inegsimi
order to exploit its ingrained advantages of insimeg efficiency and effectiveness in operationgyh{nien

et al. 2018) The approach of using innovative digiechnologies in the architecture, engineerimg] a
construction (AEC) industry has been solidified ‘@enstruction 4.0’ as an integral pillar of the ftu
industrial revolution. (Temidayo et al. 2018) Asrtpaf these efforts, BIM is emerging as a pivotal
methodology for the digital representation of phgsand functional building information over thetiemlife
cycle. The emerging transformation implies a shiftay from the traditional design paradigm towatus t
goal of creating consistent, system-intelligentldings that provide a reliable source of all reldva
information about the building for maintenance hteical management, or decision-making processesain
time (Hotovy 2018). Nevertheless, the realizatio®iM is associated with certain obstacles by whilcé
methodologies potential remains limited. Currenpligations notably show constraints in terms of
scalability, interoperability, or remote supporteyenting the information from being used reliably the
user (Liu et al. 2023) and further restricts intdicn between different fields. The main benefifs o
implementing BIM range from efficient monitoringdrainistration, planning and maintenance of ongoing
operations and assets to improved information sgarnd visualization (Lu et al. 2019).

To make this vision a reality, various 10T techrgés such as DTs or XR applications enable theesstal
implementation of BIM aiming to consolidate varianformation streams and integrate further knowtedg
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into building process workflows (Liu et al. 2023). addition to the mere representation of the palsi
counterpart, further intelligence can be incorpadainto the digital representation through funcidies

such as simulation systems, machine learning dhgosi or visuality through XR technologies in order
provide the potential to achieve added value.

The DT builds on the premise that all systems canpbrtrayed in dual form by having a digital
representation in addition to their physical couypaet. Descriptions, measurement data or changéisein
state of the physical system are reflected in theal space and vice versa. The DT has its roofgoduct
lifecycle management, where the original objectwas to depict the entire lifecycle of the physical
counterpart in a virtual representation (Grieve323). Enabling a holistic representation of the gitsf
counterpart depends on the data that is continyamlected and stored in the virtual entity. Tlediable
availability of this data is the prerequisite foreating added value and knowledge generation for a
sustainable research landscape. In the contextDdfl, Rlata must be handled according to the following
principles: Findable, Accessible, Interoperabled &eusable (FAIR) (Mons 2018). These can be explici
implemented in particular through the use of DTrapphes in laboratory environments (Lehmann et al.
2023). Also, the DT facilitates interoperabilitytlyeen different software and platform entities tigo a
single channel which is a fundamental characteristithe BIM concept and crucial to the success of
project (Flamini et al. 2022).

Shirowzhan et al. (Shirowzhan et al. 2022) exptbee application of selective technologies for emtiragn
urban intelligence within smart cities through titdization of DTs. Their research emphasizes thle of
virtual representation technologies in supportiegision-making processes. Smart cities and theceded
efforts to transform the AEC industry can therefdse improved by utilizing these opportunities.
Accordingly, the concept of the DT appears to beidmal approach when realizing BIM in the modern
construction industry. Various approaches usingDfieconcept in BIM can be found in the literature.
Nasaruddin et al. (Nasaruddin et al. 2018) des@ihelimentary concept framework to utilize DTs BdM.
Sensor data for predictive maintenance use capémization and visualization are considered. Flanet

al. (Flamini et al. 2022) develop the dynamic DThieth serves as the foundation for the plant's SCADA
functionalities to manage the technical functidnscombination with XR technologies, the supervisand
technical management is ensured over the enteeciitle. Building on this, Loggia et al. (Loggia adt
2024) and Flamini et al. (Flamini et al. 2022) hax¢ended the original approach to ensure eletsafaty

in order to offer rapid intervention in the eveffitan error. Despite the fact that the concept of Bppears
to be beneficial for the realization of BIM, achimy full implementation still seems to be challergiDeng

et al. (Deng et al. 2021) define various reseaegs@nd characteristics for modern implementaididM
DTs. Among other things, further research is neegg@rding real-time monitoring, loT data colleatio
performance prediction of building condition thrbugimulations, machine learning techniques or tiya

to facilitate decision-making through the integsatof humans into the control loop.

