
applied  
sciences

Article

HBIM-GIS Integration: From IFC to CityGML
Standard for Damaged Cultural Heritage in a
Multiscale 3D GIS

Elisabetta Colucci, Valeria De Ruvo, Andrea Lingua , Francesca Matrone * and Gloria Rizzo

Department of Environment, Land and Infrastructure Engineering (DIATI), Politecnico di Torino, Corso Duca
degli Abruzzi 24, 10129 Turin, Italy; elisabetta.colucci@polito.it (E.C.); valeria.deruvo@polito.it (V.D.R.);
andrea.lingua@polito.it (A.L.); gloria.rizzo@polito.it (G.R.)
* Correspondence: francesca.matrone@polito.it; Tel.: +39-011-0907700

Received: 21 January 2020; Accepted: 13 February 2020; Published: 17 February 2020
����������
�������

Abstract: This study describes the technical-systemic and conceptual-informative interoperability
tests for the integration of a Historic Building Information Modeling (HBIM) model in a 3D Geographic
Information System (GIS) environment aimed to provide complete and useful documentation for
multiscale analyses on cultural heritage particularly exposed to risks. The case study of the San
Lorenzo Church in Norcia (Italy) has been chosen given the urgent need to update the existing
documentation for its protection and conservation issues, due to the extensive damage suffered after
the series of earthquakes that occurred in central Italy starting from summer 2016. Different tests to
evaluate two levels of conceptual interoperability (technical and semantic) when importing the HBIM
model into a GIS environment were performed, whether with commercial software or with open
source ones (ArcGIS Pro and QGIS, respectively). A data integration platform (Feature Manipulation
Engine, FME) has been used for converting the IFC (Industry Foundation Classes) data format into
the GML (Geography Markup Language) format, in order to obtain a unique and unified model and
vocabulary for the 3D GIS project, structured with different levels of detail, according to CityGML
standard. Finally, as HBIM-GIS integration is considered, the loss of geometric and informative data
has been taken into account and evaluated.

Keywords: HBIM; GIS; IFC; CityGML; FME; conceptual interoperability; cultural heritage; multiscale
analyses; earthquake

1. Introduction

Within the AEC (architecture, engineering, construction) industry, the BIM (Building Information
Modeling) approach represents an increasingly widespread as much as necessary methodology. Being
an interactive data archive [1,2], these models contain geometric data but also non-graphic information,
such as materials, thermal characteristics, costs and maintenance instructions, thus they consist in the
creation of a central informative and shared model, integrated among every project participant, and it
is configured as a dynamic system particularly helpful for the building’s facility management (FM).
On the other hand, the use of a GIS (Geographic Information System) is well stated in the literature
for its usefulness when managing territorial and urban data, with a variety of different purposes and
professional figures involved. The integration between these two domains and the complementary
nature of the information provided by each technology could, therefore, lead to have a new data flow
and a highly detailed and holistic picture of a project.

Moreover, the latest technological developments, especially in the field of surveying and geomatics,
encouraged the large acquisition of point clouds, thus speeding up the Scan-to-BIM process and
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contributing to the application of the BIM methodology also to the cultural heritage (CH) field. In this
regard, the tendency to realize digital 3D models of CH, where historical data are associated to complex
geometries, is growing. The aim is to support the conservation and management of built heritage,
using the HBIM (Historic Building Information Modeling) approach, that mainly consists of mapping
BIM objects over the dense point cloud and then configure the model as a digital data archive, collecting
several existing kinds of documentation (historical, archival, iconographical and graphical), often
fragmented, sectoral and not updated.

In some specific cases, however, it is necessary to broaden the analysis scale, also including
territorial data relating to the context in which the asset is inserted. This solution is particularly useful
in the case of historical buildings subject to particularly vulnerable conditions or specific risks such
as seismic risk. With respect to this matter, the integration of HBIM models in the GIS environment
allows analysis to be carried out at different levels of detail (LoD), starting from the urban scale up to
the architectural one, according to the objective and needs.

In this framework, a multiscale project in which the different domains of BIM and GIS are
integrated has been set up to ensure complete documentation of an architectural asset damaged by an
earthquake. This research proposes therefore to analyze HBIM-GIS interoperability following two
different integration methods: the first one relies on the use of commercial software with proprietary
format, while the second one takes advantage of the IFC (Industry Foundation Classes) and CityGML
(Geography Markup Language) standard formats, compliant with open source software. In detail, a
focus on technical and semantic interoperability levels is carried out, investigating the loss of geometric
and informative data, in addition to evaluate the results coming from the conversion of the HBIM
model into a LoD 3 CityGML.

