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Featured Application: The proposed methodology has been developed to support the Asset1

Management (AM) decision making according to an open Building Information Modelling2

(openBIM) approach. A real case scenario has been considered, within the context of the West3

Cambridge Digital Twin Research Facility, in which the as-built data is imprecise or absent. The4

methodology is well suited to dealing with incomplete data on existing buildings, when the5

objective is integration among AM, the Internet of Things (IoT) and BIM information.6

Abstract: Digital Twins (DT) are powerful tools to support asset managers in the operation and7

maintenance of cognitive buildings. Building Information Models (BIM) are critical for Asset8

Management (AM), especially when used in conjunction with Internet of Things (IoT) and other9

asset data collected throughout a building’s lifecycle. However, information contained within10

BIM models is usually outdated, inaccurate, and incomplete as a result of unclear geometric and11

semantic data modelling procedures during the building life cycle. The aim of this paper is to12

develop an openBIM methodology to support dynamic AM applications with limited as-built13

information availability. The workflow is based on the use of the IfcSharedFacilitiesElements schema14

for processing the geometric and semantic information of both existing and newly created Industry15

Foundation Classes (IFC) objects, supporting real-time data integration. The methodology is validated16

using the West Cambridge DT Research Facility data, demonstrating good potential in supporting an17

asset anomaly detection application. The proposed workflow increases the automation of the digital18

AM processes, thanks to the adoption of BIM-IoT integration tools and methods within the context of19

the development of a building DT.20

Keywords: BIM; openBIM; IFC; IoT; sensors; cognitive buildings; asset Management; digital twin21

1. Introduction22

Asset Management (AM) is a key organisational area in Architecture, Engineering, Constructions23

and Operations (AECO), being a recognised and effective driver for better sustainability of the built24

environment, while improving asset condition and performance [1,2]. Moreover, the management25

of the built environment has entered a new phase characterised by a digital transformation of26

management processes [3]. This phase concerns the adoption of digital tools that can support the27

production, storage and update of information during the life cycle of the assets [4–6].28
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1.1. Digital modelling in Asset Management29

Building Information Modelling (BIM) is now widely adopted by industry as part of their digital30

toolkit, especially when focusing on building systems and components. BIM has been standardised31

internationally by ISO 19650-3 [6], which provides guidance for information management during the32

use phase of the assets [7]. The benefits of BIM have been studied in multiple domains, for example,33

maintenance prioritisation [8,9], energy management [10], sustainability assessment [11] and life cycle34

costing [12]. Advances in BIM are likely to reduce the time needed to update databases in the use35

phase by 98% [13]. However, as a dynamic system, one of the most relevant contemporary challenges36

in AM concerns the integration of the static data stored and managed through Asset Management37

Systems (AMS), with the dynamic data provided by Building Management Systems (BMS) [14] and38

Internet of Things (IoT) sensor networks deployed for specific building management applications39

[15]. The concept of Digital Twins (DT) aims to address the integration of static and dynamic data,40

thereby enabling the creation of a digital replica of the physical building that is always up-to-date41

through its life cycle [16]. DTs are therefore integrated, multifaceted, and multi-scale digital replicas of42

physical assets, systems, processes, and buildings, that accelerate the development and benefits of BIM43

in AECO [17,18].44

1.2. Data integration management45

AM processes are still managed based on outdated procedures in practice, hindering the46

innovation and adoption of digital technologies that could strongly support information management47

and contribute to the integrity, validity and interoperability of the process [19]. DTs for built48

environments are still in their infancy, and there are few applications that integrate static and dynamic49

data in AECO, which is a laggard economic sector in terms of adopting innovative digital tools [20].50

The following issues were identified regarding the lack of integration between static and dynamic51

information in AM:52

• BIM models are often created during the design, manufacturing, and construction phases using53

unclear procedures, and updated as-built models are hardly accessible or even not available. In54

addition to the static nature of BIM, outdated and unreliable (i.e. inaccurate and incomplete)55

building information impedes the full potential of the AM applications during the use phase.56

• Even when updated as-built BIM data is available, scarce attention is still paid during the57

��the design phase to the information management process across the whole asset life cycle.58

