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Abstract

3D city models are important in several fields, such as urban planning and
gaming industries. However, enormous time and labor has to be consumed
to create these 3D models, using a 3D modeling software such as 3ds Max
or SketchUp. In order to automate laborious steps, we are proposing a GIS
and CG integrated system for automatically generating 3D building mod-
els, based on building polygons (building footprints) on digital maps. Digi-
tal maps shows most building polygons' edges meet at right angles (or-
thogonal polygon). In the digital map, however, not all building polygons
are orthogonal. In either orthogonal or non-orthogonal polygons, we pro-
pose the new system for automatically generating 3D building models with
general shaped roofs by straight skeleton computation defined by a contin-
uous shrinking process. In this paper, the algorithm for shrinking a poly-
gon and forming a straight skeleton are clarified and we propose the new
methodology for constructing roof models by assuming the third event
and, at the end of the shrinking process, some polygons are converged to a
line.
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1. Introduction

3D urban models, such as the one shown in Fig.1, are important in urban
planning and in facilitating public involvement. To facilitate public in-
volvement, 3D models simulating a real or near future cities by a 3D CG
can be of great use. However, enormous time and labour has to be con-
sumed to create these 3D models, using 3D modeling softwares such as
3ds Max or SketchUp. For example, when manually modeling a house
with roofs by Constructive Solid Geometry (CSG), one must use the fol-
lowing laborious steps:

(1) Generation of primitives of appropriate size, such as box, prism or pol-
yhedron that will form parts of a house. (2) Boolean operations are ap-
plied to these primitives to form the shapes of parts of a house such as
making holes in a building body for doors and windows. (3) Rotation of
parts of a house. (4) Positioning of parts of a house. (5) Texture mapping
onto these parts.

In order to automate these laborious steps, we are proposing a GIS and
CG integrated system that automatically generates 3D building models,
based on building polygons or building footprints on a digital map shown
in Fig.1 left, which shows most building polygons’ edges meet at right an-
gles (orthogonal polygon). A complicated orthogonal polygon can be parti-
tioned into a set of rectangles. The proposed integrated system partitions
orthogonal building polygons into a set of rectangles and places rectangu-
lar roofs and box-shaped building bodies on these rectangles. In order to
partition complicated orthogonal building polygons, a useful polygon ex-
pression (RL expression: edges’ Right & Left turns expression) and a par-
titioning scheme was proposed for deciding from which vertex a dividing
line (DL) is drawn.
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Fig.1. Pipeline of Automatic Generation for 3D Building Models

In the digital map, however, not all building polygons are orthogonal. In
either orthogonal or non-orthogonal polygons, we propose the new system
for automatically generating 3D building models with general shaped roofs
by straight skeleton computation defined by a continuous shrinking pro-
cess (Aichholzer 1995). In this paper, the algorithm for shrinking a poly-
gon and forming a straight skeleton are clarified and we propose the new
methodology for constructing roof models by assuming the third event:
‘simultaneous event’ in addition to ‘edge event’ and ‘split event’ and, at
the end of the shrinking process, some polygons are converged to ‘a line of

convergence’.

2. Related work

Since 3D urban models are important information infrastructure that can
be utilized in several fields, the researches on creations of 3D urban mod-
els are in full swing. Various types of technologies, ranging from computer
vision, computer graphics, photogrammetry, and remote sensing, have
been proposed and developed for creating 3D urban models.
Procedural modeling is an effective technique to create 3D models from
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sets of rules such as L-systems, fractals, and generative modeling language
(Parish et al. 2001). Muiller et al. (2006) have created an archaeological site
of Pompeii and a suburbia model of Beverly Hills by using a shape gram-
mar that provides a computational approach to the generation of designs.
They import data from a GIS database and try to classify imported mass
models as basic shapes in their shape vocabulary. If this is not possible,
they use a general extruded footprint together with a general roof obtained
by a straight skeleton computation defined by a continuous shrinking pro-
cess (Aichholzer et al. 1995).

The straight skeleton is the set of lines traced out by the moving vertices
in this shrinking process and can be used as the set of ridge lines of a
building roof (Aichholzer et al. 1996). However, the roofs created by the
straight skeleton are limited to hipped roofs or gable roofs with their ridges
parallel to long edges of the rectangle into which a building polygon is par-
titioned. There are many roofs whose ridges are perpendicular to a long
edge of the rectangle, and these roofs cannot be created by the straight
skeleton. Since the straight skeleton treats a building polygon as a whole, it
forms a seamless roof so that it cannot place roofs independently on parti-
tioned polygons.

