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ABSTRACT
We present a coarse-to-fine model fitting approach that automatically generates a d etailed CAD like model from a
point cloud. We first developed a library of detailed parametric models for each of the architectural elements. The
parameter estimate of these models is obtained using an efficient 3D shape fitting and peak finding approach that operates on the planar and 1D projections of the point clouds.
The approach performs coarse-to-fine segmentation that reveals intrinsic details resulting in efficient and accurate parameter estimation. As compared to coarse fitting, our method
significantly increases the amount of details in the recovered
3D model.

Keywords
Modeling; 3D reconstruction; point cloud; line and curve
generation

1.

INTRODUCTION

Recent technological advancements such as depth sensors
and Laser Scanner have enabled widespread availability of
3D point cloud data. Advancements in photogrammetry has
further increased the generation of such 3D data. This has
opened new avenues for better 3D understanding of the surrounding world. Model based understanding of 2D images is
a commonly known problem, however it is relatively new in
the area of 3D scenes. Recently, datasets like ShapeNets are
emerging which are further paving the way for model fitting
algorithms. There are two key challenges in reconstructing
a CAD like model from raw 3D point cloud i) segmentation and ii) recognition of the segments as one of the known
shape.
Several semi-automatic and automatic algorithms for 3D
reconstruction using point clouds have been proposed [6]
which try to recover 3D structure through fitting of coarse
primitives. These algorithms perform coarse segmentation
of point cloud by associating set of points with few known
basic primitives. A seminal work in this direction was a
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Figure 1: Illustration of coarse-to-fine model fitting
on point cloud. (a) Coarse segmentation (b) Coarse
model (c) Detailed segmentation using 3 fundamental projections (d) Detailed primitive fitting.

RANSAC based method [8] which fits low-level primitives
including planes, cylinders and cones. Even though such
an approach has worked remarkably well for reconstruction
of mechanical components, their performance is very limited on artistic structures such as those found in heritage
architecture. Despite the fact that the real beauty of heritage structure lies within their artistic elements like domes,
minarets, balconies, arches etc, the existing work is limited to coarse primitives and planar architectural structures
only [2][10][3][7].
Many architectural buildings particularly those in heritage architecture require more detailed parametric modeling. In [5] a library of parametric objects was proposed for
European classical architecture. 3D model generation using
these primitives requires tuning large number of parameters
which was performed manually. In [5] extensive site surveys
were performed and then all the parameters were manually
computed and inserted into the system to create a CAD like
3D model. Structure recovery using library of part-models
for man made objects such as chair, table etc has been addressed in literature [9], however it is still an open problem
incase of artistic heritage architecture.
Existing work in architectural modeling using point cloud
tend to perform shape fitting on 3D data directly [8][2][10][3][7].
We propose three fundamental projections of a point cloud
that simplify the shape fitting process. We present several
parametric objects to represent architectural elements, however contrary to [5] all of the parameters are found automatically using the proposed projections. This results in an
automatic framework for coarse-to-fine primitive modeling
of architecture that improves the results considerably over
the existing approaches.
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Figure 2: Examples showing three fundamental projections. (a) Vertical projection of a minaret. (b)
Horizontal projection of arched bridge. (c) Circular
projection of a minaret resulting in a profile curve.
(d) Circular projection of octagonal pavilion resulting in planar unwraping.

2.

DETAILED PRIMITIVE MODELING

Most heritage architecture follows a distinctive style common to a particular era and geophysical location. Islamic
architecture for e.g. is uniquely characterized by its large
bulbous domes, slender minarets and chain of arches along
massive halls and gateways. Similarly, Roman architecture
is uniquely characterized by its Doric columns, semi-circular
arches, vaults and domes. Library of few such distinctive
primitives can immensely improve the quality of models generated from a point cloud data.
Detailed modeling of heritage architecture thus involves
four key steps i) 3D parametric modeling of architectural
primitives, ii) coarse-to-fine segmentation of point cloud, iii)
mapping between point cloud segments and primitives and
iv) parameter extraction/tuning of these primitives.

2.1

3D Parametric Modeling of Primitives

We have created parametric models for three main islamic
architectural elements namely domes, arches and minarets.
Their parameter set consist of their global center and local
parameters of sub-primitives such as cylinders, spheres and
Bezier curves.
The bulbous Dome and Arches are modeled using Bezier
curves. We empirically found that a maximum of 5 control
points are enough for dome’s model. The local parametric
space of arches consists of its height, width, and 4 control
points for its Bezier curves.
Minaret: The primitive minaret consists of 4 structural
primitives, namely: dome, balcony, arches and n-gonal prism.
Multiple n-gons are placed on top of each other to create
the varying proportions observed within the minarets. With
each new n-gon, a balcony accompanies the partition which
is to be modeled separately. For this, we implement the same
Bezier curve with 4 control points to achieve the observed
curvature.
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Figure 3: Example showing detailed modeling via
profile curve. (a) Coarse segmentation [8]. (b)
Coarse model [1]. (c) Profile curves. (d) Peak finding on profile curve. (e) Detailed segmentation. (f )
Detailed model.

