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Post Occupancy Evaluations (POE) provided a systematic methodology for
determining the performance gap between expected and actual performance.
Monitoring quality of the indoor environment is essential for understanding
building performance in relation to occupant health, wellbeing, and comfort.
Because of the global COVID-19 pandemic, researchers faced numerous issues
accessing the building for collecting data and making spot measurements of the
indoor environment. Technologies such as Building Information Modeling (BIM),
Internet of Things (IoT), and Geographical Information Systems (GIS) have the
potential to address existing challenges for data collection, analysis, and
visualization in post occupancy evaluations. This study aims to explore the
applications of a BIM-IoT-GIS-integrated digital twin for post occupancy
evaluations. First, high-level use case scenarios are developed to derive system
requirements for a digital twin platform. Second, four tests are conducted that
provide a step-by-step procedure for BIM-IoT-GIS integration. Third, the
integration is validated by geo-reference checks, data transfer checks, and
visual checks. Based on the tests, a streamlined workflow is recommended for
similar/future projects. The results demonstrate that Revit-ArcGIS Pro integration
meets the system requirements for post occupancy evaluations. Moreover, as
shown in the graphical abstract (Figure), the spatial-temporal capabilities of ArcGIS
Pro enable continuous monitoring and visualization of building performance in
4D. In conclusion, BIM-IoT-GIS integration can provide a solid foundation for
developing a centralized digital twin for post occupancy evaluations and enables
researcher to collect and analyze the data without being physically present in the
building.
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GRAPHICAL ABSTRACT

The integration of BIM model (Revit) and sensors’ data (Excel) with ArcGIS Pro.

1 Introduction

Standards and certification systems such as Leadership in
Energy and Environmental Design (LEED), Green Globe, WELL,
Passive House, and Living Building challenge have inspired
designers to incorporate innovative solutions and newer
technologies in the built environment. Green buildings are
expected to reduce energy consumption and Greenhouse gas
(GHGs) emissions while improving the quality of the built
environment (Tripathi and Froese, 2020; Li, Froese, and Brager,
2018; Mallory-Hill, Preiser, and Watson, 2012). People spend the
majority of their time indoors (Al Horr et al., 2016). The Indoor
Environment Quality (IEQ) impacts occupants’ health, wellbeing,
and productivity (P. Li, Froese, and Brager, 2018; Kim and de Dear,
2012; Leccese et al., 2021). Moreover, IEQ provides an insight into
building performance in relation to occupant comfort and
satisfaction (Pollard et al., 2021).

Factors such as energy consumption, GHG emissions, IEQ
and occupancy make up a building’s overall performance. To
determine the gaps between the design and the expected overall
performance of a building, POE have gained more significance
(Olivia and Christopher, 2015). Current methods of capturing
performance data for key performance indicators (KPIs) such as
water consumption, energy consumption, and IEQ factors:
lighting, acoustics, temperature and humidity, air quality, etc.,
are not sufficient for determining spatial-temporal variations
(Pollard et al., 2021). For example, the indoor thermal
comfort data is often captured manually with spot
measurements and presented in 2D graphs, making it difficult
to associate with the space directly. The challenges of similar
nature can be observed for other KPIs as well. Therefore, a

paradigm shift from independent to continuous evaluations is
required to improve the overall efficiency of POE. These
continuous evaluations will enable the analysts to accumulate
and visualize data relative to the space over the desired time.
Furthermore, continuous monitoring of the built environment
will capture detailed information about changes that may get
overlooked during just high-level assessments (P. Li, Froese, and
Brager, 2018).

Internet of Things (IoT)—based sensors offer cost-effective
solutions for continuous monitoring of the built environment.
Building Information Modeling (BIM) applications are evolving
to accommodate the post-construction phases such as
commissioning, operations, and facilities management (Kang and
Hong, 2015; L; Li et al., 2021). In parallel, Geographical Information
Systems (GIS) has evolved to become a robust science for analyzing
and visualizing spatial-temporal information in urban and rural
systems as well as the built environment (Song et al., 2017). Taking
advantage of the strengths of each of these evolving technologies,
integrating BIM and IoT data with a GIS environment provides a
solid foundation for creating a virtual version of the physical
asset–commonly referred to as a “digital twin” in the
Architecture, Engineering and Construction (AEC) industry.
Using digital twins for POE will not only address the ongoing
challenges in data collection, analysis and visualization to
improve the overall efficiency (Tripathi and Froese, 2020; P; Li,
Froese, and Brager, 2018; Mallory-Hill and Gorgolewski, 2018) but
also drive the transition towards continuous and detailed
evaluations (Ammar et al., 2022).