To create the various shapes of 3D roofs, we proposed the system that
has an option to select partitioning scheme; ‘separation prioritizing’ or
‘shorter DL (dividing line) prioritizing’, which is decided by attribute data
manually stored beforehand. The proposed system also tries to select a
suitable DL for partitioning or a separation, depending on the RL expres-
sion of a polygon, the length of DLs and the edges of a polygon. But, the
system was not able to create 3D building models with roofs from non-
orthogonal building polygons. In this paper, we propose the system for
creating 3D building models with general shaped roofs by straight skele-
ton.

More recently, image-based capturing and rendering techniques, togeth-
er with procedural modeling approaches, have been developed that allow
buildings to be quickly generated and rendered realistically at interactive
rates. Bekins et al. (2005) exploit building features taken from real-world
capture scenes. Their interactive system subdivides and groups the features
into feature regions that can be rearranged to texture a new model in the
style of the original. The redundancy found in architecture is used to derive
procedural rules describing the organization of the original building, which
can then be used to automate the subdivision and texturing of a new build-
ing. This redundancy can also be used to automatically fill occluded and
poorly sampled areas of the image set.

Aliaga et al. (2007) extend the technique to inverse procedural modeling
of buildings and they describe how to use an extracted repertoire of build-
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ing grammars to facilitate the visualization and modification of architec-
tural structures. They present an interactive system that enables both creat-
ing new buildings in the style of others and modifying existing buildings in
a quick manner.

Vanega et al. (2010) interactively reconstruct 3D building models with
the grammar for representing changes in building geometry that approxi-
mately follow the Manhattan-world (MW) assumption which states there is
a predominance of three mutually orthogonal directions in the scene. They
say automatic approaches using laser-scans or LIDAR data, combined with
aerial imagery or ground-level images, suffering from one or all of low-
resolution sampling, robustness, and missing surfaces. One way to im-
prove quality or automation is to incorporate assumptions about the build-
ings such as MW assumption. However, there are lots of buildings that
have cylindrical or general curved surfaces, based on non-orthogonal
building polygons.

By these interactive modeling, 3D building model with plausible de-
tailed fagade can be achieved. However, the limitation of these modeling is
the large amount of user interaction involved (Nianjuan et al. 2009). When
creating 3D urban model for urban planning or facilitating public involve-
ment, 3D urban models should cover lots of citizens’ and stakeholders’
buildings involved. This means that it will take an enormous time and la-
bour to model 3D urban model with hundreds or thousands of building.
Thus, the GIS and CG integrated system that automatically generates 3D
urban models immediately is proposed, and the generated 3D building
models that constitute 3D urban models are approximate geometric 3D
building models that citizens and stakeholder can recognize as their future
house or real-world buildings.

3. Proposed system for automatic building generation

As shown in Fig.1, the proposed automatic building generation system
consists of GIS application (ArcGIS, ESRI Inc.), GIS module and CG
module. The source of the 3D urban model is a digital residential map that
contains building polygons linked with attributes data such as the number
of storeys and the type of roof.

The GIS module ‘pre-processes’ building polygons on the digital map.
‘pre-process’ includes the functions as follows; (1) filtering out an unnec-
essary vertex whose internal angle is almost 180 degrees (2) partitioning
orthogonal building polygons into sets of rectangles (3) generating inside
contours by straight skeleton computation for positioning doors, windows,
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fences and shop facades which are setback from the original building pol-
ygon (4) forming the straight skeleton for the general shaped roof (5) ex-
porting the coordinates of polygons’ vertices and attributes of buildings.

The attributes of buildings consist of the number of storeys, the image
code of roof, wall and the type of roof (flat, gable roof, hipped roof, ob-
long gable roof, gambrel roof, mansard roof, temple roof and so forth).
The GIS module has been developed using 2D GIS software components
(MapObijects, ESRI).

The CG module receives the pre-processed data that the GIS module
exports, generating 3D building models. CG module has been developed
using Maxscript that controls 3D CG software (3ds MAX, Autodesk Inc).
In case of modeling a building with roofs, the CG module follows these
steps:

(1) generation of primitives of appropriate size, such as boxes, prisms or
polyhedra that will form the various parts of the house (2) Boolean opera-
tions are applied to these primitives to form the shapes of parts of the
house, for examples, making holes in a building body for doors and win-
dows, making trapezoidal roof boards for a hipped roof and a temple roof
(3) rotation of parts of the house (4) positioning of parts of the house (5)
texture mapping onto these parts according to the attribute received.

4. Straight skeleton computation for roof generation

As shown Fig.2 (f), Aichholzer et al.(1995,1996) introduced the straight
skeleton defined as the union of the pieces of angular bisectors traced out
by polygon vertices during a continuous shrinking process in which edges
of the polygon move inward, parallel to themselves at a constant speed.
The straight skeleton is unexpectedly applied to constructing general
shaped roofs based on any simple building polygon, regardless of their be-
ing rectilinear or not. In this paper, we propose the new methodology for
constructing roof models by assuming the third event: ‘simultaneous
event’ in addition to ‘edge event’ and ‘split event’ and, at the end of the
shrinking process, some polygons are converged to ‘a line of conver-
gence’.