State of the Art on HBIM-GIS integration: IFC and CityGML Standards

The research interest on the topic of BIM and GIS integration and harmonization has been
increasing in the last years. The multitude of studies in the recent literature is due to the necessity of
integration between these two different domains in order to express and communicate information on
territory, urban areas and buildings at different scales. However, even if the main incompatibilities
between BIM and GIS systems have been partially solved, most of the interoperability issues arise
when it comes to data conversion between their standards and, most of all, when dealing with HBIM
models [3]. In fact, these historical 3D digital models are mainly structured on non-standard categories
and classes that have to be able to describe the complex geometries and a variety of attributes and
peculiar elements typical of the CH domain. In this case, different solutions could be undertaken from
the operator when structuring and defining a model or a project, not allowing a generalization of
the methodology.

In general, when facing BIM-GIS integration, one of the main interests highlighted by the
state-of-art is to study the various factors related to new buildings, which influence the context and the
surrounding urban area [4,5] as shadow analyses [6] or flood damage that can occur [7]. In addition
to investigating how to use the models to improve the environment, for example reducing energy
consumption at a district level [8], supporting the sustainable urban development [9] or establishing
networks for emergency response [10,11].

Despite numerous research over years having attempted to bridge the gap among BIM and
GIS formats and standards in different ways [12–14], only a few studies have been focused on the
integration of HBIM [15–18] in the GIS environment.

When considering the binomial HBIM/GIS, the studies usually try to manage the object-oriented
model into the GIS environment in order to offer system support for planning and building, simplifying
thematic analysis and synthetic elaborations, technical-economical evaluations, virtual restoration
hypothesis and so on [19–22]. It has also to be considered that, as in this case we are facing with an
existing building, it is fundamental not only to think about the integration between the standards, but
also the geo-referencing accuracy of the existing building in a 3D GIS environment. This topic has been
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solved lately through different solutions as, for example, the “FME (Feature Manipulation Engine)
Exporter for Revit” plugin [17,21], which allows to keep the spatial reference when exporting from
Revit to ArcMap, ArcScene or QGIS, placing the building in the correct position.

However, even if the issue of the insertion of the HBIM model in the GIS environment has
been solved, the problem of how to create an effective dialogue between the two standards, and the
structuring of a model that can integrate a large amount of data describing a complex system such as a
city or territory, with an adequate level of detail that goes up to the architectural scale for CH, has not
been fully developed yet.

To fix these interoperability issues it is fundamental to consider the adoption of standards in order
to allow an effective dialogue.

CityGML was developed in 2002 by the Special Interest Group 3D (SIG3D) of the “Geodata
Infrastructure” initiative in North Rhine-Westphalia, Germany. In 2008 it was adopted by the Open
Geospatial Consortium (OGC) as the official standard for modelling and exchanging 3D models of
cities and landscapes and was quickly adopted internationally. It is structured to represent cities
and buildings features with a different level of detail (LoD) (Table 1). LoD 0 is for regional and
landscape level, LoD 1 for regional level, LoD 2 for city district and urban context, LoD 3 for the
exterior architectural models and landmarks and finally LoD 4 for the interior architectural model [23].
However, this last LoD is not enough accurate for representing building information as well as BIM.

Table 1. Characterisitics of levels of detail 0–4 representations in CityGML—buildings [24,25].

LoD 0 LoD 1 LoD 2 LoD 3 LoD 4

Model scale
description

Regional,
landscape City, region City district

Architectural
models

(outside),
landmark

Architectural
model (interior)

Class of
accuracy Lowest Low Middle High Very high

Accuracy of
position and

height

Lower than
LoD 1 5 m 2 m 0.5 m 0.2 m

Approximate
representation

scale

Maximal
generalization 1:25,000–1:10,000 1:10,000–1:5000 1:2500–1:1000 1:1000–1:500

Generalization Maximal
generalization

Object blocks
as generalized
features >6 × 6

m

Objects as
generalized

features >4 × 4
m

Object as real
features >2 × 2

m

Constructive
elements and
openings are
represented

Building
installation no no yes Representative

exterior effects
Real object

form

Roof
form/structure yes flat Roof type and

orientation
Real object

form
Real object

form

Moreover, it is a model that can be used to store and exchange 3D models of virtual cities.
It is implemented as an application schema for Geography Markup Language version 3.1.1 (GML3),
the extensible international standard for data exchange released from OGC and ISO TC211. It is a
standard rich of semantic data in which are assigned unique IDs, names, and descriptions of the
different building components. CityGML is a multi-scale representation standard, from which precision
requirements derive.

On the other hand, the IFC open standard data, differently from CityGML, is based on the concept
of LOD (Level Of Development). These are used to monitor the design phases of building construction
and they are not related to the scale of visualization.
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The IFC format is based on the EXPRESS language defined by the standard “ISO 10303-11:
Industrial automation system integration—Product data representation and exchange—Part 11:
Description methods: The EXPRESS language reference manual”. Being an EXPRESS-based standard,
means that the entities are referred to each other by line number, whereas CityGML is an XML-based
schema which uses the XML Schema Definition (XSD) to define the relationships between entities [26]
and this different conceptual base makes difficult the interrelation with these two standards.