This research explores the use of BIM-IoT-GIS integrated digital
twin for POE. Section 1 highlights the need of digital twins for
continuous monitoring and detailed analysis of the built
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environment. Section 2 defines key concepts in the context of this
research and provides a review of related literature and similar
studies. The core contribution of this research is presented in two
main phases. Section 3 gives an overview of the methods used for
both phases: deriving system requirements for POE and tests
conducted for BIM-IOT-GIS integration. Section 4 discusses the
use cases developed for deriving system requirements. Sections 5.2,
5.3 demonstrate a step-by-step procedure for BIM-GIS integration
and validation. Section 5.4 recommends a streamlined BIM-IoT-GIS
integration workflow for similar projects and Section 6 discusses the
limitations.

2 Points of departure

2.1 Summary of key concepts

2.1.1 Facility management/facilities
management (FM)

Facilities management generally refers to the management of
built facilities during their operational phases, including tasks such
as maintenance, repair, and renovation. As described by the
International Facility Management Association, “Facility
management (FM) is a profession that encompasses multiple
disciplines to ensure functionality, comfort, safety, and efficiency of
the built environment by integrating people, place, process, and
technology.” (“IFMA - International Facility Management
Association”, 2022)

2.1.2 Post Occupancy Evaluations (POE)
POE is a scientific method used for obtaining feedback about

various parameters such as energy use, water use, IEQ, and occupant
behaviour that influence the building performance (P. Li, Froese,
and Brager, 2018; Roberts et al., 2019). The obtained data can be
used to calculate KPIs to determine the differences between the
designed and actual performance of the buildings.

2.1.3 Internet of things (IoT)
IoT refers to the network of interconnected sensors and

software designed to communicate with other devices and
people over the internet (“What Is the Internet of Things
(IoT)?”, 2022). They offer cost-effective solutions for
continuous monitoring of the built environment
(Shahinmoghadam and Motamedi, 2019). IoT sensors are
extensively used in the FM industry for predictive maintenance
analysis of various assets (Villa et al., 2021).

2.1.4 Building information modeling (BIM)
BIM can be summarized as a system of creating, sharing,

exchanging, and managing information among the stakeholder
throughout the project lifecycle (Song et al., 2017). With the
range of applications from design coordination to facilities
management, BIM is leading the digital transformation of the
AEC industry. As more information is added during each phase
of the building lifecycle, the BIM model evolves from
containing geometrical information to a data-rich model
that can be used as a data source for developing the digital
twin (Borrmann et al., 2018).

2.1.5 Digital twin
The digital twin can be defined as a digital representation of a

physical asset. The physical asset and its digital twin are linked and
constantly exchange data in real-time throughout the
Plan–Build–Operate and Integrate of the lifecycle. Technologies
such as IoT enable dynamic data gathering and exchange
(buildingSMART international, 2020).

2.1.6 Geographic information system (GIS)
GIS is a system to collect, manage, modify and analyze

geographical data (Martindale, 2022). GIS can provide
information about the built environment, such as weather and
surroundings. (D’Amico et al., 2020). It facilitates spatial-
temporal data analysis in a 3D environment along with the
management of large datasets.

2.2 Project dasher 360

Project Dasher is a multi-disciplinary research project
conducted by Autodesk, and—as a tool that has been used for
several research projects but is not currently available as
commercial software—it is an example of the current state-of-
the art in representing building performance data in a digital
twin-type of format. It features a BIM-based platform created
with APIs from Autodesk Forge that enables real-time
visualization of building performance (“Project Dasher”,
2022). Figure 1 demonstrates the user interface of Dasher 360.
Moreover, it has a time-liner feature for visualizing time-series
data. Intuitive navigation features and enabling/disabling layers
make the web-based model easier to operate. However, it does not
feature any provisions for integrating the surrounding
environment data. Also, integrating multiple BIM models over
a large geographical area in the same interface would be
challenging.

