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Abstract

This paper presents an innovative procedure to create parametric building
information modelling (BIM) objects from point clouds of complex architectural
features. BIM technology requires an advanced parametric representation of the
geometry involving spatial relationships, constraints and material properties. The
aim of the procedure is a BIM-based reconstruction methodology that preserves
the level of detail encapsulated in photogrammetric and laser-scanning point
clouds, and relies on non-uniform rational basis splines (NURBS) curves. The
particular case of architectural objects with irregular shapes is addressed due to
the lack of commercial BIM software able to handle such buildings. An actual
case study made up of 7�5 billion points is discussed to demonstrate the use of the
proposed procedure with huge point-cloud datasets.
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Introduction

BUILDING INFORMATION MODELLING (BIM) is one the most promising technologies to increase
productivity in the architectural, engineering and construction (AEC) industries. Increasingly,
BIM is becoming the standard for the design, construction and management of new buildings,
notwithstanding some resistance from certain specialists (Eastman et al., 2008; Fai et al.,
2013).

The growing interest in BIM is confirmed by the development of numerous commercial
software (examples include Revit, ArchiCAD, Vectorworks, Bentley Systems, Allplan, Tekla
Structures and RIB iTWO) that take into consideration the different requirements of various
specialists, such as architects, engineers, designers, planners, construction and facility
managers, involved in the construction process (Azhar, 2011; Azhar et al., 2012). BIM can be
implemented as a common environment able to manage the different stages of a project:
planning, design, construction and management. Practical case studies have proved that the
use of a common BIM platform leads to an incremental rise in field productivity of up to 40%
(Chelson, 2010).

© 2015 The Authors

The Photogrammetric Record © 2015 The Remote Sensing and Photogrammetry Society and John Wiley & Sons Ltd



BIM is an evolution of computer-aided design (CAD) systems. Historically, hand
drawings using boards and manual drafting were progressively substituted by 2D and 3D
vector-based CAD representations (starting in the 1970s and 1980s). This resulted in an
immediate advantage in terms of project productivity, with a consistent reduction of design
errors and omissions. However, the creation of multiple CAD drawings (plans, elevations,
sections, 3D models and so on) with multiple revisions (independently carried out by
different specialists) was often the cause of unsynchronised and inconsistent project
versions.

The BIM paradigm moves the traditional design concept towards reducing problems
caused by the lack of communication between specialists who can take advantage of new
interoperability standards. BIM relies on a 3D model of the structure with additional
parametric geometry so that objects can be modified without redrawing. BIM is much more
than a crude 3D representation made up of static shapes with fixed geometry (Oreni et al.,
2014). It is an object-oriented database of the building with an improved coordination of
construction documents where geometry, spatial relationships and the properties of building
components are structured. Construction elements become intelligent objects containing
information (for example, materials and layers) integrated with their physical dimensions.
Intelligence is added by the integration of building attributes that describe the elements of
nested objects which have a relationship to one another (Kensek and Noble, 2014).

The growing interest in BIM technology has a direct impact on the requirements of
image- and range-based reconstructions. Photogrammetry and laser scanning are powerful
tools that capture huge quantities of 3D metric information about an object, especially with
the recent developments in image matching and orientation algorithms (Barazzetti et al.,
2010; Jazayeri and Fraser, 2010; Gruen, 2012; Remondino et al., 2014). However, after
considering the main innovations coming from building information modelling, additional
issues arise. The question behind the current work is: “How can one turn point clouds into
rigorous BIM?”

Multiple factors should be taken into account to answer the question. In addition, very
little research has been undertaken to understand the potential of BIM for heritage buildings
(Fai et al., 2011). Most BIM software have families of objects relating only to modern
constructions, and the reconstruction of complex shapes seems a challenging task.

A further important consideration must be pointed out before developing this topic: 3D
models that contain only 3D (metric) data are not BIM models (Arayci, 2008). This means
that a model generated from point clouds is not a BIM unless (1) parametric intelligence,
(2) relationships and (3) attributes are added. Parametric intelligence means that an object
(such as walls, doors and windows) can be encapsulated into the project and modified with
a simple set-up of its dimensions in a project database. Different objects are consistent (for
example, a door fits into a wall) in order to remove redundant information and project
errors; a change in a specific object should also modify the objects with which it has a
direct interaction. In contrast, attributes are additional features that describe the properties of
structural elements, such as component materials and energy data.

As BIM requires object-oriented parametric modelling techniques, methods that try to
reconstruct the shape with a direct interpolation of point clouds cannot produce BIM
models. The logic of construction of the elements (how the building is assembled) and
material properties cannot be neglected. This information comes at a cost and is the sort of
knowledge that reveals that interconnections between component construction elements are
mandatory in order to obtain a set of consistent objects. This is probably one of the most
complicated areas for the automated generation of intelligent models: BIM requires the
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identification of single elements and their mutual relationships in order to create a model
composed of a large number of simple parts (Eastman et al., 2008).

On the other hand, it is clear that the information given by point clouds is a powerful
tool to initialise the geometry of BIM. High-resolution and accurate point clouds can reveal
the external shape and its irregularities. Simple and regular objects (such as straight walls)
can be modelled with the families available in most BIM packages that were mainly
developed for new buildings. Most software vendors are adapting their software to import
and visualise point clouds to obtain a direct link between geometry, families of objects,
parametric intelligence and attributes.

However, the geometric complexity that can be captured by laser-scanner and
photogrammetric point clouds leads to another problem. It is very difficult to reconstruct
correctly the shape with the predefined elements developed for modern and regular
buildings. This problem becomes even more intricate for architectural objects that would
require excessive simplification of irregular elements (such as vaults or arches), with a
concomitant level of the detail resulting in almost useless models for restoration and
conservation.