The use of 3D scanning technology in the contextreting point clouds for BIM and XR concepts is a
useful application that is based on the reconstmobf real-world architectural environments andecsf
numerous advantages. These advantages manifesselves in particular in the increase in efficiency
digital reconstruction of existing environments lehilso increasing the precision of correspondiingiai
representation (Coupry et al. 2021). A key aspeat ¢mphasizes the use of point clouds is thelityabo
capture and document existing structures and emvieats with extreme precision. By capturing milkcof
points in a three-dimensional space, point cloudsige a highly accurate digital representatiornthef real
world. Compared to traditional methods of manual/eying or the creation of 3D models through CAD
design. The use of point clouds offers a signifiafaster and more accurate way of capturing exgst
environments. The technology thus makes it possibtgeate previously non-existent digital représgons

of building (Dolhopolov et al. 2023). Liu et al.i(Let al. 2021) review different applications otéa
scanning in the context of the life cycle of builgé enabling BIM. For this purpose, they analyze th
integration of BIM and 3D laser scanning in seve@ains, such as construction site safety, reaftee
disaster, energy modeling or management. Mirzaal.gMirzaei et al. 2022) use terrestrial lasearseers
(TLS) to capture point clouds in order to geneggemetric DTs of BIM structures. Using a deep nleura
network, structures are derived from the point dband then homogenized and enriched with semantic
information. The resulting geometric DT is limitem updating BIM data or monitoring the health statd
the building but does not integrate any operatioeal-time data. Bassier et al. (Bassier et al520&scribe
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different types of laser scanners used in BIM skdegsa They distinguish between TLS, mobile laser
scanners (MLS) and airborne laser scanners (ALBp Advantages and disadvantages of each system are
being discussed. Abreu et al. (Abreu et al. 2023)yae different types of scan applications reldateBIM.
More precisely they review the differences of feataxtraction algorithms in Scan-to-BIM and Scan-vs
BIM. The two scenarios differ on the one hand ie tireation of a digital image of existing building
structures, while the other scenario deals withcii@parison of existing 3D models with a scan. Kiarh
and Hoppe (Kazhdan & Hoppe 2013) deliver one of niest commonly used algorithms for modeling
meshes based on point cloud. The ‘screened poststace reconstruction’ algorithm interpolates wiagbt
surfaces based on point sets. Especially for mogl@titerior scans algorithm is often one of thet lsésices.
Another decisive factor that supports the use ahtpolouds is their compatibility with various digi
technologies, especially in the area of XR concd®ysntegrating point clouds into XR applicatiosisch as
VR and augmented reality (AR), users can enjoyisgalnd immersive experiences in digital envirems
based on precise measurement data. This opens pssibifities for applications in areas such as
architectural visualization, real estate developimartual tours and simulations (Wu et al. 2023).

4 USE-CASE DESCRIPTION

Utilization and safe operation of research labarasois a common challenge. The requirement taropé

the use of laboratory space without compromisingsafety requires approaches to room monitoring. The
use of fragile and vulnerable scanning systemsripen strict laboratory conditions. These systamst
function accurately and reliably to provide valigta without compromising laboratory safety. Thediiaig

of hazardous materials and the use of lasers earels environments emphasize the importance oigstnit
safety measures. The ability to monitor and conéxperiments remotely offers flexibility but raises
questions about safety. In particular, ensuringt tha unauthorized individuals have access to the
laboratories at any time while sensitive experiraame being performed is a top priority.

In addition, different measurement conditions amdirenmental factors make it difficult to carry out
consistent and reproducible experiments. Adaptimpiatory conditions to specific experimental dedsan
requires precise control and monitoring systemdet$gorecautions must be always maintained. The
correlation of measurement data with environmemi@rmation presents a further challenge. Finalhe
general handling, collaboration and management xermental data requires an efficient data
infrastructure.

