Chapter 13 ®)
Immersive Facility oo
Management—A Methodological

Approach Based on BIM and Mixed

Reality for Training and Maintenance
Operations

Sofia Agostinelli and Benedetto Nastasi

Abstract Innovation technology in industries including manufacturing and
aerospace is moving toward the use of Mixed Reality (MR) and advanced tools while
Architecture, Engineering and Construction (AEC) sector is still remaining behind
it. Moreover, the use of immersive technologies in the AEC digital education, as
well as for professional training, is still little considered. Augmented and Mixed
Reality (AR/MR) have the capability to provide a “X-ray vision”, showing hidden
objects in a virtual/real overlay. This feature in the digital object visualization is
extremely valuable for improving operation performance and maintenance activities.
The present study gives an overview of literature about the methodologies to integrate
virtual technologies such as AR/MR and Building Information Modeling (BIM) to
provide an immersive technology framework for training purposes together with the
Digital Twin Model (DTM)-based approach. Furthermore, the Facility Management
(FM) tasks’ training on complex building systems can benefit from a virtual learning
approach since it provides a collaborative environment enhancing and optimizing
efficiency and productivity in FM learning strategies. For this purpose, the techno-
logical feasibility is analyzed in the proposed case study, focusing on the realization of
amethodological framework prototype of immersive and interactive environment for
building systems’ FM. Cloud computing technologies able to deal with complex and
extensive information databases and to support users’ navigation in geo-referenced
and immersive virtual interfaces are included as well. Those ones enable the DTM-
based operation for building maintenance both in real-time FM operators’ training
and FM tasks’ optimization.
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13.1 Introduction

Nowadays, Facility Management (FM) is mainly carried out through performance-
based contracts stressing the importance of the building performance gap between the
as-designed and the as-built configuration (Talamo et al. 2019). The interoperability
between expected performance databases and actual ones remains a key obstacle for
reducing the mentioned gap, but digital technologies have the potential to overcome
it (Wong et al. 2018).

Indeed, monitoring the real data allows the assessment of such a deviation entailing
a continuous Measurement and Verification (Manfren et al. 2020) activity that gives
the chance to narrow the challenge to the predicted and actual maintenance (Atta
and Talamo 2020) during operation. Quantity and quality of information depend on
technologies adopted up to the level of big data calling for cloud computing, machine
learning techniques and data environment readable by building experts (Ahmed et al.
2017).

Building Information Modeling (BIM) has been adopted widely in the design
phase, while for the operation one, its use is often as an archive of information
since the model is created after a survey of the as-built. However, great potential
of this later created model can be expressed if merged with Virtual Reality (VR)
technologies giving the chance to survey and inspect the buildings remotely (Sabol
2008). Furthermore, the experience can be further improved through Augmented
Reality (AR) technologies overlapping the physical visit of the buildings with its
virtual reconstruction. This merge provides instantaneously a batch of information
to the surveyor up to a “X-Ray” vision experience. It entails those experts and non-
expert who can benefit from this technology since required information to fill the
skills and knowledge gap could be received using that technology. This undoubtedly
leads to a widespread of this solution and expeditious adoption by workers and
trainers.

13.2 Material and Methods

13.2.1 Background and Literature Review

Considering that the FM phase is the longest period of the entire building life cycle,
information management utilizing BIM is still facing challenges related to on-site
application since it is mainly used in the design phase (Chung et al. 2021). Due
to differences in design, construction and FM BIM information requirements, the
identification of specific data for operation and maintenance as well as for BIM
integration with external management systems is still a research purpose.
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To this end, an open-source BIM-based Facility Management information
exchange system called Construction Operations Building information exchange
(COBie) has been developed in the UK and USA (East and Carrasquillo-Mangual
2012).

Moreover, the evolution of digital approaches based on Virtual Reality (VR) and
Mixed Reality (MR) introduced the application of immersive spaces for learning and
education in medicine (Liu 2014), construction (Messner et al. 2003) and production
engineering (Maffei and Onori 2019).

Focusing the attention on construction education, studies underlined the effec-
tiveness of MR as an education tool.

Azhar et al. (2018) explored the potentials of MR and VR implementation
in design review. Shirazi and Behzadan (2015) introduced complex construction
processes through AR in construction management, showing that students inter-
acting with the augmented environment were able to improve learning on tasks and
activities.

The same digital approach could be potentially extended to maintenance service
training, as MR provides immersive simulation in a multi-user collaborative and inter-
active environment for real-time live learning. Moreover, MR and other immersive
technologies are promising solution tools for problem-solving and decision-making
processes in operation and maintenance (Ke et al. 2016).