In the technical literature, some examples of complete BIM derived from point clouds
and integrated in specific BIM packages (mainly Autodesk Revit or ArchiCAD) were
discussed in Murphy et al. (2009, 2013), Fai et al. (2011), Oreni et al. (2012, 2014),
Brumana et al. (2013), Baik et al. (2014), Fai and Rafeiro (2014), Scianna et al. (2014),
Barazzetti et al. (2015), Dore et al. (2015) and Quattrini et al. (2015). The analysis of
complex shapes was a common major challenge, for which different strategies (such as
implementation of new algorithms for object generation, creation of new families or excessive
simplification) were adopted. It is important to underline that the use of a commercial BIM
package is mandatory to fulfil basic BIM requirements, avoiding traditional 3D models
generated in pure modelling packages (such as Maya, Rhinoceros and 3D Studio Max) that
do not fulfil BIM requirements because of their lack of parametric modelling tools, spatial
relationships and attributes (Arayci, 2008; Remondino, 2011).

This paper presents a new procedure for the generation of accurate BIM of complicated
objects, starting with dense point clouds generated with laser scanning or photogrammetric
techniques. The objects obtained have parametric intelligence and follow the original shape
of the construction elements, as well as their logic of construction. Attributes can be added
with respect to the requirements of BIM projects.

One of the aims of this work is to prove that point clouds remain the most complete
and detailed solution for capturing building geometry. Point clouds can be then converted
into intelligent BIM objects with a new strategy that generates parametric geometry and
relationships from a set of non-uniform rational basis splines (NURBS) curves and surfaces.

Developed BIM Procedure for Complex Objects

Most 3D modelling projects are based on procedures that are able to generate surfaces
with the interpolation of the point cloud using a mesh-based algorithm. On the other hand,
BIM technology requires a parametric representation of geometry and not simply a static
shape. The procedure proposed in this paper exploits innovative concepts and procedures for
BIM generation which preserve the metric accuracy captured by laser-scanner and photo-
grammetric point clouds.

The workflow is visually illustrated in Fig. 1: the laser scan of an irregular vault was
turned into advanced BIM elements with the parametrisation of the vault thickness. The
vault becomes an “intelligent object” with a dynamic shape and material information.
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The parametric modelling strategy is a semi-automated methodology based on NURBS
(Piegl and Tiller, 1997) using the following four steps:

(1) NURBS curves are used to detect the discontinuity lines of the different structural
elements (manual or semi-automated approach);

(2) an (optional) NURBS curve network can be generated to densify the discontinuity
lines (manual or semi-automated approach);

(3) NURBS surfaces are interpolated using NURBS curves and the point cloud
(automated approach);

(4) the surface is turned into a BIM object with parametric intelligence, spatial
relationships and attributes (automated approach for the geometric part, the
inclusion of attributes is carried out by an expert operator).

In the proposed workflow the identification of the different architectural elements is
required in order to correctly replicate the logic of construction (how the building was
actually constructed) integrated with spatial relationships and attributes (Hichri et al., 2013).

Real examples derived from a complex case study are illustrated and discussed to prove
that the proposed reconstruction approach for irregular objects is feasible in real projects.

Fig. 1. Schematic workflow of the proposed approach for BIM generation. NURBS curves and surfaces are
fitted to point clouds by following the discontinuity lines of construction elements; parametrisation is then

carried out to transform the surfaces into an intelligent object.
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The reconstructed elements can be incorporated into commercial BIM packages for further
analysis involving different specialists (architects, engineers, geologists, archaeologists,
historians, restorers, constructors and so on), preserving the need for interoperable solutions.

The chosen case study is Castel Masegra (Fig. 2) in Sondrio (northern Italy), which
was surveyed with photogrammetric and laser-scanning techniques. A laser-scanner point
cloud made up of 7�5 billion points was acquired with a Faro Focus 3D laser scanner.
Overall, 176 scans were registered with a precision better than �3mm by means of
spherical and chequerboard targets. Laser targets were also incorporated into a robust
geodetic network of 68 stations that provides a stable and accurate reference system using a
Leica TS30 total station.

Additional metric information was collected with photogrammetric techniques and
calibrated cameras (Cronk et al., 2006) with different lenses. Images were used to create
additional point clouds and orthophotos of the external fac�ades, internal walls and vaults.
This was useful to inspect the layers of the walls and add more information in the BIM.
The inspection of the roof was carried out with an unmanned aerial vehicle (UAV)
platform, namely, an AscTec Falcon 8 (Barazzetti et al., 2014).

It is well known that the combined use of different recording tools and techniques is
mandatory for the reconstruction of complex sites (Riveiro et al., 2008; Cabaleiro et al.,
2014). Image-based (Remondino and El-Hakim, 2006) and range-based (Lerma et al., 2014)
techniques are powerful solutions for obtaining accurate geometric information of complex
sites (Guidi et al., 2009; Fassi et al., 2011). Subsequent data processing must take into
consideration the needs of the specialists involved in the project to arrive at a common
outcome of the work. From this point of view, BIM is an innovative tool in the restoration
and conservation activities of the castle.

Fig. 2. Castel Masegra in Sondrio, Italy, surveyed with laser scanning and photogrammetric techniques for
BIM generation.
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Selected images of the geodetic network and the laser point clouds, as turned into the
final parametric BIM, are shown in Fig. 3. The elements were generated by taking into
consideration: the geometric complexity and the materials; the state of conservation; the
structural connections; and the presence of cracks, decorations and frescos. This illustrates
how different specialists with different backgrounds are needed in a complete restoration
project.