These issues illustrate the complexity of modebodatory operations and scientific processes ipaeh
institutions. It highlights the need for solutidlesmprove efficiency, security, and data managernrethese
critical environments.

5 CONCEPTUAL APPROACH

Since the current state-of-the-art has been deatednithe challenges described in the use case €an b
addressed in more detail and architectural appesachn be elaborated. Initially, these are predefate
handling building management and RDM by combining, XoT and DT concepts. Therefore, various
approaches proposed in the previous work are iocatgd in order to meet current requirements. Theze
initially four relevant branches of work in arcldtere, which are finally consolidated into one main
approach: The capture of 3D building data and déowm and creation of applicable models, the
development of suitable 10T devices for monitorargl logging of room parameters, the setup of alslait
real-time framework for mapping, connecting and atang the DTs of the IoT and research items as agell
the programming of a suitable XR application asisualization and interaction interface to all ashle
DTs.

Figure 1 shows the proposed architecture of theatipeal DT framework, which forms the center oé th
overall approach and unites all branches. It igddid into three areas: the Physical Twin SpaceDilgéal
Twin Space and the Application Space which arén&rhighlighted in the following.

The Physical Twin Space contains the physical @sviwhich enable the later interaction within the XR
environment. Those are named Physical Twins (Y gljstinction between two types of devices is made
this space. The architecture separates IoT andcBeRTs. The lIoT PTs must be suitably equipped with
appropriate sensors for recording the room paraseted a detector for sensing the presence of aotsip
Sufficient robustness of the devices is a preréguidoT PTs are designed to monitor and record
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environmental parameters while Device PTs are @secbnduct measurements, create research data, or
regulate the environment. The Physical Twin Spacéhe architecture contains the PT n as a generic
representation of other PTs that can be addedunefextensions.

Physical Twin Space Digital Twin Space Application Space
EETTAN i
e — > f\% =
-~
loT PT 1 CT1
T XR APP
r~————-—-—=—=-=---- :
: = 1
1 _— Class 1 :
L, f PR o
— ! Class 2 ,
«— 1
. Unifwin '
] Class Resaarch Data
"""""" I - Management
-_LI.I.LL- /""\.\‘_
GPE < = s
ILLILLI _\\v/
Cevice PT 1 DT 2
~LLLL T
‘SIB’ * > M R APP n

PTn DTn

Fig. 1: Conceptual architecture for building mamaget and research data management

Next to the Physical Twin Space the Digital TwinaSe is located which acts as the architectures’
middleware layer. For the provision of all DTsramhework published in the previous work [Haeusserma
et al. 2023] is utilized. It provides containerizeddular DTs based on a given configuration. Tleeefthe
PTs send their configuration to the so-called Rigltwin Provisioning Service (DTPS). After receigithe
configuration, the DTPS starts a so called UniTwontainer for each PT. Those containers instantiate
various class files depending on the configuratibhen the instantiated DTs establish a bidirectiona
connection to their associated PTs and connechdoapplications or provide defined interfaces te th
applications located in the Application Space.

The Application Space includes two key applicatitmEover the presented use case: the XR Applicatio
and the RDM Application. The XR application tak@secof the interactions with the physical deviced s

an enabler for all use cases such as remote exg@gdtion, remote maintenance or room plannings It i
primarily based on the appropriate volumetric sorcurrent 3D building data. The third element lire t
Application Space App n is a generic placeholderaioy application to be added in the future. Whk t
provided RDM application the DTs are enabled toesgathered data persistently and according t&-#&iR
criteria. The RDM in this approach highly relies amd integrates with the RDM infrastructure presdnn
the previous work [Lehmann et al. 2023].

6 IMPLEMENTATION

After outlining the general concepts and approacties four main branches within the implementation
section are examined in more detail. First, theiwvatric scan including the processing of the reedrdata

is considered. The practical structure of the lo@vibe PTs must then be illustrated, followed by the
introduction of the DT framework. The XR applicatiborms the completion as the interaction interfate
the entire work.