Starting from the standards, some researchers tried to develop an extension of CityGML to obtain
semantic IFC data into a GIS context [27], using the IFC standard to convert both GIS and BIM data [28]
and to convert the IFC into a geographic vector format, which includes spatial data [6]. In this context,
an interesting contribution to the theme has been given by [29–31] with the Unified Building Model
(UBM) that strives to avoid loss of information, redefines spatial relationships between the objects,
after the evaluation of the overlapping concepts and data, and determines some extensions for both
CityGML and IFC taking into account also the LoD concept.

In this research, the two standards are considered in the second methodological phase in order
to allow the data conversion from BIM to GIS. The IFC open file format, which allows us to create
symbols in a consistent way and ensures uniform use including interoperability, is here used for the
data exchange, transforming the parametric model into the CityGML standard data model; in this
way it is possible to guarantee a good level of interoperability, considering BIM features related to
GIS objects.

2. Methodology

In order to realize a multiscale 3D GIS project, in which to test the interoperability levels (see
Section 3), a methodology that considers the modeling phase according to the LoDs proposed by the
CityGML standard and therefore intended as “levels of detail” has been adopted (for research purposes
in this study we refer to LoD to the Level of Detail from CityGML standard, while LOD to the Level Of
Development of the IFC standard).

It has to be clarified that when approaching HBIM the levels of development are, rather, treated
as levels of detail as qualified in the CityGML standard, eventually associated to simple levels of
abstraction (LoA) [32], where the objects to be modelled or exchanged according to the scale of
representation are defined.

In the GIS environment, it is possible to visualize and query data from LoDs 0-1 in 2D or 2,5D,
thanks to the integration of various cartographic data (both geometric and alphanumeric) from SDIs
(spatial data infrastructures) and regional and national geoportals such as shapefiles, orthophotos and
DEM (digital elevation model). On the other side, to reach the LoDs 2-3-4 it has been established to
model the geometries in a specific software for building modeling. In particular, an object-oriented
software of the BIM domain has been used with the subsequent insertion of this model into the
GIS environment.

As mentioned above, two methods have been tested to assess the data integration between the
domains (Figure 1). The first consists in using commercial solutions that can allow an easier import,
but limiting the openness of the system, inserting the model in its BIM proprietary file format (.rvt
from AutoDesk Revit, version 2019) directly into the ESRI ArcGIS Pro commercial software (version
2.4.3). While the second, properly developed for the present study, consists in converting the Revit
model in a GIS standard file format (.GML) and then insert it into a GIS software. The open source
QGIS software has been used (version QGIS 3.10.2 A Coruña).

A further study on the correspondence between the two standards’ data structure, in order to
understand the association and relations for each entity of the IFC with those of the CityGML, divided
by LoDs, has been conducted (see Section 3.2).
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2.1. The Case Study: San Lorenzo Church in Norcia

Starting from the assumption that cultural heritage requires continuous monitoring (both ordinary
and extraordinary) and updates, for the present research, a case study significant from the point of
view of vulnerability, hazards and seismic risks was chosen.

The San Lorenzo Church in Norcia is a representative example of building damaged by the
earthquakes that affected the centre of Italy starting from the summer of 2016.

This ancient building, probably built on the ruins of a temple, was affected by many earthquakes
during the years with the consequence of structural damage to the wooden ceiling in the 1950s.
After the last event, on 30 October 2016, which damaged the bell-tower, the Church underwent security
measures and required safety structures (Figure 2) of the entire building. It is currently still closed
and the surrounding area is classified as a “Red Area”, identifying every city part damaged by the
earthquake and temporary closed to the public for safety reasons.
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In order to support the representation of the church with a digital 3D model and in a multi-scale
project to monitor the damage and for future reconstruction purposes, an integrated 3D metric
survey [33–35] was performed in September 2017 by the Geomatics group of the Politecnico di Torino.

The first steps have been based on the measurement of the topographic network in order to
georeference all the different set of data. Then, close range and UAV (unmanned aerial vehicles)
photogrammetric approach and TLS (terrestrial laser scanning) techniques were applied in order to
obtain the whole 3D model of the church. A complete photogrammetric survey has been achieved
combining images obtained from terrestrial photogrammetry with oblique and nadiral images from
aerial photogrammetry. Photogrammetric data were post-processed with Structure from Motion (SfM)
algorithms using the commercial software Agisoft MetaShape Professional (version 1.6.1). For the
modelling purposes, the 3D dense cloud derived from the photogrammetric acquisition was considered
due to the completeness of the point cloud including the roof geometries. Table 2 shows the acquisition
and the post-processing data information of sensors used and point clouds generated.