The final BIM file (.rte format) was larger than 470 megabytes and is made up of
several families (for example, wall, roof, ceiling, stairs, beam, railing, column, door, generic
object, window). Overall, the model consisted of 6310 elements. Simple objects were
modelled directly in Autodesk Revit, whereas complex shapes required the proposed
procedure due to the lack of flexible modelling procedures in commercial software. This
indicates that much further research work is still needed to implement BIM-based

Fig. 3. Laser scanning point clouds (7�5 billion points) and geodetic network used to generate the BIM of
Castel Masegra, which is made up of intelligent objects with geometric parametrisation, relationships and

attributes. Colours correspond to different construction stages based on historical research.
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algorithms able to provide a detailed reconstruction for architectural objects with complex
shapes.

The work carried out in the commercial package Autodesk Revit consists of the digital
modelling of parts that can be reasonably approximated with standard Revit families (for
instance, floors and ceilings are quite regular after the inspection of laser scans). Complex
objects (such as vaults) were instead reconstructed with the new procedure based on NURBS
curves and surfaces. Material and layer information was included in the attribute table, as well
as the construction stages from the historical research. Different parametrisation levels were
used for different objects, including a partial or full parametrisation depending on functional
requirements.

A schematic visualisation for one of the buildings of the castle is shown in Fig. 4. Simple
elements (modelled in Autodesk Revit) are combined with complex vaults reconstructed with
the implemented procedure, as described in the next sections. The final result is a complete
BIM solution for 3D modelling that exploits point clouds for both simple and advanced
shapes. The use of a commercial package like Autodesk Revit as a final choice ensures that the
model is also used by specialists that are not expert in the field of photogrammetry. Specialist
ad hoc software is not necessary, meaning that the photogrammetric results can be used by a
wide user community interested in BIM for productive work.

Fig. 4. The final BIM can be handled in Revit. Simple objects (for example, trusses) were directly modelled
with commercial software, whereas complex objects (such as vaults) were reconstructed with the developed

procedure and then imported into Revit.
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Generation of a NURBS Curve Network from Point Clouds

NURBS are powerful tools for the reconstruction of both simple shapes and complex
objects (Piegl, 1991). NURBS are mathematical functions defined in parametric form and can
be interactively manipulated by changing the position of control points (Farin, 1992, 1996; Hsu
et al., 1992). Manual modelling via NURBS is feasible with an easily understood geometric
interpretation offered by several commercial packages (examples include Ashlar-Vellum CAD,
Blender, EvoluteTools PRO, Hexagon, Maya, Mol, Nurbana 3D and Rhinoceros).

The proposed procedure for BIM generation is based on NURBS curves derived from the
point cloud. Curves are generated by taking into account the logic of the construction of the
building, which is manually divided into its constructive elements. The manual generation of
the discontinuity lines of the construction elements provides a rigorous separation based on the
components of the building. Point clouds are a powerful starting point for an accurate
reconstruction of the external layer of the different elements. On the other hand, this means
that only the parts visible in the point clouds can be accurately reconstructed. Thus, laser-
scanning and photogrammetric techniques can reveal only the external surfaces that are just a
part of the whole reconstruction process. In fact, the final BIM must incorporate volumetric
information (such as wall thickness), material properties and the organisation of structural
elements in a building database, which cannot be neglected in BIM projects.

In the proposed methodology, 3D NURBS curves are used to initialise the
reconstruction of the different structural elements. NURBS curves form the skeleton of the
proposed reconstruction approach, not only for a preliminary separation of the constructive
elements, but also for the ability to highlight local anomalies such as verticality issues or
variations in thickness. In some cases, a set of additional 3D curves can be generated inside
the discontinuity lines to form a rigid curve network in space that allows a more accurate
reconstruction along predefined directions.

The implemented strategy uses the point clouds to drive the generation of NURBS
curves in space. A subset of the original point clouds can be extracted along predefined
directions given by cutting planes set by the user. Cutting planes can be intended as cross
sections through the point clouds and are useful to simplify the 3D reconstruction process
towards a 2D analysis based on a plane arbitrarily oriented in space.

Given a set of n + 1 control points P0; . . .; Pn a NURBS curve C uð Þ of degree p is
defined by (Piegl, 1989a):

C uð Þ ¼
Pn

i¼0Ni;p uð ÞwiPiPn
i¼0Ni;p uð Þwi

ð1Þ

where wi are the weights and Ni;p uð Þ are the pth-degree B-spline basis functions defined on
the knot vector:

U ¼ 0; . . .; 0; upþ1; . . .; um�p�1; 1; . . .; 1
� �

: ð2Þ

Here U is a non-decreasing sequence of real numbers whose elements ui are termed knots. The
ith B-spline basis function Ni;p uð Þ has the recursive Cox–de Boor form (Cox, 1972):

Ni;0 uð Þ ¼ 1 if ui � u� uiþ1

0 otherwise

�

Ni;p uð Þ ¼ u� ui
uiþp � ui

Ni;p�1 uð Þ þ uiþpþ1 � u
uiþpþ1 � uiþ1

Niþ1;p�1 uð Þ:
ð3Þ
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The use of the rational basis function Ri;p uð Þ� �
defined as:

Ri;p uð Þ ¼ Ni;p uð ÞwiPn
j¼0Nj;p uð Þwj

ð4Þ

provides the compact form:

C uð Þ ¼
Xn

i¼0
Ri;p uð ÞPi: ð5Þ

As already mentioned, the generation of discontinuity lines is carried out by setting
specific cutting directions in space which are able to extract thin point-cloud slices. A point-
cloud slice must have a limited thickness (for example, 1 to 2 cm) so that its points can be
assumed to be aligned. The use of multiple slices allows numerous discontinuity lines to be
highlighted for the generation of complex objects. In particular, multiple horizontal cutting
planes are useful for inspecting the thickness of walls and their structural anomalies, such as
non-vertical or tilted walls, whereas vertical slices can initialise the generation of cross
sections. Multiple horizontal, vertical and tilted slices are needed to model complex objects
such as vaults.

