
S P R I N G E R  B R I E F S  I N  CO M P U T E R  S C I E N C E

Telmo Adão
Luís Magalhães
Emanuel Peres

Ontology-based 
Procedural 
Modelling of 
Traversable 
Buildings Composed 
by Arbitrary Shapes



SpringerBriefs in Computer Science

Series editors

Stan Zdonik, Brown University, Providence, Rhode Island, USA
Shashi Shekhar, University of Minnesota, Minneapolis, Minnesota, USA
Jonathan Katz, University of Maryland, College Park, Maryland, USA
Xindong Wu, University of Vermont, Burlington, Vermont, USA
Lakhmi C. Jain, University of South Australia, Adelaide, South Australia, Australia
David Padua, University of Illinois Urbana-Champaign, Urbana, Illinois, USA
Xuemin (Sherman) Shen, University of Waterloo, Waterloo, Ontario, Canada
Borko Furht, Florida Atlantic University, Boca Raton, Florida, USA
V.S. Subrahmanian, University of Maryland, College Park, Maryland, USA
Martial Hebert, Carnegie Mellon University, Pittsburgh, Pennsylvania, USA
Katsushi Ikeuchi, University of Tokyo, Tokyo, Japan
Bruno Siciliano, Università di Napoli Federico II, Napoli, Italy
Sushil Jajodia, George Mason University, Fairfax, Virginia, USA
Newton Lee, Newton Lee Laboratories, LLC, Tujunga, California, USA



More information about this series at http://www.springer.com/series/10028

http://www.springer.com/series/10028


Telmo Adão • Luís Magalhães
Emanuel Peres

Ontology-based Procedural
Modelling of Traversable
Buildings Composed
by Arbitrary Shapes

123



Telmo Adão
Department of Engineering
University of Trás-os-Montes e Alto Douro
(UTAD)

Vila Real
Portugal

Luís Magalhães
Department of Information Systems
ALGORITMI Center, University of Minho
(UM)

Guimarães
Portugal

Emanuel Peres
Department of Engineering
INESC TEC (formerly INESC Porto) and
University of Trás-os-Montes e Alto
Douro (UTAD)

Vila Real
Portugal

ISSN 2191-5768 ISSN 2191-5776 (electronic)
SpringerBriefs in Computer Science
ISBN 978-3-319-42371-5 ISBN 978-3-319-42372-2 (eBook)
DOI 10.1007/978-3-319-42372-2

Library of Congress Control Number: 2016947770

© The Author(s) 2016
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Content Production for Virtual Environments . . . . . . . . . . . . . . . . . 2
1.2 Main Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Production of Buildings Using Procedural Modelling . . . . . 4
1.2.2 Regulation Through Ontologies. . . . . . . . . . . . . . . . . . . . . . 4
1.2.3 Ontology-Based Procedural Modelling Versus

Building Information Modelling . . . . . . . . . . . . . . . . . . . . . 4
1.3 Motivation and Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Main Contributions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.6 Book Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Ontologies and Procedural Modelling . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.1 Ontologies on Virtual Environments. . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 Virtual Representations Based on Ontologies . . . . . . . . . . . 12
2.1.2 CityGML: A 3D Urban Environment Standard . . . . . . . . . . 15

2.2 Procedural Modelling of Virtual Urban Environments . . . . . . . . . . 17
2.2.1 L-Systems for Procedural Modelling . . . . . . . . . . . . . . . . . . 17
2.2.2 Detailing Facades Through Split Grammars . . . . . . . . . . . . 17
2.2.3 Semi-automatic Digital Reconstruction of Old

Buildings Considering GIS Data-Based Topology. . . . . . . . 18
2.2.4 Random Extrusion of Floors . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2.5 Feature-Based Decomposition of Facades . . . . . . . . . . . . . . 18
2.2.6 Computer Generated Architecture for Buildings

Production. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.7 Building Generation Based on Facade View

Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.8 Digital Map-Based Generation of 3D Buildings

with Multiple Roofs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2.9 City Modelling Procedural Engine (CMPE) . . . . . . . . . . . . 21

v

http://dx.doi.org/10.1007/978-3-319-42372-2_1
http://dx.doi.org/10.1007/978-3-319-42372-2_1
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec10
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Sec10
http://dx.doi.org/10.1007/978-3-319-42372-2_1#Bib1
http://dx.doi.org/10.1007/978-3-319-42372-2_2
http://dx.doi.org/10.1007/978-3-319-42372-2_2
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec1
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec1
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec10
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec10
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec10
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec11
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec11
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec11
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec12
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec12
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec12
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec13
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec13