Consequently, the information requirements during the use phase are often not met because of the59

way information is created and aggregated (e.g. classified), during the design and construction60

phase. BIM is a flexible modelling approach, which supports the inclusion of geometries, assets61

and systems as part of the model. However this flexibility may result in chaos if recognisable62

hierarchies and classification systems are not defined in the design phase and adopted during63

the assets’ life cycle.64

• Static and real-time data are managed differently because of their nature. For instance, some65

asset information is designed to be static (e.g. asset locations and geometries), whereas asset66

performance is measured in real-time in DTs throughout the use phase. Static data is not updated67

frequently (or at all) and is stored in passive repositories (e.g. relational data-bases or files68

to query or in COBie spreadsheets). Real-time data is variable, requiring special storage and69

management (e.g. actively publishing new data for active subscribers). Information requirements70

are clearly different for static and real-time data, leading to AM applications that cannot use both71

sources of information.72

To the three main issues described above, a fourth can be added, concerning the inaccessibility of73

proprietary data formats: siloed black box systems that vendors use often make data interoperability74

impossible.75
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Efforts have been made to enable more flexible data integration for AM. On one hand, several76

studies are currently being conducted to improve the information exchange during the life cycle of the77

assets within the openBIM approach [21]. OpenBIM indicates the use of BIM based on open standards78

and workflows to improve the openness, reliability and sustainability of life-long data and enable79

flexible collaboration between all stakeholders. An example is ongoing standardisation efforts by the80

International Organisation for Standardisation (ISO), on the 19650 series of standards [4–6]. On the81

other hand, quality AM processes are being investigated using incomplete and inaccurate information,82

particularly on existing assets.83

1.3. Aim of the paper84

The aim of this paper is to present an openBIM methodology to overcome the separation of85

existing static/dynamic information in supporting AM applications with awareness of inaccurate and86

incomplete as-built data. The benefits of this approach include:87

• improved accessibility of the integrated information;88

• users’ profiling and access to the right data at the right moment;89

• dynamic AM application support, with limited as-built information availability and90

• enhanced information quality by better matching with the domain specific requirements from91

different AM applications.92

2. State of the art93

The BIM approach can be broadly defined as a set of digital modelling tools, procedures, and94

methods that support the effective management of information flows during the life cycle of the95

asset [22]. The benefits of BIM adoption in AM and Facility Management (FM) are well documented96

[19,23,24]:97

• it improves the quality of building data (e.g. preventing data replication and limiting redundancy98

and inconsistency);99

• it facilitates data integration during the building life cycle;100

• it improves communication between stakeholders;101

• it enables smoother workflows among involved parties according to standardised procedures;102

• it allows a reduction in time and cost in the retrieval of FM related information;103

• it enables a faster verification process.104

Improved information management (i.e. integration, quality, sharing) is the primary benefit that105

can be achieved through implementing BIM approaches. Through the incorporation of geometry,106

spatial locations and semantic properties, BIM provides a high-fidelity representation for buildings.107

The buildings’ interaction with users is captured by IoT sensors which are increasingly deployed in108

the built environment to collect real-time data on the operational condition of buildings [25]. The109

integration of BIM and IoT has been identified as the key driver for the realisation of cognitive buildings,110

smart infrastructure and, eventually, the smart built environment [26,27]. Several applications of BIM111

and IoT data integration can be found in the literature.112

2.1. Uses of the BIM and IoT technologies113

In the manufacturing and construction phase, sensor data and BIM technologies can be used114

to monitor the construction site schedule and improve the procurement process [28]. The use of115

Virtual and Augmented Reality (VR/AR), which simulate the reality using either virtual reality116

headsets or multi-projected environments or simply add digital elements to a live view (e.g. game117

Pokemon Go), can support construction operations and prevent issues in the execution process (e.g.,118

interference among systems and structural parts) [29]. Global Positioning System (GPS) technologies119

and Radio-Frequency IDentification (RFID) sensors are utilised to monitor the positioning of building120

components against the BIM model [30]. In construction logistics and management, IoT data can121
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be employed to track and improve construction site operations [30] within the context of the lean122

construction, concerning the digitisation and automation of the construction supply chain [31]. In123

Health and Safety (H&S) management, VR and BIM data have been employed to improve the training124

process of workers, and their ability to recognise and assess risks [32]. In the same sector, [33] propose125

integrating wireless sensor networks and BIM technologies to monitor the safety status (presence of126

hazardous gas) of underground constructions sites.127

In FM, BIM and IoT data integration have been studied to enrich the condition monitoring of128

critical assets and real-time assessment of their performance [34]. VR/AR technologies enhance129

indoor navigation [35], which upgrades maintenance procedures. BIM and energy data integration130

improves energy management [36]. Ultrasonic sensors can be used with BIM for maintenance service131

optimisation [37]. Dynamic environmental data can be used to achieve higher user comfort and to132

adapt system behaviour [38].133

The number of applications is growing, and the topic has gained momentum, representing a134

leading research field, which lays a solid foundation for the identification, collation and curation of135

operational datasets and demonstrating the great potential of the DT applications in AECO.136