Table 2. Photogrammetric data of acquisition and post-processing phase.

Photogrammetric Acquisition
DJI SPARK
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2.2. The Multi-Scale Project

2.2.1. Visualisation of LoD 0-1 in GIS Environment

In order to obtain an integrated and multi-scale model, the GIS project with the lower levels of
detail (0 and 1) has been created. Thanks to the cartographic data available in the regional geoportal it
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has been possible to design the GIS project using both commercial and open-source software (ArcGIS
Pro by ESRI and QGIS).

From the geoportal of the Umbria Region several dataset have been downloaded thanks to the
WebGIS application. These are:

- the CTR (technical regional map), 1:10 k–1:5 k (number 337024_G e 325143_G) with building and
hydrography layers;

- the DTM (digital terrain model), 1:5 k;
- the geological regional dataset, 1:10 k for structural elements such as faults;
- the seismic risk map, 1:10 k with linear and areal elements.

Moreover, the products derived from the 3D metric survey were considered as well as the
orthophoto from UAV photogrammetry with a GSD (ground sample distance) of 3 cm/px and the DSM
(digital surface model).

In the GIS project, firstly, it is possible to visualise the LoDs of San Lorenzo Church and its
surroundings, starting from a general map overview of the urban context of the city of Norcia. The LoD
0 shows the regional DTM, roads, seismic risk elements and buildings (in 2D) (Figure 4). In the LoD 1
(Figure 5) the St Lorenzo Church and its context, are represented in 2.5D; these data derive from the
DSM, elaborated after the aforementioned survey campaign of data acquisition. For this LoD, the UAV
orthophoto is also considered.
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2.2.2. Definition of LoD 2-3: HBIM Modeling

To deepen the level of detail it has been necessary to model the Church in a proper environment
that could allow us to represent both the visible and invisible information, the geometry and the data
related to it. In this regard, the HBIM models offer an adequate solution, although most of the time
they still require formal simplification. In particular, in this case, elements such as the tapering of the
nave walls or the arrangement of the ashlars in the collapsed part of the bell tower have not been
intentionally represented as not useful for the purposes of this research. The aforementioned three
segmented point clouds have, therefore, been imported in the Autodesk Revit software and used as the
basis for the realization of LoD 3 of the HBIM model. To allow their use within the Revit workspace,
however, it was necessary to truncate the coordinates. To correctly set the height and to facilitate
modeling, the reference level has been moved from z = 0 to the point cloud altitude.

For the achievement of LoD 3, the visualization of window and door fixtures is required.
Concerning historic buildings, these detailed architectural elements cannot be modelled using the
default families provided by the object-oriented software, therefore customized families (.rfa) have
been created starting from the default ones. Thus, for the representation of all those architectural
elements, which are not part of the default Revit system families, such as the safety structures of walls,
doors and windows (Figure 6), customized families have been used starting from metric generic model.
Finally, they have been imported into the main project.
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Figure 6. Customized door family and the generic models for the safety structures.

These models have been investigated in the subsequent import and interoperability analyses
(Sections 3.3.1 and 3.3.2), since they characterize most of the HBIM models unlike the BIM models,
in which most of the architectural and structural elements are attributable to the families already present.

As verification of the correct modelling work, an analysis of the model deviation from the point
cloud has been carried out using the “As Built” plug-in, which extends Revit tools on point clouds. From
this analysis a model deviation has been detected from the point cloud of 20–30 cm in correspondence
with the bell tower and the nearby damaged wall (Figure 7).
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Figure 7. The deviation between the point cloud and the model. The highest deviation is noticeable on
the damaged wall and bell tower (blue rectangle), in particular on the top of the side wall is due to the
collapsed parts (ashlars and masonry) purposely not modelled.
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This problem is caused by the typical conformation of the historic building walls, usually tapered.
To deal with it, Revit allows us to alter geometries by creating a component as a subtraction solid
using a local model (Figure 8a,b). This solution has been adopted for the bell tower considering the
uniqueness of the geometry to be represented.
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Finally, for a correct import in the GIS environment, the geo-referencing operation was performed,
associating the shared coordinates derived from the topographic survey to the model.

3. Interoperability Issues

Among the various Levels of Conceptual Interoperability [36], in this study we analyze the technical
and semantic interoperability (L1 and L3) because they are the most relevant for the purposes of
domain integration in the geographical data field. In fact, the pragmatic, dynamic and fully conceptual
interoperability reach a higher level of abstraction for our purposes and could be investigated for
future developments.

Moreover, to properly study the integration between the two standards, an in-depth analysis of
their data structure is necessary.