2.2.10 Procedural Generation 3D (PG3D) Solution . . . . . . . . . . . . 21
2.2.11 Ontology-Based Generation of Urban Environments

and Building Exteriors . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.3 Procedural Modelling of Virtual Traversable Buildings . . . . . . . . . 23

2.3.1 LaHave House: An Automated Architectural Design
Service . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.2 Procedural Generation of Buildings Using Graphs
and Expansion Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.3 Building Indoors Generation Using Constructive
Solid Geometry Algorithms. . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3.4 Lazy Production of Virtual Building Interiors . . . . . . . . . . . 25
2.3.5 Interior Rooms Generated Through Voronoi

Diagrams and Constrained by Convex Layouts. . . . . . . . . . 25
2.3.6 Rule-Based Generation/Reconstruction of Buildings . . . . . . 26
2.3.7 Squarified Treemaps for Virtual Buildings Generation . . . . 26
2.3.8 Residential Buildings Generation Based on Bayesian

Networks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.3.9 Grid Approach Focusing Floor Plan Generation . . . . . . . . . 27
2.3.10 Generative Modelling Language (GML) for Virtual

Buildings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.3.11 Component-Based Modelling of Virtual Buildings . . . . . . . 28
2.3.12 Producing Virtual 3D Buildings from Pre-designed

Floor Plans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.3.13 Ontology-Based Generation of Traversable Buildings . . . . . 29

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3 Procedural Modelling Methodology Overview . . . . . . . . . . . . . . . . . . 37
3.1 Problem Definition and General Proposed Framework . . . . . . . . . . 37
3.2 Ontology for Buildings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2.1 Generic Ontology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.2.2 Generic Ontology Elements. . . . . . . . . . . . . . . . . . . . . . . . . 41
3.2.3 Extending the Generic Ontology to the Roman

Architecture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2.4 Roman Ontology Elements . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.3 Procedural Modelling Methodology Overview . . . . . . . . . . . . . . . . 44
3.3.1 Building Floor Plan Definition . . . . . . . . . . . . . . . . . . . . . . 44
3.3.2 Extrusion, Roofing and Completions. . . . . . . . . . . . . . . . . . 45

3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4 Generation of Virtual Buildings Formed by Rectangles . . . . . . . . . . . 49
4.1 Preliminary Procedural Modelling Methodology. . . . . . . . . . . . . . . 50

4.1.1 Ontology Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.1.2 Methodology Regulation: Definition Rules . . . . . . . . . . . . . 51

vi Contents

http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec14
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec14
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec15
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec15
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec15
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec18
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec18
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec19
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec19
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec19
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec20
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec20
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec20
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec21
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec21
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec21
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec22
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec22
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec23
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec23
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec23
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec24
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec24
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec25
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec25
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec26
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec26
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec26
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec27
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec27
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec28
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec28
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec28
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec29
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec29
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec30
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec30
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec30
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec31
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec31
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec34
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Sec34
http://dx.doi.org/10.1007/978-3-319-42372-2_2#Bib1
http://dx.doi.org/10.1007/978-3-319-42372-2_3
http://dx.doi.org/10.1007/978-3-319-42372-2_3
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec1
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec1
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec10
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Sec10
http://dx.doi.org/10.1007/978-3-319-42372-2_3#Bib1
http://dx.doi.org/10.1007/978-3-319-42372-2_4
http://dx.doi.org/10.1007/978-3-319-42372-2_4
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec4


4.1.3 Methodology Regulation: Restriction Rules . . . . . . . . . . . . 54
4.1.4 Procedural Modelling Approach . . . . . . . . . . . . . . . . . . . . . 54

4.2 Implementation Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.3 Preliminary Tests and Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Reference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5 Generation of Virtual Buildings Constrained
by Convex Shapes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
5.1 Enhanced Procedural Modelling Methodology . . . . . . . . . . . . . . . . 63

5.1.1 Ontology-Based Data Model to Guide Definition
Rules. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.1.2 Definition Rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.1.3 Restriction Rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.1.4 Moderation Process for Definition Rules. . . . . . . . . . . . . . . 68
5.1.5 Procedural Modelling Generation Process . . . . . . . . . . . . . . 69