2.3 Interoperability between BIM and GIS

The main purpose of combining BIM with GIS is to integrate
strong components of both systems for creating a data-rich virtual
model of assets within the built environment (Song et al., 2017). BIM
provides detailed information about the geometry, materials, and
other parameters of the asset. GIS provides spatial information that
can be used for in-depth analysis of the built environment. BIM is
widely used for improving efficiency in design coordination and
constructionmanagement. GIS has evolved into a robust system that
supports spatial-temporal analysis and visualization of data sets for
large-scale urban environments. Both BIM and GIS have tools and
procedures for visualizing data in 3D environment. Considering
BIM can add detailed semantic information to GIS, and GIS
provides geospatial context to BIM models, integrating BIM-GIS
has great potential for facilities management by providing spatial-
temporal analysis and management tools (Ohori et al., 2017; Song
et al., 2017).

BIM and GIS can be integrated at the data layer and the
application layer. Data layer usually refers to the transfer of
geometric and semantic information between the platforms,
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whereas the application layer extends the scope of both BIM and GIS
by enhancing each of their capabilities (Zhu et al., 2019). BIM
models can be automatically geo-referenced with appropriate GIS
integration (Diakite and Zlatanova, 2020). Geo-referenced BIM
models can then be imported into GIS with added built
environment data such as surroundings, terrain, and weather
(Zhu et al., 2019). The open-source BIM file format IFC is most
frequently used in previous studies for importing BIM models into
GIS (Zhu et al., 2019; Biljecki and Tauscher, 2019; D’Amico et al.,
2020; Basir et al., 2020). Minor discrepancies related to data loss have
been documented during the conversion from IFC file format to
Multi-patch shapefiles (Biljecki and Tauscher, 2019; Basir et al.,
2020).

The tools for BIM-GIS integration are constantly evolving
over the past few years with the increase in the number of studies
exploring the applications of this topic (Song et al., 2017). Indoor
data mapping with BIM-GIS integration improves navigation in a
complex environment (Pang et al., 2018) and can be used for
indoor mobility analysis (Petrenko et al., 2014), and evacuation
planning for emergency response (Tashakkori, Rajabifard, and
Kalantari, 2015; Syed Abdul Rahman and Abdul Maulud, 2019).
Moreover, the indoor mapping feature of BIM-GIS is useful for

collecting data for assessing the impact of human behavior on
building performance, which is a known challenge in previous
POE studies (Wang, Pan, and Luo, 2019). Facilities management
is the longest phase of a construction life cycle where applications
of BIM-GIS integration can be used to manage large datasets. In
the context of POE, a BIM-IOT-GIS integrated digital twin can be
developed for continuous monitoring and visualization of
building performance.

3 Materials and methods

This section explains the methodology for combining BIM
and GIS to create a digital twin that integrates data collected by
building performance monitoring sensors. The GIS integrated
digital twin facilitates the visual representation of continuous
monitoring within the corresponding 3D space in the BIM
model.

The key contributions of this paper are presented in
two phases. Phase 1 represents the use case scenarios
developed for capturing the system requirements to create a
digital twin for POE. Phase 2 represents the actual step-by-step

TABLE 1 Validation of BIM-GIS integration.

No. Validation type Purpose

1 Geo-reference checks To verify if the BIM model and sensors’ data have been geo-referenced correctly and imported to the correct location in the GIS
environment

2 Data transfer checks To verify the accuracy of data transferred from the BIM model and sensors’ data

3 Visual checks To verify the import of visual components such as geometries, materials, textures, etc.

FIGURE 1
Project dasher 360 user interface (“Project Dasher”, 2022).
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tests conducted for integrating the BIM model and sensors’
data into GIS. Findings from Phase 2 are summarized and
converted into a workflow that can be replicated for future
projects.

3.1 Phase 1: system requirements for POE

Use case scenarios created with the Unified Modeling Language
(UML) are a proven approach for capturing system requirements
(O’Neill, 2018). They are made of simple diagrams and texts that
describe the interactions of users and external factors with the
system for carrying out specific tasks (Grover, Li, and Froese,
2015). For this research, use cases scenarios are developed to
depict high-level activities to be performed by potential users in a
system that incorporates a digital twin for POE. Then, the use cases
are used to derive specific requirements for a system that can host a
digital twin that can integrate BIM, GIS, and sensors’ data.