The adaptation of digitization in existing buildirsgructures requires the readiness of state-o&th&D

scanners, which are considered consolidated teohies. Within this range, divergent systems and
methodologies manifest themselves, including TaiedsLaser Scanners (TLS), Mobile Laser Scanners
(MLS) and Airborne Laser Scanners (ALS). A NavVikX/3 scanner, which belongs to the MLS genre as a
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prominent state-of-the-art technology example, waed in the current project. These instruments are
characterized by a pronounced user-friendliness amable the comprehensive mapping of building
structures without the need for complex pre-plagrand subsequent data merging. However, it shoailld b

noted that precision is reduced compared to temmekiser scanners and is limited to a few centimse
3 * L

Fig. 2: Different processing steps of the poinudoa) showing native point cloud without any ps®irg steps b) wireframe of
calculated mesh without textures and colors c)redlanesh.

The integration of the captured building into iatetive XR scenarios as well as into the concepheDT
requires the transformation of the point cloud ltasy from the scan into a mesh. The open-sourftevace
MeshLab is used for this purpose. It should bedhttat several pre-processing steps are essantiadiér to
eliminate error points (noise) and other anomaltighe point cloud (see Figure 2a). This can bézee by
means of filtering or outlier detection. Furthermothe calculation of normals is essential in ortter
determine the spatial orientation of the pointsiciwhs of fundamental importance for the subsequesgh
generation.

Once the point cloud has been pre-processed, thal@eneration of the mesh can begin. For thipgsae,
the ‘Screened Poisson’ algorithm is recommended;iwtonnects points with the same orientation based
the calculated normals and interpolates a contisgouface (see Figure 2b, 2c¢). Despite the intetiool,
redundant surfaces can occur during the mesh adilon] which must be removed during post-processing
Surfaces can be selected and eliminated basedleimad edge length.

Due to the objective of this article to implemem generated point cloud on virtual reality heaxisétead
Mounted Devices (HMDs) as well as on lightweighatfdrms such as standalone HMDs (e. g. VIVE XR
Elite, Microsoft HoloLens 2) or tablets and smadpés, the native point cloud was initially used tiog
present use case to display the environment. Wittendescribed application scenario, no interaciwith
the environment is planned for the time being, Whigwhy the point cloud can be used instead ofahm
without further processing. This makes it possibleeduce one process step and the associatetl effor

Fig. 3: Design of the 10T indoor air quality medsgrdevice for detecting indoor air characteristiosl room occupancy

According to Figure 3, an integrated measuringesystvas developed as an loT device PT to measure the
indoor air and presence parameters. The integideetMCU microcontroller with ESP32 processor was
selected as the basis for performance and cosirmrea®ne of the great advantages of the microdtertiie

the direct integration of wireless communicatiorctsias WiFi or Bluetooth. To record the air valuas,
breakout board with the Bosch sensor BME 680 widekects relative humidity, barometric pressure,
ambient temperature, and gas (VOC) was used. Tésvgainfrared sensor SR602 was installed to detect
movement within the dedicated supervision area.QAED display also shows all measured values. The
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display and the gas sensor are both connected 2@a The microcontroller software is based on

Micropython and opens an interface to the DT fraowwwith the given components. In order to achieve

sufficient robustness, a suitable printed circuititdl was designed and produced as well as an adequa
housing was designed and printed.

