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ABSTRACT

The inner cities of Graz and Vienna were awarded World Cultural Heritage by UNESCO and in the year 2003 Graz was
the Cultural Capital of Europe. Therefore we report in this paper on a novel interactive modeling system to create a
detailed and complete 3D reconstruction of city centres from a set of photographs. We emphasize in our approach on
utilizing terrestrial images of facades, taken by a hand-held digital consumer camera using short baselines. Aerial images
were used to model parts of the scene (e.g. roofs) which are not visible from the terrestrial images. The relative orientation
of the terrestrial photographs is calculated automatically, whereas the integration of the aerial images is performed with
minimized human interaction. Once we have determined the orientation of all images, we are able to extract 3D informa-
tion from the image sequence automatically, by employing different area and feature based matching technigues resulting
in 3D points, lines and surfaces. Due to the fact that we concentrate on a complete 3D reconstruction of city centres we
apply several fusion techniques to the different extracted model representations. In particular, we decided to support this
task by a human operator in terms of his unique interpretation and segmentation abilities. The modeling system is efficient
and easy to use because the user can focus on the 2D segmentation and interpretation whereas our system is responsible
for the 3D modeling. Therefore we developed the user interface as a monocular 3D modeling system. As a result of the
modeling process we are able to obtain a coarse as well as a high detailed 3D model of the scene. Taking into account the
goals of rehabilitation of city centres we visualize the created virtual model in a virtual reality environment.

1 INTRODUCTION tested within the&Creative Histories - The Josefsplatz Expe-

rienceproject. An overview of the Josefsplatz is presented
The rehabilitation and preservation of cities, especially cityin Figure 1. The goal of the Creative Histories project is
centres with historic sites is an important problem and ofthe as-built documentation and reconstruction of a com-
ten an expensive and tedious process even with modefiex part of a city centre (Josefsplatz), the 3D modeling
photogrammetric and computer vision techniques. In genfrom historical pictures and paintings and the modeling of
eral city centres are often subject of erosion since they hav@istorical textures and events. In this paper we will con-
gone through many phases of construction, damage arfgntrate on the as-built documentation and reconstruction.
repair. Therefore it is important to have a detailed and ac-
curate reconstruction of such sites. Furthermore it is ar
attractive application to visualize and explore cultural her-
itage architecture in a virtual reality environment.

Our research aims to integrate these requirements into o
3D modeling system, which allows a user to reconstruc
a geometric model of a historic site from a set of pho-
tographs more accurate and convenient than current avai
able computer vision approaches. The scene is capturel
directly on site with a hand-held digital consumer camera|
using short baselines. After some preprocessing and ag
quiring the relative orientation as described by Nister (Nis-
ter, 2003) and Horn (Horn, 1990) between all image pair
we reconstruct a coarse as well as a high detailed geometr
model of the historic site with our intuitive interactive 3D e
modeling system. Basically, we combine automatic area  Figure 1: Overview of the Josefsplatz in Vienna.
and feature based modeling techniques with a minimum on
human interaction to obtain a consistent geometric model
of the scene. Additionally we demonstrate the accuracy he rest of the paper is organized as follows: Section 2 pro-
and quality of the obtained reconstructed model in an virvides an overview of related work. Our interactive model-
tual reality environment. ing system for fast and detailed reconstruction of city cen-
tres is presented in Section 3. The visualization and explo-
The proposed system has been developed and successfuiifion of the city centre in a virtual environment is sketched




in Section 4. Some results to illustrate our modeling ap3 3D RECONSTRUCTION OF
proach are presented in Section 5. Section 6 concludes our CULTURAL HERITAGE
approach and gives some ideas of future work.

In this section we will descrribe the stages incorporated in
2 RELATED WORK data acquisition and present the developed model represen-
tations and algorithms. Additionally we show some user
The reconstruction of 3D models from 2D images has dnterface aspects and related design decisions illustrated on
long tradition within the photogrammetric community. our 3D modeling system.
There are two classes of research fields related to our method:
automatic reconstruction and human assisted reconstru¢he traditional goal of photogrammetry is to understand

tion from image information. 3D scenes from image data. This research primarily targets
) ) real-time applications, thus human interaction during the
2.1 Automatic Reconstruction modeling process should be avoided (Zach et al., 2003). In

The automatic reconstruction of 3D models can be se ac_ontrast our research goal is the creation of 3D models for
Pdisualization and computer animation. The requirements

:ﬁé%illi?]to:gg fcé';fi r;n;gzge#g%g?nproaches: area base r this problem differ and human interaction during the
9 9: modeling is acceptable. However, artifacts and reconstruc-

Area based modeling methods are based on an estimati@i@n errors are unacceptable, because the created 3D model
of dense 3D point clouds from image sequences (Pollewill be viewed and explored for example by humans in an
feys et al., 2000). The critical part behind these methVirtual environment.