3.2 Phase 2: BIM–IoT–GIS integration

3.2.1 Tests
The tests are designed to represent the tasks to be conducted by

potential users of BIM-GIS integration for POE-related activities.
They provide a systematic procedure for integrating BIM and
sensors’ data with the GIS ecosystem.

3.2.2 Validation
A geo-referenced BIM model is the foundation of a GIS

integrated digital twin. As summarized in the literature review
section, loss of data during integration is one of the main
challenges of BIM-GIS interoperability. There are no established

methods for the validation of BIM-GIS integration. Moreover, the
BIM-GIS integration should meet the system requirements for POE.
Table 1 describes the three types of checks used for this study.

4 Phase 1: system requirements for POE

A digital twin platform that integrates the BIM model, IoT
sensors’ data, and GIS will improve the overall efficiency of POE
(Tripathi and Froese, 2020). The focus of this integration targets
three applications that improve the data collection, management,
data analysis, and data visualization for POE. Figure 2 describes the
potential applications of this integration.

IoT-based sensors for monitoring building performance
constantly collect data about key performance indicators (KPIs)
such as energy use, water use, and indoor environmental quality.
Spatial and temporal analysis tools in GIS can use geometric data
extracted from BIM models and sensors’ data to calculate the values
for KPIs. A geo-referenced BIM model located in the built
environment incorporating real-time sensors’ data creates a 4D
spatial-temporal visualization that can be used for preliminary
analysis and decision-making. Spatial-temporal analysis and
visualization enable the possibilities of multi-objective analysis
where multiple parameters or calculated KPIs can be visualized
relative to one another. With the muti-objective analysis, visible co-
relations among multiple KPIs can be established.

For example, visualizing weather data, indoor thermostat data,
building façade data for R values, natural lighting, and roof
monitoring can help researchers establish a correlation between
the impact of the indoor and the outdoor environment on the
environment energy expenditure with relation to occupant comfort.
The potential of such digital twins can exceed the typical
applications of digital twins, POE and FM.

FIGURE 2
Applications of BIM-IOT-GIS integration for POE.
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4.1 Use case scenarios for POE

This section presents four high-level use case scenarios
for creating a digital twin using BIM-GIS integration for
POE. Scenarios 1, 2, and 3 illustrate the individual tasks
to be performed by potential users. Scenario 4 is
developed to demonstrate an application that involves the
interaction of potential users and external datasets with the
system.

4.1.1 System users
The operations/FM phase is the longest phase of a building

life cycle. Facility managers and building operators often make
decisions about the building operations. Also, occupant
behaviour has an influence on building performance. The
majority of the POE studies have been conducted by academic
researchers. Therefore, the potential users of the digital twin for
POE are enlisted below:

Facility managers/building operators
POE analysts (Academic researchers and/or industry

professionals)
Occupants

4.1.2 Scenario 1: data integration for building
operations/facilities management

In the first use case (Figure 3), the facility manager and/or
building operator initiates the process by linking sensors’ data,
spot measurements, and occupant survey responses with
the curated BIM model of the facility. The integrated data
creates a virtual representation of the physical building.
These datasets are used for creating workflows for
performance analysis and visualization. The results are used to
create an index that shows occupant satisfaction within the built
environment. If there are multiple facilities involved, this
scenario also extends to comparing the performance of similar
facilities for various purposes of POE.

FIGURE 3
Use case for the facility manager.
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4.1.3 Scenario 2: data analysis for POE
In the second use case (Figure 4), analysts create their own

profiles to view the digital twin. They can navigate the BIM model
and visualize the sensors’ data easily. Moreover, they have the option
to perform in-depth analysis. They can also create custom
visualization and produce different charts. The results are used to
communicate the findings and make decisions for operational
changes and/or retrofits. However, they do not have access to
editing the data entered by the facility manager.

