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Abstract
In the Architecture, Engineering, Construction and Operations (AECO) there is a growing interest in the
use of the Building Information Modelling (BIM). Through integration of information and processes in
a digital model, BIM can optimise resources along the lifecycle of a physical asset. Despite the potential
savings are much higher in the operational phase, BIM is nowadays mostly used in design and construction stages and there are still many barriers hindering its implementation in Facility Management (FM). Its
scarce integration with live data, i.e. data that changes at high frequency, can be considered one of its major
limitations in FM. The aim of this research is to overcome this limit and prove that buildings or infrastructures operations can benefit from a digital model updated with live data. The scope of the research concerns
the optimisation of FM operations. The optimisation of operations can be further enhanced by the use
of maintenance smart contracts allowing a better integration between users’ behaviour and maintenance
implementation. In this case study research, the Image Recognition (ImR), a type of Artificial Intelligence
(AI), has been used to detect users’ movements in an office building, providing real time occupancy data.
This data has been stored in a BIM model, employed as single reliable source of information for FM. This
integration can enhance maintenance management contracts if the BIM model is coupled with a smart
contract. Far from being a comprehensive case study, this research demonstrates how the transition from
BIM to the Asset Information Model (AIM) and, finally, to the Digital Twin (i.e. a near-real-time digital
clone of a physical asset, of its conditions and processes) is desirable because of the outstanding benefits
that have already been measured in other industrial sectors by applying the principles of Industry 4.0.
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1 Introduction
The construction industry, compared to other sectors, presents a low level of digitisation
[1]. However, there is a growing interest in using new technologies in order to improve
building management and maintenance and reduce whole life cycle costs. Building Information Modelling (BIM) and the information management processes encompassed by ISO
19650-2 [2] are taking great advantages by the use of these technologies. However, BIM is
used mainly for design and construction phases [3], despite the use phase represents the
largest portion of the whole Life Cycle Cost (LCC) of the building process, from 65% up
to 85% [2]–[3]. Among these costs, the ones related to energy consumption have a key-role
in construction industry. In the European Union (EU) buildings account for 40% of total
energy consumption, which is bound to increase [4]. Recent studies assert that a reliable
occupancy detection can improve buildings energy management and savings [3], [5]–[9].
According to Christensen et al. [10] occupancy information can be used to control systems
and equipments, which can be operated according to the number of occupants in the building, reducing the energy consumption. Harle [11] proved that occupancy detection can
help saving up to 50% in lighting costs. Moreover, occupancy detection can reduce
Heating, Ventilation and Air Conditioning (HVAC) energy consumption up to 20% [12].
Several types of sensors can be used to gather occupancy data from a building thanks to
their widespread availability and ease of installation. Occupancy detection in buildings is
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often carried out through Passive InfraRed (PIR) and ultrasonic sensors [13]. Some applications of PIR sensors to control lighting in internal spaces can be found in literature [14], but
this kind of sensor is not suitable for occupancy detection in large internal spaces (e.g. offices)
[9], [10]. Ultrasonic sensors were introduced for demand-driven applications as an improvement over PIR sensors as they do not require line of sight and continuous movement [15].
Although sensors-networks have a great potential to gather reliable information on occupancy, sometimes, especially in existing buildings, their use is hindered by high installation
costs. Hence, one of the constrains of the research was to use inexpensive but reliable sensors.
Among all the types of sensors systems used for occupancy detection, image detection
systems are the only ones able to provide information on location, count, activity, identity and
track at the same time [15]. Despite an expensive and specific hardware is required by an
image detection system to be able to provide comprehensive information on a whole building, a single camera can often cover a wide floor area and, consequently, the whole system
cost may be even lower than the one based on an ultrasonic sensors’ network. Not to mention