NURBS curves can be estimated from the point clouds with manual or semi-automated
measurements, depending on the complexity of their shape. The manual identification of
point-cloud slices (cutting planes needed to subdivide the building into construction
elements) requires an expert operator able to interpret the building. In the case of manual
measurements, the user can interactively reconstruct the curve by picking some points of the
slice. The degree of the curve must be set to 1 for straight lines; degrees 2 and 3 provide
for an accurate representation of irregular lines.

Automation can be achieved by selecting only the start and end points of the
discontinuity lines. Given a subset of equally spaced points Qk k ¼ 0; . . .; nð Þ in the point-
cloud slice (the threshold for point separation is set by the user as a distance in space), which
defines the points where the curve will be interpolated, the estimation of the NURBS curve
requires points of an additional knot vector U ¼ u0; . . .; umf g. Next, a nþ 1ð Þ � nþ 1ð Þ
system of linear equations can be written as (Piegl and Tiller, 1997):

Qk ¼ C �ukð Þ ¼
Xn

i¼0
Ni;p �ukð ÞPi ð6Þ

where the n + 1 control points Pi are the unknowns and the parameter value �uk is assigned
with the chord length method (Piegl and Tiller, 1997; Yeh and Hsu, 2002):

�uk ¼ �uk�1 þ Qk � Qk�1j jPn
k¼1 Qk � Qk�1j j : ð7Þ

Some examples of three-dimensional NURBS curves used to model the discontinuity
lines of complex shapes in the vaults of Castel Masegra are shown in Fig. 5. The proposed
approach can be intended as a semi-automated solution where: (a) the expert operator
identifies the elements and its discontinuity with some point-cloud slices; (b) the start point
and end point are interactively chosen; and (c) the algorithm uses the point cloud to
generate the curve.
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One of the advantages of the proposed procedure is the opportunity to use the same
points as constraints for multiple profiles so that there is a perfect intersection of multiple
NURBS curves. In some cases, the automated selection of the subset of points Qk is a
complex task. Indeed, fully automated modelling is still not feasible, not only for complex
architectural objects, but also for the structural interpretation of the building, which is a
fundamental requisite for BIM. In addition, occlusions are inevitable in the case of actual
projects and still require manual measurements.

Fig. 5. Three vaults of Castel Masegra modelled with NURBS curves. Point clouds are shown on the left,
whereas the generated lines on the right are based on the logic of construction of the vaults. Top: the umbrella
vault in the dovecote tower. Middle: the vault with lunettes in the reception hall. Bottom: the barrel vault in

the cellar.
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Generation of NURBS Surfaces

Three-dimensional NURBS curves provide the geometric constraints which are able to
initialise the reconstruction of external surfaces of final BIM objects. In this section, the
reconstruction of the visible layer (the one surveyed by point clouds) of the architectural
element is described, whereas the next section will address the problem of parametric
building information modelling (the internal layers and material information).

As mentioned, range- or image-based point clouds provide the shape of the external layer
of the elements. They allow a digital model to be generated, but only of the outer surfaces.
This incomplete reconstruction in BIM projects requires a volumetric object representation.
The typical case is the vault, for which intrados can be surveyed, whereas the extrados requires
a parametric BIM representation to generate a dynamic model that encapsulates the thickness
so that the vault can be modified without redrawing.

The reconstruction of the surfaces surveyed with photogrammetric techniques is carried
out with the previously extracted NURBS curves and a new NURBS surface S u; vð Þ of
degree (p, q) in the directions (u, v), as defined by (Piegl, 1989b):

S u; vð Þ ¼
Pn

i¼0

Pm
j¼0Ni;p uð ÞNj;q vð Þwi;jPi;jPn

i¼0

Pm
j¼0Ni;p uð ÞNj;q vð Þwi;j

ð8Þ

where wi;j are the weights, and Ni;p uð Þ and Nj;q vð Þ are the B-spline basis functions defined
on the knot vectors:

U ¼ 0; . . .; 0; upþ1; . . .; ur�p�1; 1; . . .; 1
� �

V ¼ 0; . . .; 0; vqþ1; . . .; vs�q�1; 1; . . .; 1
� � ð9Þ

and

r ¼ nþ pþ 1; s ¼ mþ qþ 1:

The introduction of piecewise rational basis functions Ri;j u; vð Þ defined as:

Ri;j u; vð Þ ¼ Ni;p uð ÞNj;q vð Þwi;jPn
k¼0

Pm
l¼0Nk;p uð ÞNl;q vð Þwk;l

ð10Þ

provides the compact form:

S u; vð Þ ¼
Xn

i¼0

Xm

j¼0
Ri;j u; vð ÞPi;j: ð11Þ

NURBS surfaces can be estimated from one, two or a set of curves in space that
are used as geometric constraints for surface interpolation. Although NURBS surfaces
can be directly fitted to an unorganised point cloud, the final representation of sharp
features with well-defined edges is usually very poor. The use of a preliminary set of
curves for the generation of the surface is a more reliable choice and separates the
different objects.