In the Physical Twin Spaces two PTs are implemerdasdoT PT 1 the described loT measuring device is
used to monitor environment parameters in ordgrdwide insights about conditions from remote. B
Device PT 1 a Hyperspectral-Near Infrared (NIR)-¢)mabuilt at the research institute is utilizedgemerate
relevant research data. The NIR-Imager is drivea hattePanda Delta 3 which provides a Flask-RESTfu
API for the communication with the DTs. Both PT® docated in the same physical location and are
enhanced with the ability to pass their configunatio the Digital Twin Space. The framework utiizine
containerization environment Docker and the imdd€BS as well as UniTwin at a centralized servesteiu

at the research institute. The PTs from the Phiy$wan Space provide their configuration to the [H #a
HTTP and are provided with a custom UniTwin corgainAfter instantiation the UniTwin container
represent the DTs. The DTs establish bidirectianahection to their associated PTs and to the egtfiins

in the Application Space. As outlined in the coricep approach the RDM application is part of the
presented RDM infrastructure. Therefore, it usem@mbination of InfluxDB and Dataverse to provide th
ability to store various kinds of data in FAIR mannThe open-source time series database InflusDBed

to store discrete data points from the I0T PTsid&gssInfluxDB, Dataverse is used to store data Wwiimot
suitable for storing with InfluxDB like NIR-imagegenerated by the Device PTs. Dataverse is an open-
source application used to store research datpwsitories while improving the publishing, citiag well as
versioning of that data.

The operative procedure of its implementation ifolews. After the DTs are provided by the DTP$ thT

PT 1 transmits environment parameters to its DTos€hparameters include relative humidity, barometri
pressure, ambient temperature, VOC, and motiodenisie monitored area. The DT takes care of stdhiag
Data in the InfluxDB and transferring it to the Xdpplication. Thereby it enables monitoring the room
remotely inside the XR application. Meanwhile, witte instantiation of its DT, the scanner is imstay
mode and waits for commands. These commands cagivba physically on the device or in the XR
application and include the start and stop comnfandh scan as well as its reset. However, it m@st b
emphasized that the DT with its access to all mftron has the ultimate decision on the executionhe
case the scanner is started manually the DT igrivdd about the intend to start a scan. To reldase t
scanner for starting, the DT checks the state ofemm@nt monitored by the 10T PT 1 by requestingstiage
from the corresponding DT. If movement is presarihe room the DTs aborts the start command inrdode
prevent harm for people inside the room. Otherwiisapproves the start and notifies the XR applocat
about the new condition of the scanner. In casestiam is started via the XR application, the predss
reversed. The XR application sends a start comrt@mtite DT which checks for movement with the [0TsPT
DT. If movements are present in the room the DTcebnthe start of the scanner. In the absence of
movement, the DTs sends the start command to #msc which begins to scan. The DT of the scaneer a
takes care of checking movements continuously whdanning with the measurement devices DT and
immediately stops the scan if movement is detected.

In the final step, the XR application combines tAlk components described to interact with the divera
system. It was developed with Unity 2021.3.22f1lisTgame engine allows the platform-independent
creation of applications that work on various HMd@swell as in 2D environments. The system offeesaus
the possibility to use XR applications on a variefydevices, from computers and mobile devices sagh
smartphones and tablets to immersive HMDs. Thesdeaused either stand-alone or in combination with
workstation. By intelligently linking the game engiand third-party software, stationary VR systensh

as powerwalls and CAVEs can also be used. Thesensyffer the advantage that, in contrast to HMDs,
several people can participate in a session simedtasly and collaboratively. The developed solution
enables flexible adaptation to different situatiok®r example, if the laboratory environment is not
available, strict safety measures make its usécdiff or access is not possible due to securiggoas, the
previously created scan can be displayed. Thiditites orientation and enables a virtual tour loé t
laboratory without having to go to the site. In trast, optical see-through HMDs or video pass-tghou
HMDs offer the possibility to extend the currenvigonment with virtual screens. These allow thepldig of
current telemetry data of the desired physical@ein real time.
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Fig. 4: Different views from the session of the j@aXR-3. a) Shows that no one is in the room agdraesponding scan can be
started b) Based on the signal, the user can reoagmt someone is in the room and a measuremenotthe started. ¢ & d) In
addition to the telemetry data, it can be seen hdretomeone is in the laboratory (red a movemenbkan detected)