5.2 Enhanced Methodology System Implementation. . . . . . . . . . . . . . . 74
5.2.1 An Ontology-Based XML for Virtual Buildings

Definition (XML4BD). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.2.2 Rules Moderator Module . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.2.3 Procedural Modelling Module . . . . . . . . . . . . . . . . . . . . . . . 77

5.3 Preliminary Tests and Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

6 Generation of Virtual Buildings Composed by Arbitrary
Shapes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.1 Final Procedural Modelling Methodology. . . . . . . . . . . . . . . . . . . . 84

6.1.1 Ontology-Based Grammar. . . . . . . . . . . . . . . . . . . . . . . . . . 85
6.1.2 Moderating Ontology-Based Grammar Rules . . . . . . . . . . . 87
6.1.3 Procedural Modelling Generation Process . . . . . . . . . . . . . . 88
6.1.4 Stochastic Rules Selection for the Automatic

Generation of Virtual Buildings . . . . . . . . . . . . . . . . . . . . . 92
6.2 Final Procedural Modelling Methodology Implementation . . . . . . . 95

6.2.1 Deterministic Tool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
6.2.2 Stochastic Tool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.3 Preliminary Tests and Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

7 Procedural Modelling Methodology Evaluation . . . . . . . . . . . . . . . . . 101
7.1 Towards the Compliance of Real-World Architectonic

Rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
7.1.1 RGEU Rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
7.1.2 Examples of T2 Houses in Compliance

with RGEU Rules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

Contents vii

http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_4#Bib1
http://dx.doi.org/10.1007/978-3-319-42372-2_5
http://dx.doi.org/10.1007/978-3-319-42372-2_5
http://dx.doi.org/10.1007/978-3-319-42372-2_5
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec10
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec10
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec11
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec11
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec12
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec12
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec13
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Sec13
http://dx.doi.org/10.1007/978-3-319-42372-2_5#Bib1
http://dx.doi.org/10.1007/978-3-319-42372-2_6
http://dx.doi.org/10.1007/978-3-319-42372-2_6
http://dx.doi.org/10.1007/978-3-319-42372-2_6
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec10
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec10
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec11
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Sec11
http://dx.doi.org/10.1007/978-3-319-42372-2_6#Bib1
http://dx.doi.org/10.1007/978-3-319-42372-2_7
http://dx.doi.org/10.1007/978-3-319-42372-2_7
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec1
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec1
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec1
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec3


7.2 Virtual Buildings Constrained by Arbitrary Shapes . . . . . . . . . . . . 105
7.3 Interior Divisions' Walls Adaptation . . . . . . . . . . . . . . . . . . . . . . . . 106
7.4 Subdivision Provided by the Treemap Approach . . . . . . . . . . . . . . 108
7.5 Generating Structures Stochastically . . . . . . . . . . . . . . . . . . . . . . . . 108
7.6 Ontology-Based Architectural Derivation . . . . . . . . . . . . . . . . . . . . 109

7.6.1 Generic Building and Roman Domus Overview . . . . . . . . . 111
7.6.2 Structural Extensions and Differences . . . . . . . . . . . . . . . . . 111

7.7 Performance Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
7.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
8.1 Overall Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

8.1.1 Building Ontology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
8.1.2 Procedural Modelling Methodology . . . . . . . . . . . . . . . . . . 116

8.2 Discussion and Future Directions . . . . . . . . . . . . . . . . . . . . . . . . . . 117
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

viii Contents

http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec5
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec6
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec7
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec8
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec9
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec10
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec10
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec11
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec11
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec12
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Sec12
http://dx.doi.org/10.1007/978-3-319-42372-2_7#Bib1
http://dx.doi.org/10.1007/978-3-319-42372-2_8
http://dx.doi.org/10.1007/978-3-319-42372-2_8
http://dx.doi.org/10.1007/978-3-319-42372-2_8#Sec1
http://dx.doi.org/10.1007/978-3-319-42372-2_8#Sec1
http://dx.doi.org/10.1007/978-3-319-42372-2_8#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_8#Sec2
http://dx.doi.org/10.1007/978-3-319-42372-2_8#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_8#Sec3
http://dx.doi.org/10.1007/978-3-319-42372-2_8#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_8#Sec4
http://dx.doi.org/10.1007/978-3-319-42372-2_8#Bib1


Chapter 1
Introduction

Abstract Most of the existing procedural modelling solutions still lacks from
support to the generation of virtual buildings with both exteriors and interiors
composed by arbitrary shapes. To address this issue, a new procedural modelling
methodology is presented in this book, one that produces virtual models of build-
ings, including exteriors outlined by arbitrary shapes and interiors formed by convex
polygons. Regarding this specific chapter, some relevant subjects that define the
boundaries of this book are introduced along with the motivation and goals that lie
at the basis of the new methodology. Afterwards, a list of main contributions and
assumptions are presented, shortly before book organization section.