After the generation of the discontinuity lines with NURBS curves, the whole surface
is modelled with an interpolation of the curves through one or more surfaces. The curve
network can be precisely interpolated if it satisfies particular geometric constraints, whereas
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an approximation is mandatory when a precise solution is mathematically impossible. In the
latter case, the curve network should be interpolated as closely as possible so that the
distance between the curves, the point clouds and the final surface is minimal.

The first case illustrated here allows strong control of the interpolated surface. If the
curves in one direction cross all curves in the other direction (self-intersections between
curves in the same direction are not allowed) the surface S(u, v) can be estimated with the
elegant mathematical solution developed by Gordon (1993), obtaining a surface that
interpolates the curves in space so that Ck uð Þ ¼ Sðu; vkÞ (0 ≤ k ≤ K) and Cl vð Þ ¼ Sðul; vÞ
(0 ≤ l ≤ L).

Given a consistent network of curves in space, there are an infinite number of surfaces
that contain the curve network. However, a Gordon surface is a very elegant solution for the
curve-surface fitting problem:

S u; vð Þ ¼
Xs

l¼0

ClðvÞalðuÞ þ
Xr

k¼0

Ck uð Þbk vð Þ �
Xs

l¼0

Xr

k¼0

Ql;kal uð Þbk vð Þ

¼ S1 u; vð Þ þ S2 u; vð Þ � Tðu; vÞ
ð12Þ

where alðuÞf gsl¼0 and bkðvÞf grk¼0 are any two sets of blending functions that satisfy the
constraints:

al uið Þ ¼ 0 if l 6¼ i

1 if l ¼ i

�

bk við Þ ¼ 0 if k 6¼ i

1 if k ¼ i:

� ð13Þ

The solution can also be intended as the sum of three particular surfaces: the first S1 u; vð Þ
and the second S2 u; vð Þ contain all Cl(v) and Ck uð Þ; the third function T(u, v) (a tensor
product) contains the intersection points between the curves.

Both S1 u; vð Þ and S2 u; vð Þ have remarkable properties, as they are skinned functions.
Skinning, also termed lofting (Woodward, 1988), can be defined as the procedure to create a
surface given a set of curves Ck uð Þf g in the u direction with respect to a blending direction
v. Skinning was a very popular technique in aircraft and boat design, even before the
adoption of 3D modelling software.

The second solution used in this work relies on curves that do not satisfy the previous
requirements (for example, any of the curves in one direction of the network do not
intersect all of the other curves). Surface deformation (Hu et al., 2001; Brujic et al., 2002)
is a different strategy that provides for progressive modifications to a seed surface according
to a given curve network and point cloud. In the proposed methodology, an initial geometry
is progressively adjusted to transform a planar seed surface into a new 3D surface that
follows the point cloud closely. In the case of Castel Masegra, both solutions were adopted.
However, the vaults shown in Fig. 6 were modelled only with the second methodology,
which is much faster since the (manual) generation of a consistent and detailed network is a
very time-consuming process.

The chosen seed surface is a plane with a predefined number of U and V subdivisions
(usually 32 9 32). The method exploits the property of local support of NURBS, for which
a manipulation of a part of the surface provides modifications only in a confined area,
without changing the whole surface. Modifications to the seed surface can be performed by
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modifying weights, control points and knot vectors. The procedure is carried out by
considering multiple modifications not limited to a single parameter. For instance, the
modification of single control points leads to an unnatural final shape, whereas altering a set
of control points provides a much more realistic and smooth surface (Piegl, 1989b).

The advantages of this second strategy rely on a fully automated procedure that takes
into consideration existing curves and point clouds. Another parameter that must be set
beforehand is the orientation of the subdivisions, which do not follow the dominant
direction of a real object in the case of fully automated processing. The main disadvantage
is the smaller overall control in an interactive Gordon solution, which could result in
unrealistic reconstructions for weak curve networks and non-uniform point clouds.

Fig. 6. The surfaces of the vaults generated with NURBS surfaces. Left: visualisation with the complete frame
and its subdivision. Right: the final vaults.
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Boundaries (also called discontinuity lines or edges) are also extremely important
because they delineate the appearance of a freeform shape. They are used to interpolate the
surface but also to combine multiple surfaces by means of trimming operations. Common
boundaries for multiple surfaces (derived from the initial NURBS curves) allow a complete
reconstruction without voids or intersecting surfaces.

The surfaces modelled from NURBS curves (degree 3 is always chosen for complex
shapes) and point clouds are shown in Fig. 6. The NURBS surface was generated with the
automatic progressive adaptation of an initial planar surface, which was generated by setting
the number of internal subdivisions. Degree 3 was chosen to obtain a smooth representation
with the NURBS curves used as breaklines between consecutive structural elements. This
also ensures the geometric continuity of adjacent surfaces with a perfect edge-to-edge
correspondence, resulting in rigorous geometric consistency of the surfaces.

Surface interpolation can be carried out with efficient algorithms that provide real-time
results, allowing an immediate visual inspection of the final surfaces. The user selects the
NURBS curves and the part of the point cloud used to adapt the (initial) planar NURBS
surface. The solution is extremely efficient from a computational point of view so that a
single surface can be fitted in less than 1 or 2 s.

Complex objects comprise multiple parts; data processing requires the subdivision of
each object depending on the discontinuity of the lines. For instance, in the case of the
umbrella vault, 20 surfaces were independently fitted with the constraint of common edges
(Fig. 6). This requires only the manual selection of the different parts by means of NURBS
edges, whereas surface fitting is a real-time process.