2.2. Integration architectures137

Besides the applications that can be developed through fruitful BIM and IoT integration, a critical138

aspect can be found in the static and dynamic data integration. The development of an effective139

architecture allows for leveraging of the true potential of static information concerning geometries,140

location and relations among the building elements and the related semantics stored in the BIM model;141

AM and FM information is generally collected in an Asset Information Model (AIM) [8]; and the142

dynamic data streamed through the IoT technologies and managed through the related infrastructures.143

Different types of architecture can be found in the literature, allowing diverse operations on data. [15]144

classifies these architectures according to five methods, as shown in Table 1. These methods fulfill the145

integration of BIM and IoT by utilizing BIM tools’ APIs and relational database, transform BIM data146

into a relational database using new data schema, create new query language, using semantic web147

technologies and hybrid approach, respectively. Basically, these methods keep contextual information148

(BIM data) and time-series (sensor collected) data, and integrate them from different angles. Their149

methodological description, advantages and disadvantages are explained in the table.150
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Table 1. BIM IoT data integration methods [15]

Method Advantages Drawbacks

BIM tools’ APIs + relational
database: Sensor and BIM data
are stored in a relational DB.
Virtual objects are connected
to sensor data through unique
identifiers [39,40].

• Extensive software
support;

• existing of APIs allow
the export/import of BIM
data in the right format;

• easy of using SQL.

• Poor in BIM data
export and enrichment
capabilities;

• insufficient of model
change management
support.

New data schema creation:
Transform BIM data into
relational database using new
data schema [41,42].

• Flexible in users’
customisation;

• supporting data
federation (no need
for conversion);

• allow effective data
management in large
projects.

• Time-consuming in
mapping operations;

• requires BIM data
knowledge and editing
skills.

Create a new Query Language
(QL): for querying time-series
and IFC data [43,44].

• Expressiveness of QL;
• optimised for

domain-specific
applications.

• Scarce dynamic data
query capabilities;

• need to develop a
dedicated platform;

• no standardisation.

Semantic web approach:
for storing, sharing, using
heterogeneous data [45,46].

• Linking data silos;
• managing cross-domain

information;
• effective in projects with

broad scope.

• Need to represent data
in homogeneous format
(RDF);

• DRF is not optimal for
querying dynamic data;

• data redundancy risk;
• fix structure and storage

consuming.

Hybrid approach: semantic
web + relational database:
both approaches are used for
storing cross-domain data [47,
48].

• Data is stored in the most
suitable platform;

• time saving (no
conversion);

• storage saving;
• better performance;
• effective QL.

• RDF conversion still
needed.

3. The proposed OpenBIM methodology151

In this section the methods employed to develop the proposed openBIM approach for IoT data152

integration are presented while exposing the limitations. Then, the proposed workflow is depicted153

addressing these limitations to leverage the full potential of the available static and dynamic data,154

supporting the development of AM applications, even when as-built data is incomplete. The purpose is155

to create an approach that is effective when dealing with existing buildings where as-built information156

is frequently absent or not reliable.157

The proposed openBIM approach aims to extend the BIM methods and tools for improved158

accessibility, usability, management and sustainability of data in AECO [21]. It promotes data sharing159

and collaboration among parties using open standards, addressing the common BIM issues related to160

proprietary technologies and software. For this purpose, the Industry Foundation Classes (IFC) data161

schema has been adopted to support and handle the BIM data [49].162
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The IFC schema is an object-oriented open standard [50] widely studied as an effective means for163

interoperability, sharing, collaboration and classification. The IFC schema is extensive and complex,164

and therefore its usage has been limited to simple software interoperability workflows and visualisation165

of key information of the BIM model. Nonetheless, IFC offers good support for not only geometry166

representation, but also semantic data enrichment. In this research the IfcSharedFacilitiesElements167

schema has been employed to handle geometric and semantic information of both existing and newly168

created IFC objects, supporting real-time data integration.169

Rarely, the level of both geometric and semantic detail and the classification system (the170

granularity) adopted in developing the BIM model, in the design and construction phase, is adopted171

in the use phase. According to [51], the IfcAsset has been adopted for re-aggregating building172

components in order to achieve the desired level of granularity used in AM. The IfcAsset (the173

element breakdown is elaborated in Figure 1) is defined as "a grouping of elements acting as a single174

element that has a financial value.", allowing objects that are not spatially connected to be related,175

through the relationship IfcRelAssignsToGroup. Moreover, another artefact that can be leveraged176

for semantic enrichment of the BIM model is the IfcAsset, which allows the objectified relationships177

IfcAssignToActor, IfcAssignToControl, IfcAssignToProcess and IfcAssignToResources to be178

associated with a wide set of data within the context of the AM domain.179

Figure 1. IfcAsset schema

In practice, as-built data is incomplete and not reliable. When integrating with IoT data, this180

may result in hampering an effective digital representation of both the sensor objects and the spatial181

elements measured by the sensors. This issue is addressed by modelling non-geometric objects in182
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Figure 2. Research schema.