that a system based on ultrasonic sensors is not able to provide all the information that can be
gathered by an image detection system.
In this paper we propose a method to measure precise real-time occupancy data in crowded
environment detecting people movements using Image Recognition (ImR) sensors and computer vision. This method is part of a wider research aiming at improving Facility Management
(FM) using BIM as a single source of information. The aim of this research is to prove that a
BIM model fed with real time data coupled with a smart contract can change FM current
practice. In order to gradually address the wider research objective, the method presented
through this article has been validated on a case study building, an office b uilding in Milano.
2 Background
Large amount of data, which come from buildings, need to be managed. To date, there are
several tools and methodologies to manage the built environment: two of the most common are
Computer Aided Facility Management (CAFM) and the Computerized Maintenance Management Systems (CMMS) [16]. On the other hand, the BIM approach allows also the integration
of information for buildings maintenance and management. The integration between real-time
information and BIM fosters the development of a single source information also known as
Digital Twin, which could improve decision making, energy and asset management [17]. To
define occupancy in a space and update real-time data in the digital model two types of detection systems can be used: individualized and non-individualized, based on whether or not an
occupant can be identified [18]. Among non-individualized systems can be encompassed passive sensors such as infrared sensors, CO2 sensors, light sensors or ultrasonic sensors, which
provide data that can be used to calculate the occupancy indirectly. Even if these kinds of
sensors do not present any privacy issues because they cannot identify users; they could present some problems in counting people, especially in a crowded environment [19]. Moreover,
also environmental conditions might limit sensors’ usability [19].
Individualized detection systems use instead images, radio signals, Radio-Frequency
IDentification (RFID) tags which are more reliable in counting people [20] even if they can
present some privacy issues due to people personal data collection.
In the last years several of the above-mentioned types of detection systems were used to
detect and count people in building spaces [21]. Each method present advantages and limitations (e.g. PIR sensors cannot detect steady people).
Therefore, Benezeth et al. [22] proposed a system to count people using an analysis based
on camera and video. The system they propose is based on three steps: 1) change detection
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using a background model updated at different levels to manage the most common variations
of the environment 2) objects tracking 3) recognition. Despite privacy issue, their system
gives a detection rate of 97%.
To overcome privacy problems, Sarkar et al. [23] used an image sensor, without storage
capacity, for daylight harvesting and occupancy detection. However, with this kind of system
is possible only to detect whether or not the room is occupied.
3 methodology
The proposed occupancy detection system aims at updating a digital asset with live data. The
purpose is to provide improved FM services. This system is based on the use of the following
components: an Image Recognition sensor integrated with a Raspberry board and connected
with a database on a server which, through a wireless connection, updates the BIM model of
the building (Fig. 1).
To achieve an increased level of data reliability and an automation in information storage
and management, an Artificial Intelligence (AI) installed on the Raspberry board is coupled
with the image sensor. In this way a better recognition both of people and their movements is
possible, and data are automatically stored in the digital twin of the building.
The camera is installed on the false ceiling in order to better recognize people and to avoid
privacy issues. When a person, or more than one, enter in the field of view of the camera, the
Artificial Intelligence on the Raspberry analyses the frames in order to detect and track movements and direction of all people in the captured images. Frames are divided in four parts
(Fig. 2), one for each possible direction people can take.
To each part is assigned a certain room in the floor of the building. When a person crosses
two of the four sectors composing the frame (the red circle in Fig. 2), the script updates the
database on the server adding (+1) to the occupancy value of the room assigned to the last
sector occupied by the person and subtracting (−1) from the occupancy value of the room
assigned to the sector he/she left.
Data are stored in the digital model, which allows to trigger maintenance work orders
when the threshold defined in the maintenance plan is reached.