3.1. IFC and CityGML Structure

The IFC structure is made up of entities (constructive, geometric or basic elements), rooted or
not rooted, which the BIM software transforms into layers and subsequently into parameters. Rooted
entities are part of the category IfcRoot and have a concept of identity, which is, a set of attributes such
as name and description, while entities that are not rooted do not have an identity and their instances
exist only if related to a rooted instance.

IfcRoot is divided into:

- IfcObjectDefinition, that concerns presence and types of material objects;
- IfcRelationship, that concerns relationship between objects;
- IfcPropertyDefinition, that concerns properties dynamically extensible on objects.

IfcObjectDefinition is divided into:

- IfcObject, concerning the presence of the object from a physical point of view;
- IfcTypeObject, concerning information on the type of object.

They are both divided into six categories that answer the questions “Who? Why? What? Where?
When?” and “How?”, namely IfcActor, IfcControl, IfcGroup, IfcProduct, IfcProcess, IfcResource. It is
then the duty of IfcRelationship to identify the relationships between multiple objects.
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In particular, IfcProduct represents entities by providing information on description, representation
and spatial arrangements of the elements. Indeed it is divided into: ifcAnnotation, IfcElement, IfcGrid,
IfcPort, IfcProxy, IfcSpatialElement, IfcStructuralActivity e IfcStructuralItem. IfcElement classifies
elements into 10 categories, like IfcBuildingElement, IfcCivilElement, IfcElementComponent, and
so on.

On the other hand, the scheme proposed by CityGML (Figure 9) consists in:

- LoD 0 requires the creation of a 2.5D territorial information system. The city model is divided
into buildings, transport, topography, hydrography and vegetation.

- LoD 1 is meant for the creation of a 3D territorial information system. In this case a model
composed only by blocks is required, without the roof structures. The CityGML scheme foresees
the introduction of solid geometries.

- LoD 2 is meant for the creation of a textured model, with differentiated roof structures. The
scheme proposed by CityGML adds to the information on the solid geometries in LoD1, the
information regarding the surfaces. The division into roofs and walls is thus obtained.

- In order to model a building, LoD 3, which is composed by the construction of a nearly detailed
architectural model, is required. The CityGML scheme for LoD 3 foresees the insertion of objects
(CityObject), such as doors and windows, on surfaces.
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Specifically, these objects are made up of primitive, complex and aggregate geometries and the
latter ones are part of the “MultiSurface”.

3.2. Generating Correspondences between IFC and CityGML: Identification of Standard Common Entities

To generate associations between IFC and CityGML, according to their structure, the entities and
the objects that identify the same component in the different models need to be compared. To verify
these correspondences, a study regarding common entities between IFC and CityGML at different
levels of detail has been carried out.

From the research of [38] a unified model which contains all the IFC and CityGML features has
been taken into account considering every building element and its representation in the different
LoDs. Moreover, starting from the study of [39], which describes how a CityGML input model is
automatically reconstructed according to the IFC standard, the identification of common entities
between IFC and CityGML standards at different levels of detail has been carried out (Table 3, “x”
means not association available).



Appl. Sci. 2020, 10, 1356 11 of 20

Table 3. Correspondences between IFC and CityGML data objects.

IFC
CityGML

LoD 2 LoD 3 LoD 4

If
cB

ui
ld

in
g

El
em

en
t

IfcBuildingElem
entProxy

x BuildingInstallation BuildingInstallation exterior
x x IntBuildingInstallation interior

IfcBeam
x BuildingInstallation BuildingInstallation exterior
x x IntBuildingInstallation interior

IfcColumn
x BuildingInstallation BuildingInstallation exterior
x x IntBuildingInstallation interior

IfcDoor x Door Door

IfcRoof
RoofSurface RoofSurface RoofSurface exterior

x x CeilingSurface interior

IfcSlab
GroundSurface GroundSurface GroundSurface exterior

x x FloorSurface interior

IfcStair
x BuildingInstallation BuildingInstallation exterior
x x IntBuildingInstallation interior

IfcWall
WallSurface WallSurface WallSurface exterior

x x IntWallSurface interior

IfcWindow x Window Window

For the present test, the LoDs 2-3-4 are considered as the three levels in which the building
elements could have a 3D representation and description both in GIS and BM environment.

Analysing the features mainly used in the construction of an architectural model in the IFC
and CityGML standards, it was noticed that the relation of the classification, as it is possible to
notice from the Table 3, is “1 to many”, namely for each class provided by CityGML different IFC
elements correspond.

For example, in the case of the entity “Roof”, it has been noticed that IfcRoof corresponds to
RoofSurface from LoD 2 to LoD 4. In addition, LoD 4 makes a further subdivision between interior and
exterior surfaces, so CityGML differs CeilingSurface from RoofSurface, respectively.