Using the volumetric scan as the basis for the XRlieation offers several advantages. First, ielates

the time-consuming process of creating a VR enwm@mt from scratch. The scan already provides aleéta
and realistic representation of the environment daa be directly imported into the applicationngsthe
custom Pcx importer (https://github.com/keijiro/Bdor Unity. This saves time and resources anaaadito
focus on developing the actual application. In &ddj using a volumetric scan provides greater egnu
and immersion compared to manually created VR enwients. The scan captures the environment in its
actual state, including all details and featurdss Bllows users to move and interact in the virtwamixed
environment as if they were in the real environméfawever, providing surface (mesh) information is
essential for real interaction, such as detectiallison or similar events. This requirement wast no
necessary for the built environment here, so it lsarconsidered negligible. Another advantage afgusi
volumetric scan is the ability to combine the eomment with other sources, such as 3D models of tes
setups. Additionally, sensor data or informaticonirBIM can be integrated into the scan to createvam
more comprehensive and realistic representatidheoénvironment.

The data connection of the XR application is estabd via the M2MQTTforUnity Plugin. This plugin
enables communication with an MQTT broker to reeeind send data and control commands. The user can
react to the received data depending on the ftuafor example, motion sensors can signal the user
whether someone is currently in the laboratory @t which is indicated by a light signal. In paedlithe
sensor values of the PT can be retrieved and vzewhin real time (see Figure 4c, d). In addititie, PT can

be controlled via the application. If there is rergon in the laboratory, the scanning process eastdrted

by the application. However, if someone is in thiedratory, the scan can only be started aftervimgpthe
release signal (see Figure 4a, b). Furthermoriggatdonnection to RDM is integrated via a dashoshis
allows relevant measurement campaign parametersmatatata to be stored directly with the autombyica
generated measurement data and linked to the dyrpeavailing environmental parameters.

This exemplary application uses the Varjo XR-3 dgitssses, which are equipped with Ultraleap Gemini
(v5) hand tracking. This technology enables useisteract with the digital world in a natural wayith the

help of the Ultraleap sensor, the HMD can precigagture the movement of the hands and fingers. The
application reacts accordingly to the gestures g enables intuitive control. By using the hamtals
interact with the virtual objects a similar intetian as in the physical world is given to the ugdris allows

for quick and easy operation of the XR applicatiewen for new users. Direct interaction with theual
environment through hand gestures promotes a higivet of immersion, users feel more present in the
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virtual world and can concentrate better on thdiegion. This additionally reduces accessibiligrtiers as

no additional controllers or input devices are gl It not only saves costs but also reducesdheplexity

of the application and makes it more flexible andbite. This is because users do not have to carry
additional devices with them or familiarize themesl with the operation of controllers. This incesathe
flexibility and mobility of the XR application, & can be used anywhere and at any time. As wellids
inside-out tracking, no separate tracking areanstailation of tracking systems is required. ThisgtHer
simplifies the use of the application. Direct imtetion with the hands thus makes working in théugir
environment more efficient and productive.

7 VALIDATION AND DISCUSSION

After the implementation has been completed withabgregation of all necessary value-adding modales
qualitative validation and discussion can take @lat regard to the related work. To this end, tber f
synergy fields being worked on can be analyzed:hére volumetric capturing of building data, the
development of the IoT indoor measuring devices,siftup of the DT framework and the design of tRe X
application for displaying and interacting with afipects of the content.

With the design of the physical 0T devices, ruditaegy ambient monitoring could be realized. Theultss
could be contextualized for the research experimanid serve to ensure the safety of the experiments
Furthermore, direct integration into the DT framekvavas realized with self-provisioning capabilities

Bidirectional data and information processing wasueed regarding the architecture and interconmect
the DTs. This allows heterogeneous physical devizd® made available to the backend for example-st
of-the-art IT analyses, calculations, or decisicaking algorithms. The container-based structurehef
UniTwin framework ensures scalability and platfomdependence, as well as autonomous provisioneof th
physical devices by means of self-description m#ghdhe APIs to the DTs opened up to the backefed of
the greatest possible flexibility. However, it mimt considered that as the number of DTs incredises,
management effort for the entire framework and doeumentation effort for interfaces and provided
containers also increases.