Figure 1: Occupancy detection components and connections.
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Figure 2: The four sections of the frame.
4 SIMULATION AND VALIDATION
Real-time data plays a key role in buildings management and maintenance, contributing to
the improvement of the whole life cycle cost.
In this article we evaluate an image recognition method able to better define occupancy in
building spaces. To investigate the accuracy of the proposed system in collecting occupancy
information, a test in an office building of Politecnico di Milano has been carried out. To
perform this test, a Raspberry Pi single-board computer (Fig. 3a) and a camera (Fig. 3b) have
been employed. These devices are connected to a wi-fi network.
An Artificial Intelligence which read and analyse frames of the camera and recognize people and their directions has been loaded on the Raspberry board. The BIM model was realized
with Autodesk Revit and updated with real-time data using Revit DB Link. As cloud database
was used Microsoft Azure SQL Database.
For this simulation, the camera was installed on the false ceiling (height = 240cm) at the
intersection of two corridors. Detected area was about 200 x 160 cm divided in four parts by

Figure 3: (a) Raspberry Pi board (b) camera.
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two virtual lines defined by the AI. In order to assign occupancy values to the building spaces,
the four parts of the frame were assigned to four different spaces defined in the virtual model
(hence also in the SQL database).
In order to evaluate the system accuracy, gathered data have been compared and validated
on site by the authors registering people passing under the camera and their directions. Data
collected were stored also with information about time and room identifier.
The SQL database in which occupancy data was stored coupled with the BIM model define
the digital model of the building, which is always updated with real-time data. Both Realtime data and historical data were stored in the database, and this information can be always
obtained by the maintenance services provider.
5 RESULTS AND DISCUSSION
A first problem emerging from this occupancy detection system is the privacy issues due to
the sensors with the camera in a public workplace. To overcome this drawback, the camera
has been placed on the top, installed to the false ceiling and oriented vertically towards the
floor. No faces have been detected and the script uploaded on the Raspberry board cannot
recognize people. Moreover, images have not been stored and, to reduce noises and improve
the counting of people, have been modified through morphological operations, which makes
impossible to r ecognize people (Fig. 4).
If the data are owned by the employer and not by the maintenance service provider, additional privacy issues could rise (e.g. occupancy value of workers’ personal offices). In this
case, to overcome this problem, after the maintenance work order is sent to the maintenance
provider, just the average value of floor occupancy could be stored in the digital model. In this
way major privacy issues could be avoided.
The script used in this simulation allows to detect moving objects of a certain size which
are recognized as persons, tracked and added to the occupancy value of the space towards
which they are moving.
If on the one hand this occupancy detection system is more accurate than others (e.g. ultrasonic sensors), on the other hand some difficulties arised when more than two people enter in
the field of view of the camera. The person tracking should be improved to better count people in a crowded environment.
All data collected can be used not only for a technical control proposal but also to define a
smart contract associated to a maintenance plan. Real-time data about the flow of people
passing through a monitored area are useful in order to define a smart contract which

Figure 4: Frame from camera before (a) and after (b) morphological operations.
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guarantees an optimized maintenance service based both on planned maintenance and
occupancy information.
The real-time occupancy control of building spaces in this case is considered as the trigger
of the smart contract, which is activated when a predefined threshold is reached and allows
automated transaction among stakeholders [24].
With real-time occupancy data is possible to improve also emergency management.
Querying the Digital Twin of the building and knowing in real time how many people are
inside the building and where they are located, could improve emergency operations by
reducing intervention times or planning the optimal path for rescuers.
5.1 Error evaluation
The reliability of the data collected in this simulation with the image sensor was tested. System precision and accuracy in people detection has been calculated using (1).
error =

N1 − N2
N2

× 100%. (1)

N1 = People counted by image sensor
N2 = People counted by authors.
Detection rate of this system is about 71%. Most of the wrong detections are due to people
crossing the monitored area too quickly. Furthermore, in other cases the error is caused by
people stopping under the sensor: they have been counted in more than a space and wrong
occupancy value has been assigned to involved offices. However, the main limitation of this
system is to detect and track more than two people crossing at the same time the monitored
area: 80% of crossings with more than two persons have not been counted correctly. On the
other hand, considering the crossing of a single person in the monitored area, detection rate
becomes 79%.
5.2 Costs evaluation and savings
With data collected in the simulation, also a cost analysis has been carried out based on the
planned cleaning service and the savings provided by the implementation of the proposed
approach. The number of sensors needed to create the network to cover the whole building
floor was estimated according to Figure 5.

Figure 5: Number of sensors necessary to create a network.
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Eight sensors are needed to monitor offices’ occupancy in the wing of the considered
building floor. The number of sensors has been calculated considering the area covered by the
field of view of the camera. The costs estimated are summarized in Table 1.
Cleaning interventions are planned three times a week in all the offices. Since the offices
are not always occupied during the week, the number of cleaning interventions could be
reduced. Considering occupancy data collected during the simulation, savings have been
calculated. Occupancy data in all offices have been manually collected by authors. The Raspberry board has been used to calculate system’s accuracy. For all offices, occupancy
information have been used to calculate the number of cleaning interventions in a week.
Cleaning of bathroom and corridors are not considered in this study since these spaces are
daily cleaned. Data have been collected in two weeks (from Monday to Friday) from 9:00 to
19:00. Considering a cleaning cost of 0.35 €/m2, the monthly costs for the planned cleaning
services is 1050.00 € (0.35 €/m2 x 250 m2 x 12 times in a month). Occupancy-based cleaning
service is activated when a threshold of 16 hours is reached. Tables 2 and 3 summarize occupancy data measured, cleaning costs and savings for the first and the second week.
Table 1: Sensors network costs.
Services / devices
Raspberry Pi Board

Unit cost
42.14 €

Quantity
8

Total
337.12 €

Raspberry Camera

24.99 €

8

199.92 €

Installation Costs

50.00 €

8

400.00 €

2500.00 €

1

2500.00 €

Software development

3437.00€

Total investment

Table 2: Occupancy and cleaning cost. Savings: 45% of planned costs (1st week).
Office

m2

Occupancy
measured (h)

C.S.