4.1.4 Scenario 3: occupant feedbacks for comfort
levels

In the third use case (Figure 5), the occupants are given access to
walk through the BIM model. They can navigate to their
corresponding areas to visualize the KPIs. Furthermore, they
have the option to provide feedback through survey forms that
are used to create the occupant satisfaction index.

4.1.5 Scenario 4: example: visualizing thermal
comfort

This use case (Figure 6) illustrates the interactions between end-
users and external datasets with the system for the task of

“calculating and visualizing thermal comfort” within the building.
The facility manager creates a digital twin by integrating and
categorizing indoor thermostat data with the curated BIM model.
POE analysts can walk around the BIM model and perform
analysis to identify any potential gaps. Furthermore, the
occupants can navigate the BIM model and have the option to
provide feedback on their temperature comfort levels. The
feedback is used as a data source to create the occupant
satisfaction index that can be viewed by all the end-users
(Facility managers, researchers, and occupants). Similar use
cases can be developed for scenarios such as water use, energy
use, and monitoring of IEQ.

4.2 List of system requirements

From the use case scenarios, the requirements of a system that
can integrate BIM, GIS, and sensors’ data are listed below:

• Integrate geo-referenced BIM Model
• Integrate building management sensors’ data from database or
spreadsheet

FIGURE 4
Use case for POE analysts.

Frontiers in Built Environment frontiersin.org07

Tripathi et al. 10.3389/fbuil.2023.1103743

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1103743


• Categorize and co-relate the sensors data within appropriate
space

• Create 3D visualization based on KPI threshold values
• Visualize KPI with respect to time and space. i.e., able to see
different values at user-defined time intervals

• Create charts for KPI calculations
• Customize visualization to demonstrate desired threshold
levels for different KPIs

• Incorporate occupant’s feedback and provide a subjective
occupant comfort index

5 Phase 2: BIM–IoT–GIS integration

This section describes the detailed procedure followed for the
integration of a BIMmodel created in Revit and sensors’ data from a
spreadsheet to ArcGIS Pro. The series of experiments are conducted
in alignment with use cases. The test results are used to recommend
an optimized workflow (Section 5.4) that can be replicated for other
projects.

5.1 Digital infrastructure

The laptop used for hosting STTC digital twin has the following
configurations: Intel i5 8th generation processor, 16 GB RAM,
512 GB SSD, and 4 GB Nvidia GTX 1050Ti GPU.

All the software mentioned below have academic licenses
distributed through the University of Victoria.

First, Revit 2020 is used as a preferred software to create and
manage BIM model. It is one of the most used parametric modeling
software within the AECO industry. Second, MS Excel is used as a
source provider software for building sensors data. Most of the
sensors log their data into the database format. And that database
can be exported into the comma-separated file format (.csv) that can
be opened via Excel. Third, ArcGIS Pro (version 2.6 onwards) is
used as a platform to integrate Revit model and Excel data is a GIS
software that supports visualization, advanced analysis, and data
management in 2D, 3D, and 4D.

5.2 Tests

This section describes four tests conducted for demonstrating
the development of a digital twin by integrating BIM model
(Revit) and sensors’ data (Excel) to ArcGIS Pro. These tests
demonstrate the step-by-step procedure followed to achieve
the goal for use case scenario #4: visualizing thermal comfort
(Section 4.1, Scenario 4).

5.2.1 Project scenario
A hypothetical project scenario has been considered for the tests.

The building located on the campus of the University of Victoria is
modeled using Revit. The largest area of the building is equipped
with indoor thermostat sensors. The auxiliary sensor dataset is
created in excel. The coordinate system WGS 84 UTM Zone
10 N is used for geo-referencing both ArcGIS Pro and Revit
models (Appendix A).

FIGURE 5
Use case for occupants.
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5.2.1.1 Test 1: adding the revit model to ArcGIS pro
5.2.1.1.1 Procedure.

• Geo-reference Revit Model using Project Base Point and Survey
Point as shown in step 1, Figure 7. ArcGIS Pro is not usually part
of the BIM workflows in the AEC industry; therefore, the values
of these reference points are taken from Google Earth Pro.
However, ArcGIS can also provide the value of the coordinates.

• Create a new local scene in ArcGIS Pro and assign WGS
84 UTM Zone 10 N as the projected coordinate system for this
project. Refer to Appendix A for types of coordination
systems.