IFC, which allows a modular updating of the BIM model. This approach leverages both the 3D and183

semantic potential of the IFC schema, streamlining the integration of BIM, AM and IoT data.184

From the perspective of applications, detailed spatial/geometrical information is not always185

necessary. As typical distributed systems, buildings need to be monitored, managed and controlled.186

Eventually, buildings’ performance can be simulated under known building systems organisation187

using individual asset components. For instance, for the anomaly diagnosis of Heating, Ventilation and188

Air-Conditioning (HVAC) systems in a specific building, only the basic mechanical system information189

is needed: describing the HVAC system configuration and the links between architecture zones and190

HVAC terminal units [52]. This scenario is used in Section 4 for demonstrating the benefits of the191

proposed approach. In the development of the IfcAsset, in fact, the classification system adopted by192

asset and facility managers must be considered in order to support inter-operable and flexible AM193

processes. For querying and modifying the IFC, several Application Programming Interfaces (APIs)194

can be used. The IfcOpenShell-python1 module and the BIMserver2 software for IFC visualisation and195

queries are used in this research.196

Figure 2 depicts the proposed methodology. The process starts with the definition of Information197

Requirements (IRs), which is designed to identify the relevant data employed for the operation of the198

building according to the business and client needs and the outcomes of the application. This step is199

composed of three sub-tasks regarding the definition of the static and dynamic IRs and the definition200

of the Service Level Agreements (SLAs).The static IRs correspond to the AM information, characterised201

by a low frequency of updates and more classical information management. Static IRs include the202

level of aggregation of the assets (granularity) at which the maintenance interventions are conducted.203

The dynamic IRs concern the IoT data management, including how to aggregate data into indicators204

to measure performance through the installed sensors, and how to associate this information with the205

physical and spatial elements of the building. The SLAs concern the performance agreed for operating206

the assets at an acceptable service level.207

The IRs definition step is crucial to the IFC processing and the creation of the IfcAsset assignment208

relationships. The IFC processing should consider the classification system used for AM (explicitly209

related to how the static and dynamic data are handled). This would facilitate the adoption of the210

methodology in practice and increase its usability.211

The next step is IFC data processing to meet the IRs. To achieve this, it is necessary to edit the initial212

IFC file generated through the BIM authoring software. IoT integration requires access to data schemes213

related to objects that might not be available (modelled) in the IFC file. This is a common issue with214

existing buildings, where the BIM information is partial or outdated as a result of the modifications215

of the physical elements and functions of the building during its use. These modifications can be216

1 http://ifcopenshell.org/
2 https://github.com/opensourceBIM/BIMserver

http://ifcopenshell.org/
https://github.com/opensourceBIM/BIMserver
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recorded, for example, in the building logbook, but they are rarely collected and managed in BIM217

models. Furthermore, system components are frequently difficult to access and inspect, and therefore218

to model correctly in the BIM environment. For this reason, in a streamlined approach to BIM data219

updates, the geometry of not accessible (or visible) components may be overlooked, focusing mainly on220

the semantic enrichment. Nonetheless, the modular development of the digital model should always221

be considered, enabling detailed 3D data integration once available (e.g. through a detailed inspection,222

after a refurbishment). Additionally, to represent correctly the semantic relationships among the newly223

created and existing IFC classes, the objectified relationships also need to be modelled. This allows224

for the connection and effective querying of systematically interdependent IFC classes that are not225

originally related in the IoT applications. When dealing with existing building data, the aggregation226

and classification system adopted in design and construction does not match its counterpart used in227

operations. As a consequence, re-aggregation must be conducted to unlock the real potential of BIM228

data in AM. The IfcAsset class has been employed for this purpose as the grouping entity enabling229

the collection of homogeneous sets of elements forming the parts of the systems in the building.230

The last step concerns IoT data integration. The entire IFC schema is not necessary to handle IFC231

and IoT integration; rather, it can be achieved by linking the sensor readings to the existing or newly232

created IFC classes, through the GUID of each IFC object. Therefore, only the relevant IFC subset need233

to be exported, following a Model View Definition (MVD) approach [53]. The MVD is essentially a234

filtered view of the IFC, which allows the extraction of specific packages of model information to meet235

a particular use. The application development and implementation based on this integration must236

support dynamic decision-making. Some of them are listed in the Step 4 in Figure 2. Step 2, IFC data237

processing will be discussed in detail in the following section.238

4. Case study239

The proposed methodology has been applied to the Institute for Manufacturing (IfM) building240

located in the West Cambridge campus of the University of Cambridge. It is part of the West Cambridge241