According to Aichholzer et al.(1995,1996), in shrinking process as
shown in Fig.2, each vertex of the polygon moves along the angular bisec-
tor of its incident edges. This situation continues until the boundary change
topologically. There are two possible types of changes:

(1) Edge event: An edge shrinks to zero, making its neighboring edges ad-
jacent now.
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(2) Split event: An edge is split, i.e., a reflex vertex runs into this edge,
thus splitting the whole polygon. New adjacencies occur between the split
edge and each of the two edges incident to the reflex vertex.

A reflex vertex is a vertex whose internal angle is greater than 180 de-

grees.

All edge lengths of the polygon do not always decrease during the
shrinking process. Some edge lengths of a concave polygon will increase.

edl
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/ ed

(a) Shrinking polygon just (b) Split event happens (c) Shrinking polygon (d) Split event happens
before a split event and the polygon is split in- split just before another and the polygon is split
to two polygons. split event into two triangles.

() Polygons shrinking at a con-  (f) The straight skeleton defined
stant interval: nodes by an edge as the union of the pieces of an-
event: nodes by a split event: ~gular bisectors traced out by

nodes by a collapse of a triangle ~ Polygon vertices  during  the
to a point. shrinking process.

(g) A roof model automatically generated:
each roof board is based on an ‘interior
monotone polygon’ partitioned by straight
skeleton.

Fig.2. Shrinking process and a straight skeleton, a roof model automatically gener-
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For example, as shown by ‘ed1’ and ‘ed2’ in Fig.2 (a), the edges incident
to one reflex vertex grow in length. If the sum of the internal angles of two
vertices incident to an edge is more than 360 degrees, then the length of
the edge increases, otherwise the edge will be shrunk to a point. During the
shrinking process, when the edge is shrunk to a point, we call this event an
edge event.

Shrinking procedure is uniquely determined by the distance d,.; between
the two edges of before & after shrinking procedure. The distance _dgpi is
the dg,i when an ‘edge event’ happens in the shrinking process. e_dgyi for
edge ( ed;) is calculated as follows:

¥/
edsi = | (cot(0.5 * 8;) + cot(0.5 * 6;,1))

where L; is the length of ed;, and 6; & 0;.; are internal angles of vertices in-
cident to ed;. The edge event will happen when 0.5*6;+0.5*6;,; <180 de-
grees, i.e., the sum of the internal angles of two vertices incident to an
edge is less than 360 degrees.

Fig.2 from (a) to (d) show a shrinking process for a non-orthogonal
concave polygon: the polygon just before a split event: the polygon being
split into two polygons after the split event happens. Fig.2 (e) shows a set
of polygons shrinking at the constant interval and nodes by an edge event
and a split event, and nodes by a collapse of a triangle into a point. Fig.2
(f) shows the straight skeleton defined as the pieces of angular bisectors
traced out by polygon vertices during the shrinking process. Fig. 2(g)
shows the roof model automatically generated. Since the straight skeleton
partitions the interior of a polygon with n vertices (n-gon) into n monotone
polygons, each roof board that constitutes the roof model is formed based
on these partitioned ‘interior monotone polygons’.

After calculating e_dg,,; for all edges and finding the shortest of them,
the shrinking process may proceed until dg,; reaches the shortest e_dgp
found. When any type of event happens and the polygon changes topologi-
cally, we are left with one or more new polygons which are shrunk recur-
sively if they have non-zero area. At that moment, the system recalculates
the length of each edge and internal angles of each vertex in order to find
the shortest dg; for next events.

For some polygons such as shown in Fig.3, the event different from
above two events will happen. In our research, we propose to add the third
event: ‘the simultaneous one’ in which above two events happen simulta-
neously. This event happens at an orthogonal part of the polygon as shown
in Fig.3, in which event a reflex vertex runs into the edge, but the other
split polygon is collapsed into a node since an edge event happens in the
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split polygon at the same time.

Fig.3 shows a shrinking process of an orthogonal polygon. In the pro-
cess, as shown Fig.3 (b) & (d), the system detects ‘the simultaneous event
by checking if ptj, (vertex) is on ed;, (edge) or pt;, is on ed;, where ptj, &
pti, are the vertices next to two vertices coherent by the edge event, and
edi, & ed;, are the edges adjacent to these two coherent vertices.

Aichholzer et al.(1996) demonstrated three edge events let a triangle
collapse to a point in the last stage of each split polygon as shown in Fig.2
(e). In this paper, we propose to add the case in which two edge events let
a rectangle collapse to a line segment (‘a line of convergence’) in the last

B

stage, a rectangle whose opposite sides have the same and the shortest

e_Ogpyi.