As data modelling is carried out in the reference system given by the geodetic network,
a set of oriented images can be automatically re-projected onto the shaded surface to obtain
photo-realist visualisation (Fig. 7). A texturised 3D model is not only an attractive visual
representation of the object; it also provides additional information for the generation of
BIM objects by interpreting the different materials and the state of degradation.
Additionally, orthophotos can be generated by re-projecting the texturised NURBS surfaces
onto a plane.

A final consideration deserves to be mentioned. NURBS surfaces can be used to
represent both complex shapes or predefined mathematical surfaces, such as cylinders,
spheres, paraboloids and toroidal patches. In addition, they can represent ruled surfaces by
means of a generatrix (a qth-degree NURBS curve C vð Þ ¼ Pn

j¼0Rj;q vð ÞPj on the knot vector
V) rotated around an axis. Cylinders and cones are typical examples that can be intended as
surfaces of revolution, but the method becomes extremely useful when, in the case of
historical objects, the generatrix can be digitised from the point clouds. This makes NURBS
useful for a large variety of objects.

From NURBS Surfaces to BIM

The final step of the proposed procedure for BIM generation concerns the conversion
of the surfaces into parametric objects.

As mentioned in the previous sections, NURBS curves and surfaces are not intelligent
BIM objects; hence, the 3D model made up of curves and surfaces is not a BIM. On the
other hand, NURBS are unequivocally described by a finite set of parameters (degree, a set
of weighted control points and a knot vector). The key idea for their BIM representation is
a mathematical solution that (a) preserves the original NURBS surface and (b) adds new
object-based information including semantic data and attributes.
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The step towards a conversion of the surfaces into BIM objects is achieved by using
both geometric and functional requirements. Generally speaking, a structural element should
know what it is (for example, a wall, a staircase); it has a parametric representation of the
shape together with spatial relationships with other objects. As commercial BIM packages
were not developed for complex objects, there is a lack of tools for managing complex
NURBS curves and surfaces in such packages.

The procedure proposed in this paper provides BIM objects of complex elements by
using the NURBS surface turned into specific BIM families. This choice is motivated by the
growing request for interoperable BIM projects based on different software. As families
should be interoperable between most commercial software, the proposed solution provides
the opportunity to work with commercial packages and makes the procedure developed
useful for practical applications with various specialists who are often not very experienced
in the field of metric reconstruction from point clouds.

Autodesk Revit is the BIM software package chosen in this work. In particular, Revit
Architecture is the leader in the commercial market and the first software solution for direct

Fig. 7. Top: the NURBS surface can be textured with digital images to obtain photo-realistic visualisation.
Bottom left: as images are oriented in the reference system given by total-station data, this part of the work is fully

automated. Bottom right: orthophotos can be subsequently generated by re-projecting the model onto a plane.
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link interfaces in many practical applications (Eastman et al., 2008). It has a hierarchical
representation of basic objects. For instance, a column can be modelled with the available
libraries starting from the category column, choosing the correct family (round column,
rectangular column, and so on) and setting type information (such as the dimensions) to
generate different instances. Although this procedure refers to the terminology of this
specific software product, the interoperability of BIM should guarantee an efficient exchange
of information between different software and tools available on the market.

The problem behind the generation of a parametric object of the complex vaults shown
in the previous figures relies on the conversion of a pure 3D surface into an intelligent
object. The problem can be stated as follows: given the 3D reconstruction of the intrados,
which are the available object families that can provide an interoperable parametric
representation?

Different default families are offered by Revit (floor, roof, stairs, ceiling and so on) and
the choice should be driven by: (a) the requirements of the different specialists involved in
the project; (b) the architectural elements; and (c) the final level of detail.

Vaults are one of the most complicated objects when a correct BIM representation is
the final goal, especially in the case of laser-scanning point clouds that reveal geometric
irregularities. A list of architectural vaults (barrel, groin, rib, fan and so on) can be found in
different textbooks, and the development of global families could be used to generate a set
of BIM objects. However, these objects are only “pure geometric reconstructions”; they do
not highlight the complex and variable geometry captured by point clouds. In other words,
they provide generic vaults where the shape is only a coarse representation when compared
to 3D models based on point clouds.

NURBS surfaces allow the external layer to be modelled accurately, but BIM packages
require a volumetric representation made up of an assembly of various layers. The wall
family in Revit has the desired multilayer structure, but Revit lacks the advanced geometric
modelling procedures that are able to preserve the richness of information inherent in the
point cloud. For these reasons, the proposed approach uses NURBS surfaces with an
associated parametric intelligence that is able to change dynamically the thickness of the
vault. This is a fundamental advantage in most actual surveys where the vault thickness can
only be inferred. The parametric BIM logic will then facilitate automated updating when
more information is available.

The multilayer structure can be generated by multiple offsets of the NURBS surface of
the intrados. Given a NURBS surface S u; vð Þ that represents a part of the vault, the offset
surface is S0 u; vð Þ ¼ S u; vð Þ þ dNðu; vÞ, where d is the offset distance and N the normal
vector. S0 u; vð Þ is not a simple translated copy of the original surface. It is another NURBS
whose estimation often relies on approximations. In fact, except for a few surfaces with
specific geometry (such as cylinders and spheres) that can be offset precisely, the offset
surface of a complex shape is a distinct object made up of a larger number of control points
and knots.

The computation of S0 u; vð Þ can be carried out with preliminary sampling of the surface
based on the second derivative (Filip et al., 1986); then, the offset surface is simplified via
knot removal. The edges of the offset and original surfaces are then connected with linear
features to obtain a volumetric representation.