Considering that FM industry needs the acquisition of a large amount of data from
different sources (Irizarry et al. 2013) due to the diversity of the maintained items
(Rankohi and Waugh 2013), immersive technologies provide solutions to ensure
collaboration between operators on the same up-to-date virtual information (Bae
et al. 2013).

Moreover, as building lifecycle’s costs are mostly related to the operation and
maintenance phase (Becerik-Gerber et al. 201 1), the use of virtual collaborative solu-
tions such as AR/VR/MR combined with cloud computing and artificial intelligence
is significant in the FM industry (Zakiyudin et al. 2013).

In this regard, FM industry has increased its interest in digitalization since collab-
orative MR solutions could be useful for the optimization of maintenance activities,
as it enables knowledge transfer between operators and stakeholders, providing them
a context-sensitive interactive platform.

In fact, the use of MR instructions allows more than 82% error’s decreases in
maintenance activities (Mekni and Lemieux 2014). In this regard, NASA’s experts use
Microsoft HoloLens MR-based remote assistance in maintenance tasks (Hachman
2015).

Also, immersive solutions are utilized by Boeing (Sacco 2016) and other
international companies to reduce production time and improve task location for
maintenance operators.

Combining building information modeling (BIM) and MR (Chu et al. 2018) for
FM (Gheisari and Irizarry 2016), remote collaboration and interaction through holo-
grams is enabled, but it still represents a research area. In fact, the integration of
BIM and MR technologies allows users to be virtually co-located even though the
applicability is still under development in FM.
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Therefore, the main purpose of this research is to enhance the use of BIM and
immersive technologies in FM, increasing work productivity through the application
of a Digital Twin-based framework. In this regard, Asset Information Model (AIM)
information dataset has been defined, and Common Data Environment (CDE) and
MR solutions are both used for maintenance and training activities.

13.2.2 System Architecture and Process Flow

The realization of the proposed framework is related to the implementation of
different components and data flow in order to enable the digital Facility Management
system architecture:

BIM Model for Facility Management—Asset Information Model (AIM).
DTM-based up-to-date data flow using mobile user interfaces.
Cloud-based CDE platform for data storage and analysis.

Building on-site maintenance activities using MR.

Remote support and hybrid training using MR (Fig. 13.1).

AR

The proposed framework is based on BIM data as the main source for phys-
ical and digital interactions. The configuration of a customized mobile user inter-
face (UI) allows operators to gain maintenance on-site data directly updating the
AIM through the CDE platform combining as-built and on-site data. The CDE plat-
form also provides a knowledge base for data analysis, machine learning systems,
prediction and reasoning.

Moreover, MR is introduced for holographic on-site operators’ experience as well
as for prototyping a hybrid learning space for workers’ assistance and remote support.

BIM Model for Facility Management—Asset Information Model (AIM). The
Asset Information Model (AIM), as defined by EN ISO 19650:2018, is a BIM model
including specific spaces and assets of the building. This model is mainly used
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to support operation and maintenance phases. Typically, the AIM is the evolution
of a Project Information Model (PIM) which is updated to incorporate modifica-
tions evolved during the operation phase (East and Carrasquillo-Mangual 2012).
This model is also equipped with connectivity data to enable FM systems related
to space, equipment and asset management. Specific operation and maintenance
objects (OMO) need to be identified in the BIM model and structured according to
AIM geometric and information standards which allow the interaction with other
systems with a correct data flow.

A Facility Management dataset that can be associated to BIM’s OMOs is proposed
in Table 13.1 defining both geometric and information standards.

The AIM is structured according to a set of control parameters which allow to
keep a standardized database during the asset’s lifecycle, describing the actual status
of a building, component, or asset over time.

Moreover, the AIM contains parameters related to the Construction Operation
Building Information Exchange (COBie) Standard' (East and Carrasquillo-Mangual
2012) which is used for data transmission during the building life cycle. Such
parameters are also useful for integrating AIM data with Computerized Maintenance
Management Systems (CMMSs) (East and Carrasquillo-Mangual 2012).

DTM-based up-to-date data flow using mobile user interfaces. The concept of
Digital Twin derives from Product Lifecycle Management (PLM) Grieves’ defini-
tion as a digital representation of physical assets and the connections between them
(Grieves and Vickers 2017). As there is still no clear definition of Digital Twins,
Kritzinger et al. proposed three main categories.

(1) The Digital Model (DM) is related to the use of BIM in the construction
industry, as a digital representation without any form of automation in data flow;
(i1) a Digital Shadow (DS) is based on real-time data flow from physical to digital
asset. It is also defined a Digital Shadow when data are automatically and real-time
transferred from physical to digital asset only; and (iii) a Digital Twin is a DM with
automatic data flow from physical to the digital asset and vice versa.