Costs (€)

P

R

P

R

Savings (€)

101

17

5

3

1

17.85

5.95

11.90

102

16.5

22

3

1

17.30

5.80

11.50

103

17

4

3

1

17.85

5.95

11.90

104

17.5

7

3

1

18.40

6.15

12.25

105

23

18

3

1

24.15

8.05

16.10

106

29

27

3

1

30.45

10.15

20.30

107

17

24

3

1

17.85

5.95

11.90

Space

47

50

3

3

49.35

49.35

0

109

15

26

3

1

15.75

5.25

10.50

110

16.5

23

3

1

17.30

5.80

11.50

111

34

48

3

3

35.70

35.70

0

Total

249.5

/

3

/

262.00

144.10

117.90
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Table 3: Occupancy and cleaning cost. Savings: 41% of planned costs (2nd week).
Office

m2

Occupancy
measured (h)

C.S.

Savings
(€)

Costs (€)

P

R

P

R

101

17

14

3

1

17.85

5.95

11.90

102

16.5

16

3

1

17.30

5.80

11.50

103

17

32

3

2

17.85

11.90

5.95

104

17.5

17

3

1

18.40

6.15

12.25

105

23

22

3

1

24.15

8.05

16.10

106

29

27

3

1

30.45

10.15

20.30

107

17

27

3

1

17.85

5.95

11.90

Space

47

50

3

3

49.35

49.35

0

109

15

41

3

2

15.75

10.50

5.25

110

16.5

19

3

1

17.30

5.80

11.50

111

34

49

3

3

35.70

35.70

0

Total

249.5

/

3

/

262.00

155.30

106.70

C.S. = Cleaning services P = Planned R= Real
Data collected show how, in a period in which not all offices are occupied for the entire
working day, is possible to save up to 40% of planned costs (45% the first week and 41% the
second week). In most cases, cleaning services, should be provided just once a week. Finally,
considering a saving of 40% on the planned cleaning cost in a month, the initial investment
could be recovered in about 8 months.
6 conclusions
Despite is not possible to consider the update of the digital model as an automated process, is
possible to consider the proposed approach as a further step towards the creation of a Digital
Twin. No issues were found connecting real-time data collected through image sensor with the
BIM model. Furthermore, both real-time data and historical data on room occupancy become
a great value for building management and have the potential to optimize maintenance and
services.
To overcome privacy issue sensors have been installed on the false ceiling and tilted
towards the floor, no images are stored and the AI on the Raspberry board applies filters that
optimize the counting of people but not their recognition. Moreover, two different scenarios
can be considered for addressing the privacy issues: in the first scenario data are owned by
maintenance services provider and, through the definition of contractual clauses on the confidentiality of data used to provide services, is possible to guarantee the privacy of the
occupants. In the second scenario data are owned by the employer; in this case, to overcome
all privacy issues, after the maintenance work order execution it is possible to save data history either guaranteeing the anonymity of data or considering an average of the occupancy
value for each floor.
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Moreover, occupancy real-time data can also improve emergency management revealing
both which rooms/spaces are still occupied and the best path for the rescuers.
The proposed sensor system can highly increase maintenance optimization, despite it
needs further implementation. Triggering maintenance operations not only by frequencies
defined in the maintenance plan, but also using occupancy data can reduce costs during the
life cycle of the building. In this research savings for cleaning services can be up to 45% in a
single week. However, this kind of system will not always guarantee reliable measures due to
its difficulties to recognize and track more than two people in the monitored area and still
need further improvements.
Despite the proposed approach still has to be tested in more case studies, a further automation in the FM services can be achieved. Hence, the next step concerns also a better automation
in the update of the BIM model and the further development of the digital twin of the physical
asset. Thanks to these data collected and managed through the Digital Twin, it will be possible to trigger maintenance interventions once settled Key Performance Indicator (KPI)
thresholds, defined within the maintenance plan, are reached. Finally, with the integration of
the maintenance plan in a smart contract for maintenance management, a better integration
between users’ behaviour and maintenance implementation is possible.
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