The results for the vault in the reception hall of Castel Masegra are shown in
Fig. 8. The red/brown part is already a parametric object with an initial thickness set by
the operator and with a multilayer structure. The selected blue part was parametrised
and the materials set in Revit. The black parts remain as non-parameterised surfaces.
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The vaults generated with the proposed method and then integrated in Autodesk Revit
are shown in Fig. 9. Vaults are considered complete BIM objects by the software, therefore
size, material properties and layers can be modified in the software’s command bar.

As the computation of NURBS surfaces involves approximations, some problems
were found in the case of complex objects. The layer-based reconstruction from the
intrados to the extrados is not a simple extrusion. It involves a large number of offset
directions in space depending on the surface curvature. Some local intrusions or a lack of
edge correspondence were found for consecutive surfaces, which are precisely joined only
on the intrados and external boundaries. This means that geometric continuity is not
guaranteed for the whole layer structure, and future work will be essential to correct this
effect. On the other hand, the problem can be found only when no information about the
extrados is available; otherwise, a second NURBS surface could be generated without
parameterisation of the thickness. Because NURBS are quite smooth surfaces, the impact
of the rigorous estimation of the final volume with or without intrusion effects is surely a
minor error with a small influence in practical applications (for example, for an estimate
of the cost).

Accuracy Evaluation and Data Processing Time

In the case of complex objects with irregular shapes, an additional quality check of
the NURBS surface is recommended. A simple inspection can rapidly be carried out by

Fig. 8. The vaults become parametric BIM objects in which the thickness can be interactively set to obtain a
volumetric representation.

The Photogrammetric Record

© 2015 The Authors

The Photogrammetric Record © 2015 The Remote Sensing and Photogrammetry Society and John Wiley & Sons Ltd 355



using the point cloud to estimate the overall geometric discrepancy and error distribution.
Fig. 10 shows the accuracy evaluation for the vault of the reception hall. The root mean
square (RMS) between the cloud and the NURBS surface is 0�003m (estimated with

Fig. 9. The vaults can be imported in BIM software (Autodesk Revit in this case) and their size and properties
(materials, layers and so on) can be interactively modified.
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Geomagic Studio) and the vault is about 15m 9 6�5m 9 2m. The laser scanner used was
a Faro Focus 3D with a nominal precision of about �0�002m. Therefore, the analysis
shows a discrepancy very similar to the precision of the laser scanner. As similar results
were found for the other vaults, the use of NURBS surfaces was an efficient solution for
reconstructing these kinds of objects.

The vaults presented in this paper were generated with a set of default parameters for
the different algorithms, which were then tested in order to find values that were suitable
for most applications. The default parameters usually remain constant for the different
parts of structural elements, notwithstanding the level of detail which depends on
instrument precision and scale of representation. This ensures fast data processing during
the estimation of curves and surface parameters which results in global processing times
that are considered acceptable for most practical purposes. In particular, after several

Fig. 10. An irregular vault scanned with 22 million points and a comparison with the final NURBS surface
along the normal direction after the generation of the solution. Dark red and dark blue indicate the largest

differences. Statistics shows an average discrepancy of 0�003m in terms of RMS.
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experiments, algorithm parameters for the reconstruction of the curves and surfaces were
set as follows:

slice thickness = 1 cm;
curve degree = 3 (1 for straight lines only);
surface degree = 3;
weights = 1 (for both curves and surfaces);
U and V subdivisions = 32 9 32.

The choice of these parameters depends on metric accuracy, processing time and
available memory. The non-excessive size of the final NURBS file is a fundamental
property in order to operate with BIM packages that were not developed for complex
shapes. The final result for the vault surface in Fig. 9 consists of NURBS surfaces saved in
CAD (.dwg) format. Memory size is only 160 kB and allows a rigorous mathematical
representation from a point cloud made up of 22 million points. This means that a very
small memory is required to store NURBS surfaces. Complex sites made up of several
objects can be digitally reconstructed with the proposed methodology. Other file formats
that are able to store NURBS precisely were not taken into consideration because of their
larger memory requirements (for example, STEP uses 420 kB and IGES occupies 540 kB).
The parametric BIM model of the vault is 2 MB in .rte (Revit) BIM format.

Data processing time greatly depends on the manual identification of discontinuity lines
for the separation of structural elements, whereas the time for the computation of the
NURBS surface is much shorter. In the case of the vault in Fig. 10, global processing time
can be subdivided as follows:

(1) manual generation of discontinuity lines with NURBS curves: 40min;
(2) automated generation of the NURBS surfaces, including curves as boundaries and

the point cloud as constraint for interpolation: less than 5 s;
(3) geometric parametrisation of the thickness with the multilayer object: processing

time less than 2 s (the user must only select the object and assign a specific family);
(4) inclusion of attributes: this part depends on the information available for each

specific object (such as materials, thermal properties).

The computer used was a workstation with an Intel� Xeon� CPU E5-2609 – 2�4 GHz,
with 32 GB of RAM and a Quadro 2000 graphic card. Similar results were found for the
different vaults shown in the paper. This means that the first part of the work, namely, the
manual identification of discontinuity lines, is more time consuming and depends on the
ability of the operator both to identify the different structural components and also model its
boundaries. Overall, it is not simple to provide general criteria that assess the required time
of this part of the reconstruction process, since it is strongly dependent on the morphology
of the object.

Much research work is required in this first step. As matters currently stand, automated
object recognition and machine-vision algorithms are still not able to separate the different
architectural components surveyed with noisy point clouds.