ods is to robustly find corresponding points within the im-

age sequences. From the corresponding points the rel&onsequently we focus in our approach on two different
tive orientation of each image can be estimated (Hartlepspects. One aspect is related to the segmentation and in-
and Zisserman, 2000). This procedure is applied to manyarpretation of a scene. Figure 2 illustrates one side of the
pixels within stereo or multiview images which results in Josefsplatz in Vienna generated with a state of the art area
dense 3D point clouds. Frequently a continuity constrainpased modeling algorithm. Obviously a fully automatic

is used to allow smooth reconstructions. A good collecSegmentation and interpretation of such a scene with cur-
tion and comparison of different stereo matching methodéent segmentation algorithms is not yet robust enough. In
can be found in (Scharstein and Szeliski, 2002). A regeneral a full segmentation procedure includes the classifi-
cently proposed area based modeling approach (Strecha@tion of facades, roofs and any other appropriate objects.
al., 2003) utilizes partial differential equations (PDE’s) for In our opinion integrating a human operator in the recon-

dense depth extraction from multiple images. struction loop will improve the ability to reconstruct the
geometry of arbitrary cultural scenes. In fact we combine

Feature based modeling approaches are widely used in miiflour approach the user’s intuitive image understanding
ern computer vision systems. They reduce the amount &fnd the computer’s processing power.

data to be processed, and also increase the robustness and
accuracy of measurements in digital images. A genera
overview of feature based modeling methods is given in
Baillard et al. (Baillard et al., 1999), where they propose a
line matching method over multiple oriented views.

Our research aims to combine feature and area based mo
eling techniques to obtain a complete and a consistent 3L
model from an image sequence.

2.2 Human Assisted Reconstruction

Many of the current 3D reconstruction systems are base(
on human input at some point of the reconstruction pro-
cess. A very well known concept in this research field ESERESES i

is the modeling and rendering architecture proposed by; . ; ;
| ) gure 2: Dense point cloud of one side of the Josefs-
Debevec (Debevec, 1996). This 3D reconstruction SYSplatz in Vienna. As a consequence of the outliers (sky,

tem, calledracadeis separated into two main modeling q.0,nq) in the created reconstruction a pre-segmentation

steps. The first step allows the recovery of a basic 9€5f the scene in meaningful units like facades and roofs is
ometry model, whereas the second one represents a vi

. . a Vi&Yhcessary.
dependent texturing system to improve the geometric de-

tails of the basic model. The popular commercial product

Image Modelefrom RealViz (ImageModeler, 2004) is in- The other aspect comprises the question how the user in-
spired by the above described system. Another well knowterface is able to support the modeling process thus that the
method proposed by Shum (Shum et al., 1998) presentgsulting 3D model is more accurate and free of disturbing
an interactive modeling system that constructs 3D modelsutliers and reconstruction errors. Several authors (Schnei-
from a collection of panoramic image mosaics. derman, 1998) discussed the direct relation between user



interfaces and the usability of a given application. How-3.1 Data Capturing
ever we developed our user interface having in mind the
fact that humans are clumsy 3D operators, hence the usBbr capturing the terrestrial images of the cultural heritage
concentrates on the 2D segmentation and interpretation we use a calibrated high quality digital consumer camera
whereas our modeling system is responsible for the correyith a 11.4 megapixels CMOS sensor. The actual captur-
sponding 3D information. ing process consists of taking hand-held pictures with short
baselines resulting in high overlap.
Figure 3 is a graphical overview of our proposed workflow.
The grey shaded area will be discussed in the following.1.1 Camera Calibration The process of camera cal-
sections of the paper. The workflow can be roughly seeibration is a well studied problem in photogrammetry and
as the composition of the following consecutive subtasks:determines the internal parameters of a camera, which are:
focal length, the position of the principal point and lens
distortions. After the user has taken images of a planar
1. An automatic orientation procedure to obtain the rel-calibration target from arbitrary, different positions an op-
ative orientation of the image sequence. This tasklimized calibration algorithm can be performed fully au-
which is not the topic of the paper, is based on worktomatic. The method used in our 3D modeling system

described by Nister (Nister, 2003) and Klaus et al.is described by Heikkdl (Heikkila, 2000). In spite of re-
(Klaus et al., 2002). cent progress utilizing uncalibrated views (Pollefeys et al.,

1999) for 3D reconstruction we decided that camera cal-

2. A highly automated feature extraction method withibration is a straightforward process which simplifies the
minimal human interaction. reconstruction algorithm.