The use of a mobile application is integrated in the proposed system architecture
in order to collect on-site operational data which constantly and automatically update
the AIM parameters. Such approach provides an up-to-date database based on the
Digital Twin concept, as items of the operation and maintenance model (AIM) are
constantly updated by on-site inputs, providing data analysis and reasoning systems
to predict actions.

Cloud-based Common Data Environment (CDE) platform. Cloud computing
allows end-users to access IT infrastructure and applications through the network,
consisting in a combined set of technologies such as the Internet, distributed systems,
virtualization. Depending on end-users’ utilization, it is defined as Infrastructure as

1 COBie (Construction Operation Building Information Exchange) Standard specifies the transfer
of information between the owner and the construction team. Following the last update of COBie
in 2010, now it is called COBie2 and it provides readability both for humans and machinery. The
human readable format is provided in Microsoft Excel Spreadsheet format.
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Table 13.1 AIM information dataset

AIM parameter name AIM parameter type | Description

Development

Dev_Installation Yes/no Specifies whether a component has
already been installed

Dev_Progress_data Text Specifies dd/mm/yy of installation

Dev_Progress Integer Indicates the progress percentage of

the installation

Classification

Class_Technical component Text Main component
Class_Technical sub-component | Text Sub-component
Class_Description Text Description of the classified item

Traceability

Trac_Serial number Text Serial number of the installed
component

Trac_Vendor Text Vendor of the installed component

Trac_Installer Text Installation supplier

Localization

Loc_Building Text Building code
Loc_Level Text Building level
Loc_Position Text Building position
Loc_Room Text Building room
Documentation

Doc_Use-maintenance URL User and maintenance manual
Doc_Datasheet URL Product datasheet
Doc_Web URL Manufacturer’s website
Doc_DB-Management URL Management database
Doc_Product URL Product certification
Doc_Approval URL Homologation certificate
Doc_Mounting URL Assembly sheet
Doc_Installation URL Installation instructions
Doc_Testing URL Test certificate
Doc_Compliance URL Declaration of conformity
Doc_Maintenance-history URL Maintenance history
Doc_Maintenance-plan URL Maintenance plan
Doc_Evacuation-plan URL Evacuation plan
Doc_Survey URL Surveys
Doc_Description URL Component descriptions
Doc_Model URL Product model

(continued)
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Table 13.1 (continued)

AIM parameter name AIM parameter type | Description

Doc_Manufacturer URL Product manufacturer

Facility Management

Fm_Type-of-intervention Text Type of maintenance interventions
Fm_Description Text Maintenance description
Fm_Frequency Number Maintenance frequency (min)
Fm_Cost Number Maintenance cost

Fm_Time Number Maintenance time (min)
Fm_Human-resources Number Human resources for maintenance

activity (n. men)

Fm_Equipment-cost Number Total cost of maintenance equipment

a Service (IaaS), Platform as a Service (PaaS), or Software as a Service (SaaS).
Despite many positive impacts on business management, the adoption of cloud
computing solutions is still remaining behind in construction industry. The main
benefits are decision support system, compatibility, information and organization,
while weakness factors are mainly focused on data security and privacy.

The use of cloud computing in construction industry is strictly related to process
management based on the use of BIM data organized through the implementation of
CDEs. A CDE is a cloud-based and object-based system providing query, transfer,
updating and management of project elements from a variety of data sources (Sacks
et al. 2018) in a single multi-service platform. In such context, the configuration of
a CDE platform plays a relevant role, ensuring a consistent data flow and enhancing
efficiency through the connection of AIM data to on-site operations (Fig. 13.1).
Moreover, the CDE platform is a cloud-based data service for data collection and
analysis (Preidel et al. 2018) of both geometric and information models providing a
knowledge base for the implementation of MR technologies.

Building on-site maintenance activities based on MR. Immersive technologies can
help performance improvement of operators by providing virtual information about
the real environment, as VR, AR and MR allow users to interact with an immersive
and virtual scenario as represented by Milgram and Kishino (Fig. 13.2).

While VR is an immersive full-virtual application, AR provides a virtual-content
layer over real-world scenarios, adding relevant information about the real-time
captured image. MR is a combination of reality and virtuality.

The proposed framework aims to achieve FM performance improvements by
introducing MR technology into on-site maintenance activities, where BIM data
represent the baseline for merging the real and virtual world.

While VR is an immersive full-virtual application, AR provides a virtual-content
layer over real-world scenarios, adding relevant information about the real-time
captured image. MR is a combination of reality and virtuality.
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Fig. 13.2 Mixed Reality spectrum from Milgram and Kishino: AIM-MR virtual overlay

The proposed framework aims to achieve FM performance improvements by
introducing MR technology into on-site maintenance activities, where BIM data
represent the baseline for merging the real and virtual world.