Conclusions

This paper has presented a procedure for BIM generation from point clouds via BIM
parametrisation of NURBS curves and surfaces. The particular case of complex architecture
was addressed in order to cope with the lack of commercial BIM software able to handle
irregular freeform shapes.
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The proposed methodology is able to preserve the level of detail in the geometric
information provided by photogrammetric and laser-scanner point clouds. The 3D model of
the surfaces is then converted into multiple parametric BIM objects with parametric
intelligence, relationships to other objects and attributes. The procedure is intended to be a
semi-automated approach where the expert operator investigates the building to separate its
different structural elements. NURBS allows the reconstruction of the geometric complexity
of irregular elements following the (manually) extracted discontinuity lines in space, which
can be then densified with an additional curve network anchored to the point cloud.
NURBS surfaces are then generated with an automated interpolation.

NURBS were chosen to initialise the reconstruction because simple shapes and
complex forms can be accurately modelled. NURBS are rigorous mathematical functions
that can be modified, copied and stored with limited computational cost and memory
requirements. Moreover, they can reconstruct simple geometric shapes as well as irregular
forms. The mathematical representation of NURBS curves and surfaces is then used to
achieve BIM parametrisation. This provides the BIM database along with the opportunity to
add material properties.

As things stand at the present, the commercial market offers some sophisticated
NURBS-based modellers that are not BIM software, whereas BIM packages are mainly
designed for modern construction projects with simple geometric forms. The generation of
advanced BIM models from point clouds is still a very complicated task in the case of
complex shapes. The proposed semi-automated procedure is a new efficient solution which
has been tested in real projects.

It is evident that the current interest in BIM technology is increasing the demand for
digital representation techniques in the construction industry. Photogrammetry and laser
scanning can make a remarkable contribution to the development of interoperable BIM,
where the geometric component must be integrated with the logic of construction. This task
will require new advanced manual, semi-automatic and fully automated solutions to
understand and schematise the structure and its behaviour.
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R�esum�e

Cet article pr�esente une proc�edure innovante pour la cr�eation d’objets param�etriques de BIM (mod�ele
d’information de bâtiment) �a partir de nuages de points sur des formes architecturales complexes. La
technologie BIM exige une repr�esentation param�etrique avanc�ee de la g�eom�etrie comprenant des relations
spatiales, des contraintes et les propri�et�es des mat�eriaux. Cette proc�edure utilise une m�ethodologie de
reconstruction bas�ee sur le BIM qui pr�eserve le niveau de d�etail contenu dans des nuages de points
photogramm�etriques ou lasergramm�etriques, et qui s’appuie sur des B-splines rationnelles non uniformes
(courbes NURBS). Le cas particulier d’objets architecturaux pr�esentant des formes irr�eguli�eres est �etudi�e car il
n’existe pas de logiciels commerciaux de BIM capables de prendre en compte de tels bâtiments. Une �etude de
cas est men�ee sur un ensemble de 7,5 milliards de points pour d�emontrer l’utilit�e de la proc�edure propos�ee sur
de gigantesques nuages de points.

Zusammenfassung

Dieser Beitrag pr€asentiert eine innovative Prozedur zur Generierung parametrischer Geb€audeobjekte als
Geb€audeinformationsmodelle (BIM) aus Punktwolken von komplexen architektonischen Merkmalen. Die BIM
Technologie erfordert eine hochentwickelte parametrische Repr€asentation der Geometrie unter Einbeziehung
r€aumlicher Relationen, Bedingungen und Materialeigenschaften. Das Ziel der Prozedur ist der Erhalt des Level-of-
Detail, der in Punktwolken aus Photogrammetrie und Laserscanning enthalten ist und setzt daher auf nicht-
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uniforme rationale B-Splines (NURBS) Kurven. Da kommerzielle BIM Software Architekturobjekte mit irregul€aren
Formen nicht beherrscht, wird hier speziell dieser Fall behandelt. An einem aktuellem Fallbeispiel mit bis zu
7�5 Milliarden Punkten wird die Anwendung der vorgeschlagenen Prozedur diskutiert.

Resumen

Este trabajo presenta un procedimiento innovador para crear objetos modelados con informaci�on
parametrizada de edificios (BIM) a partir de nubes de puntos de caracter�ısticas arquitect�onicas complejas. La
tecnolog�ıa BIM requiere una representaci�on param�etrica avanzada de la geometr�ıa que involucra las
relaciones espaciales, las limitaciones y las propiedades del material. El objetivo del procedimiento es una
metodolog�ıa de reconstrucci�on avanzada basada en BIM que preserva el nivel de detalle encapsulado en nubes
de puntos fotogram�etricos y l�aser de barrido, y basado en NURBS avanzados. Se aborda el caso particular de
objetos arquitect�onicos con formas irregulares debido a la falta de software BIM comercial capaz de manejar
tales edificios. Se estudia un caso real compuesto por 7,5 billones de puntos para demostrar el procedimiento
propuesto con conjuntos de datos de nubes de gran n�umero de puntos.

摘要

本文提出了一种从复杂建筑点云数据提取参数化建筑信息模型(BIM)对象的创新算法。BIM技术要求

对涉及空间关系、约束条件和材质属性等进行参数化表达。该算法是一种依赖于NURBS曲线的BIM重建

方法,可表征从摄影测量点云和激光扫描点云提取的建筑物细节特征。现在无商业化的BIM软件能提取不

规则建筑的建筑信息模型对象,采用本文提出的算法,对有75亿点云数据进行建筑信息模型对象的提取。
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