DT Research Facility [18] and has been equipped with a customised IoT sensor network, comprising a242

set of Monnit3 wireless sensors measuring indoor environmental and asset parameters, for instance,243

temperature (C°), relative humidity (%), CO2 concentration (ppm) of indoor spaces and window244

open/close status, and HVAC pump vibration frequency (Hz) among others.245

A BMS, based on the Trend4 platform, is currently used to monitor the performances of mechanical,246

electrical and pumping (MEP) systems. This data remains in a different system and is not integrated247

with the IoT sensor data. Thus, it cannot easily be used together to make informed decisions248

on assets operations. To demonstrate the capability of the designed scheme, a typical anomaly249

detection application for the Heating Ventilation and Air Conditioning (HVAC) system monitoring is250

implemented [36].251

Assets responsible for delivering the functionalities of the building determine the quality of the252

services and the comfort of the spaces that it provides for its inhabitants. Monitoring the working253

condition of the assets and further revealing the raised anomalies, either environmental or asset-wise,254

is important for guaranteeing building operational performance. As a result of the limitation in255

computational resources for buildings, here the performances of HVAC system components are256

monitored individually without considering their interdependence. The anomaly detection of asset257

monitoring for operation and maintenance management requires comprehensive data sources, both258

static and dynamic, for intact building facilities information. For the definition of the static information259

requirements, the following information has been considered:260

3 https://www.monnit.com/Products/Sensor/
4 http://www.trendcontrols.com/en-GB/

https://www.monnit.com/Products/Sensor/
http://www.trendcontrols.com/en-GB/


Version November 17, 2020 submitted to Appl. Sci. 9 of 17

Figure 3. UML schema of the proposed approach implemented in the case study.

• Geometries and location of the HVAC components, including primary air loop, variable261

refrigerant flow (VRF), water circulation pumps and radiators;262

• Relevant data in the civil components of the building (technical specifications, active contracts,263

maintenance records, models and producer of the components);264

• Sensor location and technical specifications;265

• System architecture, that is, the way the HVAC system is organised from multiple components,266

according to a classification system;267

• Interface requirements with the real-time platform.268

The real-time information requirements are defined considering the following:269

• Set points for the HVAC system (e.g. the temperature of the rooms, relative humidity, CO2270

concentration);271

• Data on comfort parameters measurements (BMS, Monnit sensors);272

• Data on the BMS and IoT sensors status.273

Table 2 collects the information requirements defined for two rooms (labelled G.44 and 1.58) and274

the related assets in the building. According to the anomaly detection application needs, the level275

of aggregation of the assets has been defined. This new bespoke classification has been employed276

to group the relevant building elements to be monitored through the anomaly detection application.277

Some were already present in the initial version of the IFC file (i.e. Table 2 marked as Existing278

"yes"), while others had to be created (as non-geometrical classes). In the modelling procedure, the279

IFC2x3 TC1 [54] version has been used. This version, despite being improved by Version 4, offers280

wider software support, allowing more accurate visualisation of complex geometries, especially in281

commercial software. However, the possibility to upgrade the workflow with more recent IFC versions282

has been considered.283

In the definition of the IRs, IoT and BMS sensors are crucial for collecting data on the comfort284

and function of the spaces and equipment in the building. Different types of sensor had to be handled285

accordingly: environmental sensors (i.e. temperature, RH and CO2) have been related directly to the286

IfcSpace, while integrated sensors have been associated with the directly related building components287

(e.g. AHU_4.AHU supply air filter DPS in Table 2 have been associated to IfcFilterType). After creating288

the missing IFC objects, they have been aggregated to form assets, through the IfcAsset. Figure 3289

represents the updated IFC including missing building components in Table 2.290

The entities necessary to develop the IfcAsset classes can be defined in advance through the291

IfcOpenShell-python software and are used as follows:292

G44_asset = ifcfile.createIfcAsset(293



Version November 17, 2020 submitted to Appl. Sci. 10 of 17

Ta
bl

e
2.