Thanks to this test investigation, it has been possible to devise the correspondences of the San
Lorenzo Church model useful for the data format and standard transformation, avoiding loss of
geometries and information.

3.3. HBIM and GIS Integration: Semantic and Technical Interoperability

The main aim of the present research regards the conversion phase of the model from HBIM to
GIS verifying the geometries and the attributes structure. In this regard, two different tests have been
considered. In the first case a commercial software was chosen in order to test the possible geometric,
semantic, georeferencing data loss from BIM to GIS data formats; secondly, an open source solution
has been used to carry out the same test. In this last case, standard data formats have been considered,
therefore the use of a data format conversion software has been necessary.

3.3.1. HBIM-GIS Integration Using a Recent Function in a GIS Commercial Solution

Starting from 2019, ArcGIS Pro allows us to directly insert the .rvt file in a GIS context without
intermediate transformations of data format. This procedure has been tested with the case study of the
church and after the import of the model, the geo-referencing was observed. For this phase, many steps
are still required. For the automatic geo-referencing of the 3D parametric model in the geographic
information software, it is necessary to have the .prj file containing the spatial projections, in this case
UTM—WGS84 33N (EPSG:32633).
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Finally, in the GIS environment it is possible to visualize the 3D model (Figure 10) and its
contents, in addition to querying the geometries and to get information and characteristics of the
building allowing different operations (maintenance phase, risk indicator, vulnerability parameters,
management data . . . ). Moreover, it is possible to view the church in its context adding the cartographic
data from regional geoportal, surveys campaign and so on.
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Once the format compatibility issue for the insertion of the HBIM model in the GIS environment
is overcome, the next problem is focused on semantic interoperability, analysing the correspondence of
the attribute and data, in order to verify the loss of information and the possibility to integrate entities
with new parameters (adding information) and the relations among objects.

Different interoperability tests were performed in order to verify the completeness of the standard
model and to integrate the information in a further phase of implementation. In particular, the
verification of information belonging to IFC structure and not present in CityGML one and vice versa
has been carried out.

For the assessment concerning the IFC structure, the element “Roof” was chosen. During the
investigation of the IFC and CityGML classifications (Section 3.1) some differences have been noticed.

The IFC locates IfcRoof in the category IfcBuildingElement, that contains the primary elements
for the construction of a building, so its structural and spatial subdivision system. Moreover, each
element is subdivided into sub-elements with a series of properties such as Pset_Condition that contains

“Assessment” adopted into the San Lorenzo Chuch model to assign the parameters ifcDate, IfcLabel and
IfcText. Finally, Pset_ManufacturerTypeInformation was identified that contains “ProductionYear”. All
these parameters are absent in the CityGML conceptual reference model structure.

The characteristics were compared with those of CityGML. It considers all the geometric features,
but does not concern with information of building design and construction phase such as state of
maintenance, materials and so on.
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In a second evaluation phase, it has been observed that the only parameter corresponding both to
IFC and CityGML classifications is the Year of construction, identified in the XML schema (Figure 11).
The difference of this parameter in the two standards concerns the elements it identifies: in CityGML it
is assigned at the whole building, in IFC it is a property of each part of the construction.Appl. Sci. 2020, 10, x FOR PEER REVIEW 13 of 20 
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Figure 11. Structure of a simple building in CityGML [37].

After having analysed the semantic interoperability, the IFC missing parameters were added into
the GIS environment editing the attribute table of the HBIM model geometry. In this way, by querying
the entities in the GIS model it could be possible to obtain all the useful information required in case of
intervention on the artefact.

Regarding information present in the CityGML standard but not in IFC, as well as the Year of
Maintenance, Intervention Typology and Years of Intervention, useful in risk or hazard situation, it was
decided to provide them in the model in the Revit workspace, in the BIM environment. To assign
these not-geometric information to the model, it is possible to use, in the Revit software, the Shared
parameters, adding a .txt file that contains the new information. Figure 12 shows the new parameters
connected to the damage event in Revit.
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3.3.2. HBIM-GIS Integration Considering Standard Formats and Model Solutions

As mentioned before, for the second interoperability validation, the conversion between IFC and
CityGML standards was considered.

Referring to these two international standards, a methodology based on the use of conversion
data format software was chosen, thus FME (Feature Manipulation Engine by Safe Software, version
2019.1) was selected. It allows to create various workspaces, in which it is possible to specify the
format of the input and output data and to use a special combination of transformers that let the data
structure to be edited according to different needs.

In the FME project created for the present research, the input file (“Reader”) is the .IFC, the LoD
3 model exported from Revit. As output file, the .GML data format, compliant with the CityGML
standard is set.