The present application proposes building on-site maintenance activities inte-
grated to MR devices to improve maintenance process efficiency through holo-
graphic on-site implementation of the AIM. In fact, in the proposed framework,
holograms are directly connected to the CDE platform, which provide maintenance
geometric and information data coming from the AIM in a “X-ray” vision immersive
virtual overlay. The MR extension allows operators to perform a new maintenance
work process visualizing the AIM on-site through immersive overlays, checking and
updating the AIM parameters and improving maintenance efficiency.

MR is also a tool for communication and alerts displaying as well as for real-
time collaboration and information visualization during the entire operation and
maintenance process.

Remote support and hybrid training using MR. Azhar et al. (2018) introduced
VR for design communication teaching and observed that students felt unstable and
needed supervision from trainers. While AR introduces digital objects overlaying on
the real world, MR combines the real and virtual scenarios.

The main difference between AR and MR is compared to a sliding scale by
Lehman and Tan (2021), where AR integrates digital objects in the physical world
and MR allows virtual objects’ interaction in the real world. In fact, MR users are
conscious of the real environment while involved in virtual actions. The use of MR
devices improves students’ long-term learning as mentioned by Azhar et al. who
observed the effectiveness of MR in enhancing communication capabilities in AECO
education, revealing the potential of MR for practical and technical trainings.

In such context, AR/VR/MR tools are reliable solutions to train maintenance
operators as (i) literature shows that the initial investment is totally repaid by training
costs reductions; (ii) immersive technologies allow to visualize and interact with
simulated items, according to practical learning approaches which increase trainees’



13 Immersive Facility Management—A Methodological Approach Based ... 141

MR Holografic content

Trainer Trainees

S =¥

spectalor vew CQ:

Building Maintenance training

Fig. 13.3 Shared holographic content

motivation and skills acquisition; (iii) MR systems allow to collect a variety of
performance data in order to check and improve the training process (Borsci et al.
2015).

The objective of the proposed solution is to enable shared training experiences
between physical and digital.

For the above mentioned, the proposed framework (Fig. 13.3) involves MR
approach extended to training purposes (Ogunseiju et al. 2021) aiming to provide
remote assistance from off-site expert to on-site operators sharing the on-site’s
experience within the same holographic view.

On-site technical staff are able to connect to off-site building managers through
video calls, replacing unnecessary physical inspections through the use of shared
remote immersive experiences.

In this regard, an important example of cloud-based solutions to realize training
metaverse has been proposed in Italy in 2022 by Microsoft Italia and Hevolus (2022),
allowing the University of Naples Federico II to experiment the first didactic solution
for participatory and laboratory teaching in MR.

With the same perspective, the use of MR-Hybrid Learning (MR-HL) environ-
ments can be introduced in maintenance service training with the aim of giving
instructions to maintenance operators (Sepasgozar 2020) using MR environments.

In fact, head-mounted devices (HMDs) allow trainers to act and experiment with
free hands (Agostinelli et al. 2021), showing maintenance practical activities using
holograms. Trainees are involved in MR-HL environments being able to visualize
holograms without wearing any device and by only accessing MR data streaming
through a specific cloud-based spectator view platform.

13.3 Conclusions and Future Research

MR is a challenging digital technology for the FM industry, where digitalization is
still relatively behind if compared to other sectors. The adoption of the proposed
framework involves the introduction of digital collaborative solutions with the
potential to increase efficiency in the FM phase.
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The present study aims at contributing to research by investigating the concept
of collaborative MR in operation and maintenance tasks as well as for workers’
training, exploring a possible framework architecture based on BIM an MR for
different application areas of FM. The proposed solution is based on collaborative
MR technology as it has a relevant potential in operative tasks as well as in education
and training in FM sector, improving efficiency as workers currently have to manually
get information from different sources and devices to achieve their tasks, leading to
a large number of possible errors.

Moreover, despite the use of HMDs is currently restricted and uncovered in the
construction sector (Khan et al. 2021), MR could provide access to a digital central-
ized information system obtaining substantial beneficial in work tasks’ optimization
of FM.

In this regard, the proposed system architecture is aimed at finding solu-
tions to potentially address the gap, acting as a starting point for future in-depth
developments.

Moreover, structured and organized BIM data combined with MR systems provide
improved understanding and are a valuable solution to resolve issues and inefficiency
related to traditional design artifacts.

As technology progresses, immersive, realistic and customized training can
improve education in many other fields of AECO industry such as construction site
safety. MR enables workers identifying on-site hazards and gets improved context
experience-based awareness. In this regard, future developments of the present
research could be related to the extended use of MR to construction site safety training
as a tool for enhancing hazard detection, avoidance, response and communication in
order to reduce injuries and deaths in construction sites.

Author Contributions Conceptualization, S.A. and B.N.; methodology, S.A.; formal analysis,
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