A
no

m
al

y
de

te
ct

io
n

ap
pl

ic
at

io
n

in
fo

rm
at

io
n

re
qu

ir
em

en
ts

de
fin

it
io

n

C
od

e
A

ss
et

Se
ns

or
na

m
e

Lo
ca

ti
on

Se
ns

or
ty

pe
U

ni
t

IF
C

en
ti

ti
es

Ex
is

ti
ng

G
44

G
.4

4
(l

ev
.0

)
If

cS
pa

ce
ye

s
G

44
_1

M
on

ni
ts

en
so

r
G

.4
4

ro
om

se
ns

or
un

it
C

°/
%

If
cS

en
so

rT
yp

e
no

G
44

_2
Te

m
pe

ra
tu

re
V

R
F

A
ir

te
rm

in
al

at
V

R
F

36
se

ns
or

un
it

C
°

If
cE

ne
rg

yC
on

ve
rs

io
nD

ev
ic

e
ye

s
G

44
_3

Te
m

pe
ra

tu
re

V
R

F
A

ir
te

rm
in

al
at

V
R

F
37

se
ns

or
un

it
C

°
If

cE
ne

rg
yC

on
ve

rs
io

nD
ev

ic
e

ye
s

G
44

_4
Fa

n
sp

ee
d

V
R

F
A

ir
te

rm
in

al
at

V
R

F
36

in
te

gr
at

ed
le

ve
l(

1-
n)

If
cF

an
Ty

pe
no

G
44

_5
Fa

n
sp

ee
d

V
R

F
A

ir
te

rm
in

al
at

V
R

F
37

in
te

gr
at

ed
le

ve
l(

1-
n)

If
cF

an
Ty

pe
no

A
H

U
A

H
U

2
If

cA
ss

et
no

A
H

U
_1

A
H

U
ex

tr
ac

ta
ir

te
m

pe
ra

tu
re

af
te

r
th

e
ai

r
m

ix
er

se
ns

or
un

it
C

°
If

cS
en

so
rT

yp
e

no
A

H
U

_2
A

H
U

ex
tr

ac
tf

an
sp

ee
d

A
H

U
ex

tr
ac

tf
an

in
te

gr
at

ed
ls

-1
/%

If
cF

an
Ty

pe
no

A
H

U
_3

A
H

U
ex

tr
ac

ta
ir

fil
te

r
D

PS
A

H
U

ex
tr

ac
ta

ir
fil

te
r

in
te

gr
at

ed
Pa

If
cF

ilt
er

Ty
pe

no
A

H
U

_4
A

H
U

su
pp

ly
ai

r
fil

te
r

D
PS

A
H

U
su

pp
ly

ai
r

fil
te

r
in

te
gr

at
ed

Pa
If

cF
ilt

er
Ty

pe
no

A
H

U
_5

A
H

U
su

pp
ly

fa
n

sp
ee

d
A

H
U

su
pp

ly
fa

n
in

te
gr

at
ed

ls
-1

/%
If

cF
an

Ty
pe

no
A

H
U

_6
A

H
U

su
pp

ly
ai

r
re

he
at

le
ve

l
A

H
U

su
pp

ly
ai

r
re

he
at

in
te

gr
at

ed
%

If
cC

oi
lT

yp
e

no
A

H
U

_7
A

H
U

su
pp

ly
ai

r
te

m
pe

ra
tu

re
be

fo
re

th
e

ai
r

sp
lit

te
r

se
ns

or
un

it
C

°
/

Pa
If

cS
en

so
rT

yp
e

no
A

H
U

_9
Th

er
m

ow
he

el
ex

ch
an

ge
ra

te
Th

er
m

ow
he

el
in

te
gr

at
ed

%
he

at
If

cA
ir

To
A

ir
H

ea
tR

ec
ov

er
yT

yp
e

no
W

R
2

W
R

2
If

cA
ss

et
no

W
R

2_
1

W
R

2
su

pp
ly

te
m

pe
ra

tu
re

be
fo

re
W

R
2

lo
op

se
ns

or
un

it
C

°
If

cS
en

so
rT

yp
e

no
W

R
2_

2
W

R
2

co
ol

in
g

pu
m

p
D

PS
W

R
2

co
ol

in
g

pu
m

p
in

te
gr

at
ed

Pa
If

cP
um

pT
yp

e
no

W
R

2_
3

W
R

2
re

tu
rn

te
m

p
le

av
in

g
W

R
2

lo
op

se
ns

or
un

it
C

°
If

cS
en

so
rT

yp
e

no
D

A
C

_1
D

ry
ai

r
co

ol
er

D
PS

D
A

C
in

te
gr

at
ed

Pa
If

cC
hi

lle
rT

yp
e

no
D

A
C

_2
D

A
C

on
te

m
p

be
fo

re
D

A
C

in
te

gr
at

ed
C

°
If

cS
en

so
rT

yp
e

no
D

A
C

_3
D

A
C

of
ft

em
p

af
te

r
D

A
C

in
te

gr
at

ed
C

°
If

cS
en

so
rT

yp
e

no
D

IA
L

1.
58

(l
ev

.1
)