The .IFC file was set following the IFC hierarchical structure (explained in Section 3.1).
In this regard, it was necessary to insert two “Readers”: the first as “Single Merged Feature Type”

and the second as “Individual Feature Type”. The first one is required to read all the IFC features and to
populate the table containing the “id”, “parent_id” and “feature_type” field. The “BinaryEncoder” and
“VariableSetter” transformers were used to code and to associate the values with the corresponding
variable (Figure 13).
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Since the second “Reader” is composed by both geometric and non-geometric data, the
“GeometryRemover” transformer was used in order to remove geometries to non-geometric data
(as “IfcBuilding”). Then the “AttributeRenamer”, which allows the manual association of the “Id”
attributes of .IFC to those of .GML, was applied (Figure 14).
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Figure 14. Conversion to remove geometry from “IfcBuilding”.

After that, for each geometric data (“IfcWindow”, “IfcBuildingElementProxy”, “IfcDoor”,
“IfcRoof”, “IfcSlab”, “IfcWallStandardCase” and “IfcWall”) the same combination of transformers has
been adopted. For example, the workspace created for the “IfcWindow” feature is shown (Figure 15).

Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 20 

Referring to these two international standards, a methodology based on the use of conversion 
data format software was chosen, thus FME (Feature Manipulation Engine by Safe Software, version 
2019.1) was selected. It allows to create various workspaces, in which it is possible to specify the 
format of the input and output data and to use a special combination of transformers that let the data 
structure to be edited according to different needs. 

In the FME project created for the present research, the input file (“Reader”) is the .IFC, the LoD 
3 model exported from Revit. As output file, the .GML data format, compliant with the CityGML 
standard is set. 

The .IFC file was set following the IFC hierarchical structure (explained in Section 3.1). 
In this regard, it was necessary to insert two “Readers”: the first as “Single Merged Feature 

Type” and the second as “Individual Feature Type”. The first one is required to read all the IFC 
features and to populate the table containing the “id”, “parent_id” and “feature_type” field. The 
“BinaryEncoder” and “VariableSetter” transformers were used to code and to associate the values 
with the corresponding variable (Figure 13). 

 
Figure 13. Create parent/child lookup. 

Since the second “Reader” is composed by both geometric and non-geometric data, the 
“GeometryRemover” transformer was used in order to remove geometries to non-geometric data (as 
“IfcBuilding”). Then the “AttributeRenamer”, which allows the manual association of the “Id” 
attributes of .IFC to those of .GML, was applied (Figure 14). 

 
Figure 14. Conversion to remove geometry from “IfcBuilding”. 

After that, for each geometric data (“IfcWindow”, “IfcBuildingElementProxy”, “IfcDoor”, 
“IfcRoof”, “IfcSlab”, “IfcWallStandardCase” and “IfcWall”) the same combination of transformers 
has been adopted. For example, the workspace created for the “IfcWindow” feature is shown (Figure 
15). 

 
Figure 15. Example of workflow applied for windows, from “IfcWindow” to CityGML. 

Since in the IFC standard geometries are composed of “solids”, while they are represented as 
“multisurfaces” in CityGML, it was necessary to create an ad hoc transformer, called 

Figure 15. Example of workflow applied for windows, from “IfcWindow” to CityGML.



Appl. Sci. 2020, 10, 1356 15 of 20

Since in the IFC standard geometries are composed of “solids”, while they are represented as
“multisurfaces” in CityGML, it was necessary to create an ad hoc transformer, called “ConvertGeometry”
(Figure 16). This tranformer has allowed the correct conversion of the geometries.
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Figure 16. “ConvertGeometry” custom transformer workflow.

Each custom transformer requires the creation of an additional workspace, containing a
combination of transformers. In this case, “GeometryPartExtractor” to extract the geometries from the
features, “GeometryCoercer” to make them “composite_surface” and “Deaggregator” to disaggregate
them on several levels were used.

Subsequently, the “Aggregator” was employed to combine geometries into “multisurfaces” and
the “GeometryRefiner” to perform “refinements” on features’ geometry.

After the conversion of the geometries, the “BinaryEncoder” and “VariableRetriever” were added
in order to read the pre-set “_parent_id” variable and to attribute the corresponding “_parent_type “.
With “AttributeRenamer” the “ifc_unique_id” field was renamed in “gml_id”. This step is useful to
create a correspondence between the IFC and CityGML standards.

Successively, the hierarchy of each feature was tested using the “Tester” transformer. Then, a new
ad hoc transformer named “GetGrandParentID” (Figure 17) was created, “_parent_id” field has been
codified and the corresponding value has been assigned in the “_gparent_id” one, in turn decoded
through the “BinaryDecoder”. In this way, it is possible to establish the correspondence between the
two standards.
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Figure 17. “GetGrandParentID” custom transformer workflow.