• Import the Revit Model into ArcGIS Pro and place it at the
correct location by using the Define Projection tool.

5.2.1.1.2 Results and discussions.
• From version 2.6, ArcGIS Pro automatically converts Revit
Files to multi-patch features. As shown on the bottom right of
Figure 7, the Revit model has been imported at the correct
location in ArcGIS Pro.

5.2.1.2 Test 2: adding sensors’ locations to ArcGIS pro
Modeling sensors’ locations in a BIM model is not a part of a

regular workflow for most BIM projects in the AEC industry.

Moreover, POE involves a lot of spot measurement data. The
purpose of this test is to determine how to import the sensors’
locations in ArcGIS Pro in such a way that it can be used for various
analyses and visualization for POE.

5.2.1.2.1 Procedure.
• Determine coordinates of indoor thermostat sensors in
ArcGIS Pro and prepare an excel file containing X, Y, and
Z values of the locations as shown in Step 1, Figure 8. X value,
Y value and Z value corresponds to latitude, longitude, and
elevation, respectively.

• Import sensors’ locations as a point feature class in ArcGIS Pro
by using XY Table to Point geoprocessing tool

• Place the imported sensors to the correct location by using the
Define Projection tool and assign the same project
coordination system as the project.

5.2.1.2.2 Results and discussions.
• As shown in Figure 8, the sensors’ data imported as a point
feature class are very useful in categorizing and distinguishing
between various sensor types. Therefore, adding sensors as 3D
points would be useful for attaching values to correct sensor
locations and streamline the integration process in ArcGIS

FIGURE 6
A use case example for visualizing and calculating thermal comfort within the building.
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FIGURE 7
Procedure for importing Revit model to ArcGIS Pro.

FIGURE 8
Adding sensor locations as 3D point features.
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Pro. The sensors imported as 3D location points represent the
value measured and logged by sensors. The same procedure
can be followed for the spot measurements taken for different
IEQ parameters for POE.

5.2.1.3 Test 3: adding sensors’ data and enabling spatial-
temporal visualization

IoT sensors log the measurement values at specified intervals of
time. The spot measurements taken by an IEQ cart (P. Li, Froese,
and Brager, 2018; Mallory-Hill and Gorgolewski, 2018) also log
multiple values over a short period of time. Therefore, visualizing
time-series datasets is essential for analysis in POE. This test
describes the procedure followed for attaching time-dependent
values to sensor locations and visualizing time-series datasets in 4D.

5.2.1.3.1 Procedure.
• Prepare a database in Excel that contains measured temperature
values with time. Please refer to Appendix B for further details.

• Import the excel file as a standalone table in the ArcGIS pro.
• Transpose the table in ArcGIS pro to get the temperature for
each sensor at a given timestamp

• Perform a spatial joint to connect the Transposed table
containing time-dependent temperature values with sensor
locations (imported in step 2)

• Enable time in the feature layer and set the desired
configuration to see the time-series data.

5.2.1.3.2 Results and discussions.
• The measured indoor temperature data with time in the
desired area within the BIM model can be seen in Figure 9.

Visualizing time-series datasets of indoor temperature values in
3D has created a digital twin and enabled 4D visualization. The
values can be categorized to determine the acceptable threshold
values for indoor thermal comfort. The 4D visualization can be
used to communicate the issues at a non-technical level.

5.2.1.4 Test 4: adding built environment data
BIM-based digital twin platforms have limited ways to incorporate

information about the built environment. Adding more information also
affects the performance of themodel. BIM-GIS integration can overcome
this limitation by adding the built environment data alongside the BIM
model. This test aims to demonstrate that adding built environment data
enhances the capacity of the digital twin for POE purposes.

5.2.1.4.1 Procedure.
• Import the shapefiles for surrounding buildings.
• Note: The shapefiles are provided by the Geography
Department from the University of Victoria

• Add the elevation to the shapefile for converting them from
2D to 3D

5.2.1.4.2 Results.
As shown in Figure 10, the buildings surrounding the BIM

model have been added to the BIM-GIS integrated digital twin.
ArcGIS Pro can import numerous amounts of data types that can
add more information to the digital twin. Moreover, more than
one BIM model can be incorporated into the same ArcGIS Pro
local scene. This feature addresses the scalability issues of existing
digital twin platforms and can be used to compare the
performance of multiple buildings within the same built

FIGURE 9
Adding and visualizing time-series data in ArcGIS Pro.
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environment. Moreover, it enables the possibility of conducting
daylight and shadow analysis to assess the impact of the
surrounding buildings on the building of interest.