If
cS

pa
ce

ye
s

D
IA

L_
1

Sp
ac

e
te

m
p

sp
ac

e
se

ns
or

un
it

C
°

If
cS

en
so

rT
yp

e
no

R
A

D
R

ad
ia

to
rs

If
cA

ss
et

no
R

A
D

_1
R

ad
ia

to
r

pu
m

p
D

PS
R

ad
ia

to
r

pu
m

p
in

te
gr

at
ed

Pa
If

cP
um

pT
yp

e
no

R
A

D
_2

V
T

flo
w

su
pp

ly
te

m
p

ra
di

at
or

in
le

t
se

ns
or

un
it

C
°

If
cS

en
so

rT
yp

e
no

R
A

D
_3

V
T

flo
w

re
tu

rn
te

m
p

ra
di

at
or

ou
tl

et
se

ns
or

un
it

C
°

If
cS

en
so

rT
yp

e
no

R
A

D
_4

V
T

he
at

m
et

er
se

ns
or

un
it

K
w

h
If

cF
lo

w
M

et
er

Ty
pe

no



Version November 17, 2020 submitted to Appl. Sci. 11 of 17

create_guid(),294

owner_history,295

’G44 Asset’,296

’Critical components in Room G44’,297

’Asset’,298

Identification,299

OriginaValue,300

CurrentValue,301

TotalReplacementCost,302

Owner,303

User,304

ResponsiblePerson,305

IncorporationDate,306

DepreciatedValue307

)308

The relationships among the relevant elements and the assets are created and associated with the309

asset.310

ifcfile.createIfcRelAssignsToGroup(311

create_guid(),312

owner_history,313

’Asset AHU - group’,314

’Group of objects in AHU asset’,315

(AHU_1, AHU_2, AHU_3, AHU_4, AHU_5, AHU_6, AHU_7,316

AHU_9),317

None,318

AHU319

)320

Finally, the assets are connected to the served room.321

ifcfile.createIfcRelAssignsToProduct(322

create_guid(),323

owner_history,324

None,325

None,326

(G44_asset, AHU, WR2),327

None,328

G44)329

The processed IFC can be visualised and queried in BIMserver as displayed in Figure 4.330

Furthermore, the model can be queried through JSON queries, and the subset of the original IFC data331

can be downloaded, allowing the creation of MVDs able to support further data integration. This is332

relevant in the anomaly detection application since, after running necessary algorithms on dynamic333

data, it is possible to access the information related to the assets potentially responsible for the detected334

anomalies.335

Taking the asset anomaly detection application on the HVAC system as an example (Figure 5),336

the processed IFC lays a solid foundation for flexible data integration that supports corresponding337

AM functions. In this case, the real-time operational data of the HVAC components, such as the WR2338

cooling pump and AHU extract fan, and the real-time environmental data of the regulated spaces, are339

integrated for analysis through the proposed approach (Figure 5).340
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Figure 4. Visualisation of processed IFC through BIMserver

Figure 5. Anomaly detection application.
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Contextual anomaly detection algorithms, like cumulative sum (CUSUM) control chart or341

Bayesian Online Change Point Detection (BOCPD), can be used to dynamically reveal anomalous342

behaviours that deviate from the anticipation [36]. Subsequently, extracting the objectified relationships343

among modelled assets and spaces, the causality of found anomalies can be inferred, and the root cause344

can be identified accordingly. Picking up the correlations of the unexpected anomalies, corresponding345

local repair, replacement and maintenance operation activities can be triggered to enable preventive346

maintenance and mitigate the effects of failure risk. In particular, the proposed approach provides a347

useful tool to back up semantic and geometric data management for AM applications and to facilitate348

the development of potential application areas [55].349

5. Discussion350

The proposed approach supports data integration and interoperability in the digital built351

environment. The methodology enables the effective utilisation of BIM data in the use phase of352

the assets, supporting the dynamic decision making. Data from the three systems (BIM environment,353

IoT platform and BMS) was integrated and processed, focusing on the usability of the systems, building354

a new data structure on top of the existing data sets. Accordingly, information can be accessed and355

used, integrating and supporting the workflows and operations of the asset management team. The356

data re-aggregation and processing allows useful insights supporting operations in AM of cognitive357

buildings’.358

The methodology was developed employing open source software for better interoperability and359

cross-platform usage. In addition, the open standard IFC is used to support information management360

in the context of the cognitive buildings and smart built environments. IFC also allows the accessibility361

and integration capabilities to be increased in the development of further applications. The proposed362

approach, considering the Digital Twin system architecture proposed by [18], sits in the Data/Model363

integration layer and therefore supports the data integration for the development of multiple AM364

applications.365

IFC artefacts such as IfcAsset and IfcSharedFacilitiesElements were used in the proposed366

methodology to enable data integration, including the association with the controls and processes367