Since a line segment does not have area, it is not shrunk anymore. The
central area of an orthogonal polygon in Fig.3 (e) shows a line of conver-
gence to which the shrinking polygon (rectangle) is converged.

(a) Shrinking polygon

(e) Polygons shrinking at a
constant interval: nodes by
an edge event & a simulta-
neous event: nodes by a col-
lanse of a rectansle to a line.

. tia
E> edbp E>
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(b) A simultaneous event
) . happens and the polygon is
Just before a simultane-  gplit into one node and one

ous event. polygon.

(f) The straight skeleton de-
fined as the union of the
pieces of angular bisectors
traced out by polygon verti-
ces during the shrinking pro-

(c) Shrinking polygon (d) A simultaneous event
split just before anoth- happens again and the
er simultaneous event. polygon is split into one

node and one polygon.

(g) A roof model automatically generat-
ed: each roof board is based on an ‘inte-
rior monotone polygon’ partitioned by
straight skeleton

Fig.3. Shrinking process and a straight skeleton for simultaneous
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Fig. 4. Non-orthogonal building footprints and 3D building models automati-
cally generated by straight skeleton computation

5. Application

Here are the examples of 3D building models automatically generated by
the integrated system. Fig.4 shows the examples of 3D building models au-
tomatically generated by straight skeleton computation from non-
orthogonal building polygons. To ease the discussion, Aichholzer et
al.(1996) exclude degeneracies caused by special shapes of polygon, e.g., a
regular polygon. In this paper, we deal with the degenerate cases in which
more than three edges are shrunk to a point. Ideally, simultaneous n edge
events cause a regular n-gon to collapse to a point but it is difficult to draw
such a perfect regular n-gon. Accordingly, the system rectifies the shape of
the regular n-gon so as to let n edge events at the same time. Fig.4 center
shows the 3D dodecagon building model automatically generated based on
the degeneracy of 12 edges being shrunk to only one node.

Based on digital maps, we propose the GIS and CG integrated system
for automatically generating 3D building models. To generate real-world
3D urban models, the 3D shapes and material attributes of buildings and
other objects need to be reconstructed. In the reconstructing process, the
image data will be acquired by taking photographs of the objects in the
city. But, when thinking of the city layout for the future or the ancient city
models, we cannot take photos of the future of the city, planning road, or
the cities of ancient times. Usually and traditionally, urban planners design
the town layout for the future by drawing the maps, using GIS or CAD
packages.

There may be several plans (digital maps) for urban planning. Similarly
excavation and investigation companies also submit digital maps as the re-



CUPUM 2013 conference papers 11

sult of excavation. Usually there are several plans for restored architectural
heritage in the estimation process. There are several restoration maps esti-
mated and proposed by several archaeological researchers. If the integrated
system immediately converts these maps into 3D city models, the system
surely supports the researchers and urban planners investigating the alter-
native idea.

Fig.5 shows the digital map: the city layout proposed by an urban de-
signer and a 3D urban model automatically generated. In the 3D model,
terrace houses sharing green spaces in large courtyard are laid out for
viewing Nagoya castle. Fig.5 also shows buildings are increasing in height
away from castle for each building’s top floor to see Nagoya castle.

6. Conclusion

A For everyone, a 3D urban model is quite effective in understanding what
if this alternative plan is realized, what image of the town were or what has
been built. Traditionally, urban planners design the city layout for the fu-
ture by drawing building polygons on a digital map. Depending on the
building polygons, the integrated system automatically generates a 3D ur-
ban model so instantly that it meets the urgent demand to realize another
alternative urban planning.

If given digital maps with attributes being inputted, as shown in ‘Appli-
cation’ section, the system automatically generates two hundreds 3D build-
ing models within less than 30 minutes. In either orthogonal or non-
orthogonal polygons, we propose the new system for automatically gener-

Nagoya Castle

Fig.5. Proposed layout for the town and an automatically generated 3D
urban model: terrace houses sharing green spaces in large courtyard, laid
out for viewing Nagoya castle

ating general shaped roof models by straight skeleton computation. In this
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paper, we propose the new methodology for constructing roof models by
assuming the third event: simultaneous event in addition to two events and,
at the end of the shrinking process, some rectangles are converged to a line
of convergence. Thus, the proposed integrated system succeeds in auto-
matically generating alternative city plans.

The limitation of the system is that automatic generation is executed
based only on ground plans or top views. There are some complicated
shapes of buildings whose outlines are curved or even crooked. To create
these curved buildings, the system needs side views and front views for
curved outlines information. Future work will be directed towards the de-
velopment of methods for the automatic generation algorithm to model
curved buildings by using side views and front views.
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