5.3 Validation

This section discusses the validation techniques used to verify
the accuracy and reliability of the information during and after the
tests.

5.3.1 Geo-reference check
The Revit model is geo-referenced by using the project base

point and survey point. These points are also carried over in ArcGIS
Pro while importing the BIMmodel from Revit. Figure 11 compares
the value of both Project Base Points and Survey Points. The
differences in Project Base Point and Survey Point are
approximately 1 and 0.5 m, respectively. The difference in
elevation of the Survey Point is also approximately 0.4 m.

Usually, the values of these reference points are provided by
certified surveyors. Considering the values are taken from Google

FIGURE 11
Comparison of the reference points.

FIGURE 10
Adding surroundings in ArcGIS Pro.
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Earth Pro, the minor differences in the reference points are
acceptable for this study.

5.3.2 Data transfer check
Revit maintains two types of parametric information about the

component:

• Geometry and location
• Material properties

Not all the parametric information gets transferred to ArcGIS
Pro from the Revit model. A data transfer check was performed for
this study to ensure that ArcGIS Pro contains all the necessary
information from the Revit model for the analysis and visualization
related to POE.

From Figure 12, it is evident that the analytical properties of the
materials are not carried over during the Revit-ArcGIS Pro
import. Moreover, ArcGIS Pro converts the Revit model into
the multi-patch format that contains the geometry and location
data of the component. Material properties do not get
transferred over to ArcGIS Pro. However, ArcGIS Pro creates
a spatial extent of Revit components that might be useful for the
analytics. Refer to Appendix C for more information on how
ArcGIS Pro displays parametric information of Revit
Components.

5.3.3 Visual checks
Revit’s material library is data-rich and contains information

about the texture and appearance of thousands of materials. Visual
checks are used to verify if the visual representation of the data
corresponds to their respective values. These checks are essential and

frequently conducted for this project because 4D visualization of
KPIs is essential for POE.

Visual checks confirmed that most of the data are transferred
successfully. However, as compared in Figure 13, ArcGIS Pro could
not render the texture of the concrete panels imported from Revit
model.

5.4 Workflow recommendations

Based on the tests conducted in alignment with use case
scenarios, an optimized workflow is based on the tests conducted
in alignment with use case scenarios, an optimized workflow is
recommended. The workflow can be used to create BIM-IoT-GIS-
based digital twins for any building, facility, or infrastructure project.

Figure 14 illustrates the recommended workflow for integrating
BIM models and sensors’ data into ArcGIS Pro. Geo-database
facilitates the editing and management of various data formats
within the GIS environment (“What Is a Geodatabase?—ArcGIS
Help | ArcGIS Desktop”, 2022). Importing the Revit model and
sensors’ data to geo-database is the first step towards creating a
digital twin for ArcGIS Pro. After the validation procedure, a
digital twin can be established in the spatial-temporal 3D
environment of ArcGIS Pro. Then, the spatial-temporal
analytical tools can be used to analyze and visualize various
key performance indicators in 4D. Overall, this workflow
facilitates all three major applications of digital twin for POE:
Continuous Monitoring, Data Analysis and Management, and
Spatial-Temporal visualization of KPIs.

Although it was outside of the scope of this project, it would be
possible to publish the ArcGIS model to an online server,

FIGURE 12
Comparison of parametric information of a concrete façade component.

Frontiers in Built Environment frontiersin.org13

Tripathi et al. 10.3389/fbuil.2023.1103743

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1103743


establishing a web-based digital twin that could enable the sensors’
data monitoring in real-time with the use of python script in
ArcGIS Pro.

6 Limitations

This section describes the limitations experienced during the
BIM-GIS integration.