(Figure 1) capable of supporting the automation of((((
((automating AM processes. Although the enrichment368

of the IFC schema with relevant AM information (e.g. contractors, resources, economic and financial369

data, maintenance planning data etc.) may be beneficial in the standardisation of the data collection370

and process, it can also result in storage and update issues. IFC is a static data format, which poorly371

supports the dynamic data update. Accordingly, the IRs definition phase in this methodology is vital372

to the success of this approach, since it includes the potential uses of data during operation.373

The case study demonstration was conducted using IFC 2x3, despite Version 4 [49] being available.374

The methodology can be adapted to the newest version for the data set based on Version 4. The375

application of the workflow to a digital model with more detailed geometries is possible, since the type376

entities have been generated in IFC for non-geometric virtual elements. The types can be related to the377

geometric objects by means of the IfcRelDefinesByType relationships, once they become available378

(e.g., after a refurbishment). After updating the IFC with geometries, further capabilities of the schema379

can be leveraged for location-enabled AM services (e.g. indoor navigation, H&S and agent-based380

simulations).381

Despite IFC being one of the primary means for interoperability and openBIM standards, it often382

needs to be converted to be fully usable in the development of software applications. A conversion383

procedure should be defined. BIMserver offers the possibility to export a sub-set of the imported384

IFC data, in order to achieve this result. Data can also be exported in JSON format, enabling the385

development of more generic and cross-domain applications [56]. This process should follow the386

MVD approach [53] in order to be repeatable and recognisable within the BIM domain, even though387

this approach is not extensively described in this article. Accordingly, it is possible to enhance the388
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capabilities offered by the IFC model and IFC data, which can be queried through existing technologies389

and languages after being processed.390

We consider that the classification of BIM IoT data integration methods in Table 1 requires some391

extension with the advent of new technologies. The openBIM methodology proposed in this paper392

cannot be completely classified into any of those categories, as it shares some characteristics of multiple393

methods. The characteristics of the openBIM approach that we propose are:394

• Flexible schema: Data in the OpenBIM approach is not constraint by a classical relation data395

schema. A flexible data schema is proposed to facilitate data collection from diverse data sources.396

• Standardised metadata: Predefined common metadata attributes to tag data from different397

sources homogeneously in the data platform. These agreed metadata attributes also enable398

dynamic data integration and multi-format conversion.399

• Real-time perspective: One of the main goals is to enable rapid data transfers by limiting the size400

of data packages. This reduces the latency of data end-to-end and allows timely decision-making.401

We have implemented this data management approach by using JSON Objects throughout the402

platform. JSON is a NoSQL approach with a flexible schema. The flexibility is managed through403

predefined attributes to tag each data message. There is no need for a particular querying language,404

since JSON Objects can be serialised in plain text. This also supports rapid data transfer given that405

data coming from dynamic sources send small packages embedding data in individual JSON files.406

BIM information is extracted from the original IFC files with BIM tools APIs and integrated as required407

by the AM applications. Thus, it is possible to assert that our approach could be considered as a408

combination of all the categories in Table 1, leveraging most advantages from each one of them. Further409

quantitative investigation of the methodology performance is necessary, particularly when comparing410

it with other integration architectures.411

From the application perspective, the designed IFC scheme opens the door for a diversity of412

AM applications. Through the definition of the IRs at the beginning of the specific application413

development, it is possible to integrate both real-time and static information from different systems to414

support conventional and dynamic decision-making in AM. Overcoming the challenge of fragmented415

data, the use of diverse information collected in the design, construction and, particularly, the use416

phase, together, can be beneficial for a variety of AM practices, such as commissioning and closeout,417

quality control and assurance, energy management, maintenance and repair, and space management418

[55]. Within this context, the proposed methodology will be further tested in applications requiring419

IFC data to be re-aggregated according to a different criteria, supporting information management420

and static/dynamic data integration.421

6. Conclusions422

The proposed approach has shown good applicability to existing buildings, allowing the issues423

arising from the lack or incompleteness of data to be addressed. Through the proposed methodology,424

the potential of data usually siloed in their own domain can be accessed more easily, supporting425

the development of AM applications for cognitive buildings. It offers an effective approach to data426

integration in the mid-term perspective, providing support for both the integration of static AM427

information and real-time IoT data. Furthermore, this paper demonstrates the potential of the openBIM428

approach in built AM, enabling a data-driven approach that can help to reduce the uncertainty arising429

from the lack of knowledge on the physical and digital assets and automating operations. In future430

research, its robustness should be tested in the development of additional application case studies.431
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