The last transformer considered in the workspace was the “CityGMLGeometrySetter” (Figure 18),
created through the combination of “AttributeCreator”, which allowed the creation of the
“citygml_lod_name” and “citygml_feature_role” attributes and “GeometryPropertySetter”, useful for
the proper compilation of the attributes (considering the correspondences reported in the Safe Software
Tutorial “Writing CityGML from FME”—Table 4).
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After having repeated the entire procedure for each feature, the whole workspace was finally run.
The final result of the output file (.gml) could be visualised in the FME Data Inspector (a utility that
allows the user to view and save data converted in any FME-supported format) (Figure 19).
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Table 4. Corresponces beetween IFC and CityGML features and geometries.

IFC Feature Type CityGML Feature Type Citygml_Lod_Name
Value Citygml_Feature_Role

IfcWindow Window Lod [3–4] Multisurface opening

IfcBuildingElementProxy BuildingInstallation Lod [3–4] Geometry outerBuildingInstallation

IfcDoor Door Lod [3–4] Multisurface opening

IfcRoof RoofSurface Lod [2–4] Multisurface boundedBy

IfcSlab FloorSurface Lod [2–4] Multisurface boundedBy

IfcWallStandardCase
WallSurface Lod [2–4] Multisurface boundedBy

IfcWall
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4. Results

In order to verify and validate the correctness of the conversion methodology process, the model
was firstly imported into the FZK Viewer. This free software, developed by KIT (Karlsruher Univerity
of Techonology), allows the user to inset and query 3D CityGML models. As Figure 20 shows, here it is
possible to visualize the .GML file with the IFC parameters and the CityGML characteristics.
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In a second phase the .GML file was imported into the open source GIS software QGIS in order to
visualize the building in its context and to query the geometries.

Thanks to the 3D Map developed in the QGIS software, it is possible to view the cartographic
data such as buildings and DTM in 2.5D and 3D. In the Figure 21 the geometry “LOD_3RoofSurface”
is selected and the related information are visualised.
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5. Conclusions and Future Perspectives

Through the methodology proposed, a good level of interoperability is ensured, accomplishing the
two levels of conceptual interoperability investigated. In fact, it is possible to convert an object-oriented
model into the standard .GML format, through the IFC, keeping all the information related to geometry
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and semantics, even those typical of the HBIM models inserted, most of the time, as shared/project
parameters.

Furthermore, the geo-referencing of the model is maintained in both the standards analysed and
within both the solutions proposed, the commercial and the open source ones.

The first methodological phase (HBIM-GIS integration using a recent function in a GIS commercial
solution) was aimed on importing a BIM model into the GIS environment. This test considered the
native data format and represented the technical interoperability issue.

The second test (HBIM-GIS integration considering standard formats and models solutions)
considered a standard data model for exchange purposes.

These solutions were chosen in order to allow a representation of the church and the city with
a multi-scale approach (using CityGML Level of Detail). This method could allow the connection
of the entire 3D model with other geographic information systems, SDIs, databases and linguistic
and domain ontologies; in this way, interoperability (lexical, data, knowledge model and object) and
sharing of information are ensured.

In the GIS environment, moreover, the BIM model and its data information could be related to
other parameters performing risk analyses, comparing entities with raster data as well as risk maps
(such as the Italian seismic earthquake zoning map). The potentiality of importing such a detailed
3D model into GIS regards the possibility to create a spatial/geo-database connecting all the entities
included in the project (such as buildings, roads, services and other cartographic elements, vulnerability
parameters and hazard maps).

A bottleneck of this methodology, using the standard data format, is the lack of a workflow where
the attributes of the HBIM model are automatically maintained or managed after the conversion,
without the need for manual insertion of transformers in FME (e.g., “AttributeExposer”, “Attribute
Manager”, “AttributeRemover”). If we solely consider the visualization of the output file, it has been
highlighted that on the one hand the commercial software ArcGIS Pro does not support the .GML
format yet, on the other, the open source solution allows the model to be viewed, but a further theming
is manually required. Finally, once the compliance test for the .GML format has been performed in
the CityGML schema validator, the FME output file is not validated, therefore further studies should
be needed.

Future developments of this research could be: the test of the further conversion of the .GML
format of a historic building into INSPIRE via FME, based on the latest research in the state-of-art; a
validation of the XML schema through various tests and validator, as the one developed by the TU
Delft GeoBIM research group and recently tested in the framework of the GeoBIM benchmark 2019 [40];
insertion of data related to seismic vulnerability or risk/hazard parameters directly into the HBIM
model to allow more specific analyses in the GIS environment; validate semantic interoperability with
a consolidated structure such as ontologies for cultural heritage [41], ultimately it could be useful to
deepen and investigate the other levels of interoperability that, in this study, have not been taken into
account (syntactic and pragmatic).
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