Without existing 3D BIM building data, a state-bitart MLS scanner was used to generate volumetric
buidling information. This allowed the differencisthe results to be highlighted and compared. ¢sin
volumetric scan also has challenges. The size amplexity of the scan data can make processing and
rendering in the XR application difficult. It iseérefore important to use suitable software andharel to
efficiently handle and process the data and ensw®ooth user experience. Depending on the scam®, mo
post processing may be necessary to make the ddtarpant on the respective devices. The calcudatio
meshes from the point cloud is also time-consumifigam this perspective, it can be advantageous,
depending on the application scenario, to outsotinieecomputing power to a dedicated computer and,
depending on the performance, only transmit a spording stream to each end device. In additiors, it
important to note that volumetric scans are stafitesentations of the environment. Dynamic elemsith

as moving objects or people or avatars in a cotkth@ session require separate logic in the XRiegujon,
which still needs to be implemented. In the XR agion, decisive features for the realization loé t
described use case could also be implemented.x@&anpe, remote maintenance and experimental scsnari
are now feasible. To ensure the safety of this tenagplication, interlocking mechanisms were adhpte
through the interaction of the room sensors, thaahcscanning measuring device and the XR apptinati
Another major advantage is the interface to the RDWereby the measurement results can be FAIR
compliant semantically enriched with metadata asrtext within the application.

Overall, it could be demonstrated that the integtatpproach of BIM, DTs, loT, and XR has the po&dnd
leverage institute building management and oparatid research environments synergistically. The
establishment of such a joint platform makes itsgue to engage in collaborative and interdisciguiyn
scientific discourse with the help of these tecbgms used. Creating an adaptive, interactive, datd-
driven approach not only supports operations Isd atlvances research and development through esthanc
access to and use of data.

8 CONCLUSION AND FUTURE WORK

The synergy and combination of the technologic&tpa of digital transformation proved to be proimis
for the presented work. Combining all approachesmises successful outcomes for conducting and
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planning in remote and collaboration scenarios.sTisi especially relevant for research institutions
increasingly relying on digital tools to enhancdicgéncy, productivity, and innovation. This ovdral
architecture not only captures the physical laymutalso incorporates digital tools and laboratgyipment
used in research settings, enhancing operatiofieleeicy. The approach also integrates RDM withsthe
models, enabling researchers to easily access @uig eelevant data for further studies. To fullyptoit
these technologies, a method is employed, involpimigt clouds recordings, 10T devices, and thetareaf

XR applications for interactive engagement with DTs

The main contributions here are the generationpradessing of a point cloud for the later developimaé

an XR application in order to collect non-existiBtM data. Furthermore, the development of physical
room monitoring systems, which are representedinvitie DT framework alongside scientific measuretmen
systems. Ultimately, an XR application combinessalb-branches into an overall solution and fornes th
interaction level of the entire structure with amlap FAIR compliant RDM for research institutions.
Developing a flexible, engaging, and data-centtr@ategy not only aids operational processes bui als
propels research and development forward by impgpdata accessibility and utilization. Overall, trdire
use case emerged from the daily problems at tleares institute and therefore proved to be veryngsing
with the results available.

However, there are some limitations that need totdd@n into account in the future. For example,
approaches and options must be sought to ensusxégtion time for clean mesh results from thatioa

of the point cloud. Depending on the size and ase of the XR application, the calculation via apirics
card cluster must be considered. In the futuns, planned to further investigate experiments réigarreal-
time recordings and processing of point cloud rdiogs. The framework should also be expanded tadec
further use cases, such as the expansion and dejptkegration of research equipment, the allocatd
research resources, collaboration and transdisaili studies and the general expansion to additiona
laboratory areas at the institute. The scaling@ustering of several buildings considered in thés would
also be interesting to examine in the smart citytext.
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