3.

FUNDAMENTAL PROJECTIONS

Previous point cloud segmentation approaches [8, 2] result
in association of a point cloud with the low-level primitives
which is insufficient to perform detailed modeling.
It can be easily observed that man-made architecture is
symmetric and loosely follows Manhattan world assumptions. Symmetry could be along a plane or along an axis
of revolution. We exploit this information and propose 3
fundamental projections that allows to perform coarse-tofine segmentation of point cloud namely: vertical, circular
and horizontal projections. By converting the 3D data into
a low dimensional signal, several curve fitting and peak finding techniques can be applied.
The vertical projection is the projection on the ground
plane by collapsing along the vertical directions (see Fig. 2(a)).
The horizontal projection is a projection on one of the vertical planes by collapsing depth information along the orthogonal direction (see Fig. 2(b)). The circular projection can
either result in a profile curve of the curvature by projection
on a common plane as done for non-planar curve fitting (see
Fig. 2(c)). The circular projection can also unwrap a closed
structure onto a plane (see Fig. 2(d)).
Each resulting segment of point cloud can be again projected into one or more of the 3 fundamental projections
and this process can be repeated multiple times till required
level of details are recovered.

4.

SEGMENTATION USING PROJECTIONS

Our segmentation via vertical projection projects the data
onto a ground plane. It then uses RANSAC for n-gonal 3D
primitive fitting [1] and finds the number of planar segments
within the point cloud. Each planar segment is then further
processed using projections described below.

4.1

Segmentation via Profile Curve

In order to identify the regions of the point cloud that
were not incorporated in coarse fitting, we locate peaks that
denote sudden changes in the different projections of the
point cloud. For each projection, a different measure is used
to represent the structure of the point cloud. In the case
of a profile curve, that measure is defined as the orthogonal
distance between a point and the axis of rotation of the point
cloud.
To obtain a sharp 1D signal, a k-bin histogram is computed where each bin represents a pre-defined narrow range
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Figure 4: Example showing modeling via horizontal
projection. (a) Image of main hall, its point cloud
and coarse model [8]. (b) Peak finding on profile
curve. (c) Detailed segmentation and model.
along the axis of rotation and the value of each bin is the
average of the heights in that area. The resulting signal
(Fig. 3(d) row 2) is then processed using general peak finding techniques that make use of gradient changes in subsequent points. The threshold for identifying peaks is computed automatically by extracting the mode of the height
values i.e. the height value which forms the majority of the
structure. Mathematically, a histogram of the height values
is constructed and the bin with the highest frequency is used
as the threshold. The k-bin histogram computed in the beginning to sharpen the signal is reversed to finally identify
the anomalous regions in the point cloud (Fig. 3(d) row 5).
The entire process of coarse-to-fine segmentation using
peak finding is illustrated in Fig. 3. It can be seen that the
approach further segmented the minaret into 7 sub elements
and its dome into 2 sub elements.

4.2

Segmentation via Circular Unwrap

Non-planar structure such as cylinderical towers as well as
planes of n-gons may contain multiple sub elements such as
windows, doors, arches etc. For such structures, we unwrap
the point cloud of a non-planar structure to make it planar,
thus leading to a projection such as that shown in Fig. 2(b).
In order to unwrap a 3D non-planar primitive such as the
one shown in Fig. 2(d), we used an approach inspired from
texture mapping. Using the inverse of texture mapping technique, we identified the 2D correspondence of every 3D point
within the point cloud. This was done by first projecting the
data onto the plane that is perpendicular to the axis around
which the data is to be unwrapped. Then we find the angle
between every 2D point of projection and the central axis,
and map the resultant on one of the 2D axis. For the second
axis, we identify the associations between the axis that is
perpendicular to the plane of projection, and divide it with
the maximum value.

4.3

Segmentation via Horizontal Projection

Many repeated structures such as sequence or arches along
hallways, sequence of windows, chain of pillar of a bridge etc
are coarsely segmented as a single cube. While analyzing
the 3D point cloud for sub structure is fairly difficult, we
project the data along the direction on one of the major
vertical plane of the coarse primitive (cube in this case).
Figure 2(b) shows one such 2D projection. This projection
is able to highlight whether there are any sub structures
within the primitive itself. For e.g. Fig. 2(b) shows the
presence of mehrabs within a wall.