3D virtual models of buildings are commonly used in areas such as architecture and
video games to preview a house project and to populate a virtual scenario, respec-
tively. Traditionally, the production of these models requires highly skilled man-
power and a considerable amount of time. To address this issue, many researchers
have developed semi-automatic techniques to produce virtual models expeditiously.
These procedural techniques provide different ways of generating buildings, includ-
ing interiors and outer facades, to serve several purposes (e.g., content generation
for video games or archaeological reconstruction). However, the existing techniques
focusing on building interiors usually only support the generation of floor plans con-
strained by regular shapes or contour polygons obtained from rectangles sets. At the
same time, the possibility of modelling interior rooms through the specification of its
constraint walls remains poorly explored. Moreover, most of the existing procedural
generation solutions are guided by complex grammars concerned with geometri-
cal aspects or semantic structures that fit specific project requirements, apparently
disregarding the established standards for virtual urban environments, specifically,
CityGML.

To overcome the noted issues, a novel procedural modelling methodology is
presented in this book, one that produces virtual models of buildings, including
exteriors outlined by arbitrary shapes and interiors formed by convex polygons.
Methodology’s regulation is provided by a building ontology—a CityGML-based
knowledge structure [1, 2], planned to be extensible to specific architecture styles—
through several guiding data structures such as structured XML and ontology-based
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2 1 Introduction

grammar. Regarding the supporting process, a treemap approach is used to subdivide
the building layout into floor plan areas. Several improvements were progressively
made to the treemap in order to enable the subdivision of different constraint poly-
gon types which range from rectangles to arbitrary shapes. Moreover, in the most
advanced methodology stage, a method concerning inner room walls adaptation is
addressed. Next, a set of operations is performed, from the marking transitions step
to the extrusion process that provides the 3D aspect. In addition, an experimental
stochastic approach is shown to automate the production of random buildings using
this procedural modelling methodology.

Nearby the end of the book, a set of tests to evaluate the capabilities of the
referred methodology in producing buildings characterized by arbitrary shapes and
distinct architectonic requirements will be presented. Furthermore, the results of the
performance tests will be shown.

Regarding this specific chapter, a few subjects will be introduced, concretely
the production of contents for virtual environments, procedural modelling and also
ontologies. Those subjects constitute the boundaries of this book which has its moti-
vation and goals presented shortly afterwards along with some assumptions. This
chapter ends with the main contributions and orientations regarding document orga-
nization.

1.1 Content Production for Virtual Environments

Content production for virtual environments is an important subject as it is directly
related with parameters such as production cost and development time, which have
a significant impact in how well a business or research performs. The conventional
production of these models—specifically, using manual modelling—requires highly
skilled manpower and a considerable amount of time to achieve the desired virtual
contents, in a process composed bymany stages that are typically repeated over time.

As technology continues to evolve at a faster rate—more processing power, faster
and largermemory, increased disk space at better r/w rates andmore powerful graphic
boards—new paradigms are emerging to provide more efficient and cost-effective
solutions for business that depend on virtual contents. Among them is procedural
modelling which can be seen as an assortment of techniques that aim to automatize
the production of virtual models through the assimilation of patterns and algorithmic
approaches that assume the role of content production engines. From the perspective
of some business and research areas (e.g. architecture, archaeology, videogames pro-
ducers), the overwhelming use of resources can now be drastically reduced, leading
to the increase of competitiveness. Moreover, man-skilled labour can now be con-
centrated in the validation and improvement of the automatically produced models
by adding or altering particularities and details that might make them closer to the
expected results, considering the requirements of a given modelling task in a certain
context.
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The application fields are numerous. Videogames industry is perhaps one of the
most obvious cases, due to the use of complex road networks and rich urban envi-
ronments, pretty noticeable in games, such as Grand Theft Auto (GTA)1 or Need For
Speed (NFS).2 Actually, NFS was a case study for Watson et al. [3] who had under-
lined the applicability and importance of procedural modelling in the production of
certain game contents, such as buildings and road networks, due to its cost-effective
and dynamic nature. Moreover, they suggest that designers who demand for auto-
matic ways of generating game contents to avoid tedious and repetitive hand-made
tasks, can be supported by procedural modelling tools to generate the first set of
urban objects, that afterwards can be customized to make them look like what they
have projected.