6.1 Hardware

Even though geo-database provides data management tools that
enable the turning off of the data sets that are not required for
specific tasks for POE, Revit and ArcGIS Pro both require high CPU
and GPU power. When working with large datasets, appropriate
breakdowns of the BIM model and the sensors’ data suited to the
POE requirements are recommended to mitigate the hardware
limitations. Moreover, publishing the project on the ArcGIS

FIGURE 13
Comparison of the material texture of a concrete façade.

FIGURE 14
Streamlined workflow recommended for BIM-IOT-GIS integrations.
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server transfers some of the load from the hardware to the cloud
computing server.

6.2 Software

ArcGIS Pro provides a suite of tools for spatial-temporal analysis.
3D interpolation tools are useful for calculating a distribution of a KPI,
such as temperature over the desired area. Therefore, an attempt has
been made to visualize the temperature distribution by using the
hypothetical temperature values used in Test 3 (Appendix B).
However, as shown in Figure 15, the 3D interpolation exceeded the
extent of the area of the BIMmodel. Further investigation is required to
determine the causes and potential solutions for this issue.

6.3 Other

The application of using BIM-GIS integration for hosting digital
twins is relatively new. Also, there were only a few studies have
considered using BIM-GIS as a preferred platform for sustainable
facilities management. Therefore, the validation techniques used for
this study were limited to the data transferred from Revit and Excel
only. For BIM data, the open-sourced IFC file format is popular, as
summarized in the literature review section; however, due to the
direct import capabilities from ArcGIS Pro 2.6 onwards, Revit’s
native file format (.RVT) is used in this project.

7 Conclusion

Digital twin is an evolving concept in the AEC industry. It provides
a centralized platform for data collection, modification, analysis, and
visualization. Digital Twin is envisioned to have a geo-located and real-
time weather data model, improving the accuracy in analysis compared

to the simulation-based analysis. To address the limitations in data
collection and analysis following the global pandemic, using IoT-based
sensors helps eliminating the need of an IEQ cart by facilitating spot
measurements at specified intervals. Moreover, by setting up digital
twins, researchers don’t have to be physically present to take
measurements. However, digital twins do not incorporate the
addition of human behavior to determine its impact on the building
performance and quantifying it would be challenging without the
presence of an observer (researcher) in the building.

Integration of BIM andGIS technologies enhances the capabilities
of the digital twin by adding comprehensive geometric, semantic,
parametric, and built environment data. Moreover, high-level
applications and use case scenarios have clarified the requirements
of a digital twin platform for POE. However, developing detailed use
case scenarios will help create a customized systemUI catered to POE.
The tests explain the step-by-step procedure followed for BIM-IOT-
GIS integration. There were no significant errors, discrepancies, or
data loss during the integration. The results demonstrate that ArcGIS
Pro is interoperable with Revit and sensors’ database. Furthermore, it
can handle large datasets and offers a wide range of tools and features
for spatial-temporal data analysis and 4D visualization. Therefore,
ArcGIS Pro can be used as a suitable digital twin platform that fulfills
the system requirements for POE. Publishing the digital twin on the
cloud-based server will help in mitigating some of the hardware and
software limitations experienced during the tests. Also, the
recommended workflow can be streamlined and reproduced for
similar projects. Klokan Technologies; Natural Resources and
Canada, 2008,

8 Next steps

• The BIM-GIS integrated digital twin will be used in the high-
level framework for the proof of concept for the next iteration
of POE.

FIGURE 15
Errors encountered during EBK-3D interpolation.
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• A digital-twin integrated POE study will be conducted on the
STTC building of Red River College located in Winnipeg,
Manitoba.
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Appendix A: Projection system used for
geo-referencing

• Image courtesy: Government Canada (Canada 2008) and espg.
io (GmbH (https://www.klokantech.com/), 2022)

As shown in Figure A1, the location of this project corresponds
to the WGS 84: UTM Zone 10 N. This projection system is used to
geo-reference both the Revit model and ArcGIS Pro local scene.

FIGURE A1
Projection system used for geo-referencing Revit model and ArcGIS Pro local scene.
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Appendix B: Sensor Dataset used for
Test 3

FIGURE B1
Timeseries data containing temperature values used for Test 3.
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Appendix C: Information Transferred
from revit to ArcGIS Pro

FIGURE C1
Parametric data of concrete façade in ArcGIS Pro.
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