Figure 5: Examples showing global fitting of primitives. (a-b) Rotation alignment. (c-d) Size & rotation adjustment. (e-f ) Rotation alignment with
3 primitives (g-j) Rotation adjustment on minaret
data and its cross section.
The procedure to extract details from 1D signals is the
same as the one used for profile curve (see Sec. 4.1). The
only change is the measure used to represent the structure
of the point cloud. In the case of a horizontal projection,
the measure being used is the number of points present in
a pre-defined range along the x-axis. Like we did in the
case of a profile curve, the projection is converted to a sharp
1D signal by creating a k-bin histogram where each bin is
represented by the no. of points in that region. Once this
signal is achieved, the peak finding process is as explained
before and as shown in Fig. 4.

4.4

Parameter Tuning & Global Fitting

Parameter Tuning: The dome’s shape parameters are
obtained by performing the Bezier curve fitting. In case of
minaret we again perform n-gon fitting to refine its global
parameters ({x, y, z, θx , θy , θz }) as well as estimate of the
height of each n-gonal section. The balcony segments are
subjected to another iteration of segmentation resulting in
a profile curve and circular unwraping. Bezier curve fitting
is then performed on the obtained profile curve to estimate
the four shape parameters of the balcony.
Peak finding is performed on the circular unwrap of the
top balcony to segment each of its arches. The width of
the arches are then obtained from the sub-segmented point
cloud whereas its curvature can be obtained using Bezier
fitting. The parameters of the other arches present in the
architecture are also obtained in a similar fashion.
Global fitting: Since primitives are fitted within the segmented point cloud, they may not be globally aligned with
each other (see Fig. 5(i)). Unlike [4], we directly align parametric multi-planar primitives Ci (cuboids and prisms with
regular n-gons). We first discover parallel and orthogonal
relations among all primitives using angular distance Φ between normals of their sides.
Relations for which Φ ≤ t will serve as constraints for
our optimization, where t is a empirically defined threshold.
Our data error is measured as sum of distances of each ith
coarse primitive Ci to its associated point cloud segment SCi
defined as:
!
Mi
L
X
X
n
m
E=
min d(Ci , SCi ), ∀n = {1, · · · , Ni } , (1)
i=1

m=1

n

where L is the number of coarse primitives fitted on point
cloud, Ni is the number of sides in ith primitive, Mi is the
number of points associated with the ith primitive and d is
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Figure 6: Sample results showing improvements over primitive fitting. (a) Input point cloud. (b) Coarse
primitive fitting [8, 1] (c-d) Detailed model and its zoomed-in view produced by the proposed approach.
the shortest distance between a point and nth side of a primitive. Figure 5(a-f) shows the effect of global optimization
on synthetic examples and an illustration on real data from
Masjid Wazir Khan is shows in Fig. 5(g-j)1 .

5.

EXPERIMENTAL SETUP AND RESULTS

We tested our approach on three heritage sites, namely
Masjid Wazir Khan, Badshah-i-Masjid and Hiran Minar. Although the third site is a monument whereas the other two
are built as house of God, these sites are selected as they
share several architectural elements. We used Leica P20
terrestrial laser scanner to obtain 3D point cloud of Masjid
Wazir Khan. Due to lack of scanning permissions, point
cloud for Hiran Minar and Badshah-i-Masjid was obtained
by reverse engineering CAD models.
Figure 6 shows the comparison between coarse model and
the proposed approach. It can be seen that the detailed
3D model automatically generated by proposed approach
(Fig. 6(d) is rich in details as compared to the coarse model
(Fig. 6(b)) produce by [8, 1]. Through our approach we
modeled a large number of additional detailed primitives
including 64 arches in Hiran Minar, 40 arches and 12 balconies in Bahshah-i-Masjid and 21 arches and 2 balconies in
Masjid Wazir Khan. Overall our approach increased number
of primitives from 24 to 168.
Although the algorithm produced seven times more primitives as compared to existing literature, it failed to model
some of the domes along the gate of Badshah-i-Masjid due
to their very small size. The results also do not include 5
domes of Masjid Wazir Khan as they were partially occluded
from the ground based scanning location.

6.

CONCLUSIONS

We have addressed the problem of 3D scene understanding
by exploiting the assumption that man-made structures are
commonly aligned along three orthogonal planes or exhibits
1
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Amjad for assistance with Global Fitting of primitives.

circular symmetry. We showed that using these projections we can iteratively segment point cloud into smaller and
smaller segments and at each such iteration can fit more and
more detailed segments. This makes our approach applicable to unconstrained point cloud data such as those obtained
from photogrammetry and laser scanning. We showed that
our approach can generate 7 times more detailed 3D models
as compared to existing literature. In future we aim to introduce scale invariance in cases where the same architectural
element appears at multiple sizes within the same site.
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