The same modelling style can be used in the archaeological research area, even
in damaged structures—as it is pointed out by Müller et al. [4], Rodrigues et al. [5]
or Dylla et al. [6]—to aid, for example, in the proposal of hypothesis that can be
valuable for the formulation of theories among that scientific community.

Another application field is 3D cinema. Enterprises like Pixar3 or Dreamworks
Animation4 are specialized in producing 3D movies that include human and animal
characters, cities, villages and forests. Some of their productions already take advan-
tage from procedural modelling techniques. For example, in the Monters Inc. (Pixar)
movie, the hair of Sulley character is procedurally animated [7]. Another example is
the fracturing and debris procedural technique thatwas developed forKung-Fu Panda
(Dreamworks) in order to be applied in several scenes involving massive destruction
of structures [8].

These were just a few examples intending to show procedural modelling ver-
satility. However, others will be provided in the next chapters, to demonstrate the
wide range of applicability of this modelling style in the generation of structures—
specifically, buildings—expeditiously and demanding low user interaction.

1.2 Main Concepts

The concepts inherent to the areas addressed in this book will be presented, namely,
ontologies and procedural modelling. Building Information Modelling (BIM) dis-
ambiguation closes the section.

1Grand Theft Auto, also known as GTA, is a well-known role playing game series, developed by
Rockstar. For more information, check the link: http://www.rockstargames.com/grandtheftauto/.
2NeedForSpeedorNFS, is a racinggame series developedbyElectronicArts. Formore information,
check the link: http://www.needforspeed.com/.
3Pixar is a digital animation enterprise that belongs to the Walt Disney Company. For more infor-
mation, check the link: http://www.pixar.com/.
4Dreamworks Animation is a north-american studio specialized in animation movies. For more
information, check the link: http://www.dreamworksanimation.com/.

http://www.rockstargames.com/grandtheftauto/
http://www.needforspeed.com/
http://www.pixar.com/
http://www.dreamworksanimation.com/


4 1 Introduction

1.2.1 Production of Buildings Using Procedural Modelling

The production of buildings and urban environments are major concerns for the
procedural modelling area. Many works [6, 9–11] present different approaches for
the procedural generation of extensive urban environments, considering the exterior
facades. These solutions have demonstrated to be a reliable alternative to manual
approaches, since they are also capable of producing representations endowed with
high levels of detail and visual accuracy. Regarding time consumption, the procedural
solutions are incomparably faster. The same conclusions are valid for the generation
of buildings considering their interiors [5, 12–14] which proposes the fully produc-
tion of such structures including exterior facades, inner rooms and also the transitions
that ensure transitivity among them.

1.2.2 Regulation Through Ontologies

Ontologies are knowledge structures capable of describing a system, namely the
relations between its parts. They have been successfully applied in different solu-
tions that require the use of virtual models/environments [15–17] to achieve a wide
variety of purposes that range from the planning of neurosurgery operation to the
cataloguing of museum artefacts. A few procedural modelling solutions also used
them to guide the process of generating virtual models [13, 18, 19]. The results are
interesting. However, most of these procedural modelling solutions seem confined
to the context for which they were developed, disregarding standards oriented for
virtual environments.

1.2.3 Ontology-Based Procedural Modelling Versus
Building Information Modelling

This subsection intends to clarify the main differences between ontology-based pro-
cedural modelling approach and Building Information Modelling (BIM) which, due
to the common use of semantics and similar goals, are liable to cause confusion.

BIM supports the development and use of a computer-generatedmodel to simulate
the different stages of a facility such as planning design and construction. Its pre-
ciseness, flexibility and huge range of possibilities make it suitable for construction
professionals [20]. It is a complex standard that mixes semantic and geometry and
contains a complete set of information—including, for example, the air conditioning
system, the building structure or even the materials of its walls—and which requires
expertise and labour when dealing with it, in order to meet client requirements and
also legal and physical rules.

On the other hand, ontology-based procedural modelling is concerned with the
rapidly and faithful visualization of virtual structures, disregarding imperceptible