3. Segmentation and classification of the captured cul3.2 User Interface
tural heritage supported by an intelligent user inter-
face. In this section we illustrate the basic ideas and abilities of
our implemented user interface. So far there are two ba-
4. An automatic surface reconstruction process, whiclsic challenges in the fields of photogrammetry: the first
results in a coarse as well as a detailed 3D model obne is the correspondence problem and the second one is
the scene. Furthermore this step incorporates a multhe recognition problem. In our 3D modeling system the
view texturing method as proposed by Bornik (Bornik reconstruction problem is solved by highly redundant in-
etal., 2002). formation about the scene, particularly we utilize image
sequences. Since the reconstruction problem is already
solved we can focus on the recognition problem, which is

serial Terestial handed over to a human operator, who is supported by an
mages mages intelligent user interface.
' As mentioned before the basic idea behind our user inter-
( s ( Automate face relies on the fact that humans are not good at simul-
reraton taneously controlling multiple degrees of freedom. This
i implicates that they are not accurate 3D operators, espe-
cially with a 2D interface. In contrast computers are not
Feature Extraction <—‘£’ limited to two eyes, thus they can handle multiple views
and multiple degrees of freedom simultaneously. There-
l fore computers are the much better 3D operators.

2D and 3D Features
( (Feature Points an Lines) ( Basically we combine simple 2D segmentation and inter-

l pretation tasks with more or less complex 3D modeling
algorithms. Additionally we obtain a full interpretation of
Segmeniation and | g the selected scene in meaningful units like facades, win-
dows or roofs. Such a system is also known as a so called
l monocular 3D modeling system.
Surface
Reconsiruction Figure 4 shows the main parts of our developed user inter-
face. Our user interface consists of an image viewer for 2D
interaction and a model viewer to verify the reconstruction
correctness. Furthermore a magnifier assists the human op-
erator during the modeling process and improves the accu-

racy of the final 3D model. The selection of the appropriate

Figure 3: Sketch of the workflow. The grey shaded area¥inages for the reconstruction process is accomplished by
are discussed in this paper. an image preview box at the bottom of the graphical user
interface.




The automatic mode can be separated into two fundamen-
tal tasks. The first task consists of a state of the art point-
of-interest detector described by Harris and Stephens (Har-
ris and Stephens, 1988). In the second task an automatic
matching procedure proposed by (Brown et al., 2003) is
initiated.

® 000 VL L

In the interactive mode a human operator adds correspond-
ing points in two images whereas the modeling system cal-
culates the 3D points and reproject the extracted feature
points into all images within the image sequence. The user
is assisted by a simple point and click interface and a mag-
nifier to obtain subpixel accuracy during the reconstruction
process.

3.3.2 Feature Lines The extraction of feature lines

Figure 4: lllustration of our developed user interface,from image sequences is a crucial step in our modeling

which includes a magnifier, an image viewer, a 3D VieWelgygiom  However, feature lines provide a more accurate
and an image preview box.

geometric information of the captured objects than feature
points. Similar to feature points we distinguish between an

3.3 Model Representations interactive and an automatic procedure.

The intention behind our modeling system is to represe he automatic procedure is based on grouping of edge in-

; o 4 .~ formation, hence the results are directly related to the pre-
an architectural building as a set of different types of Sim-ius edge extraction method. Our method is based on
ple gepmetric features.. Furthermore the underlying repr he edge extraction and edge I.inking method proposed by
sentation supports a direct relation between each 2D g%anny (Canny, 1986) and refined by Rothwell et al. (Roth-
ometric feature and their 3D counterparts. A more de- . :

. S . avell et al., 1995). These algorithms extract contour chains
tailed description of various types of features can be found . . X .
with subpixel accuracy. The final line segments are de-

in (Bauer et al.,, 2002). Co_nsequentl)_/ our approa_ch deal ected by a robust estimator called RANSAC (Fischler and
with two types of geometric features: feature points an

feature lines. The rest of the section gives a detailed d Solles, 1981) and represent the input for the automatic
scription of tHese model re resentationgs Sine matching algorithm introduced by Schmid and Zisser-
P P ' man (Schmid and Zisserman, 2000). The purpose of the

3.3.1 Feature Points We propose two different interactive procedure is to increase the set of extracted 3D

approaches for the extraction of feature points: an interaé'—nes'

tive mode and a fully automatic mode. Both procedures are . /:___:;,/,__,_-:;_-"‘—
related to the well studied correspondence problem, whict T - ] T = s

is the basic problem in stereo photogrammetry. Itisthe _ ' ——o . . ——
process of finding corresponding or homologues points in — ] e —==
two or more images which are projections of the same 3D | 17!, e - — ‘ il
point. In fact, from corresponding points the relative orien- 1 | | Tl =g H. = - ‘H
tation is estimated and additional 3D points are extracted. o i ‘ e Y = _=|_

a
ook ]
i
=

Figure 6: Overview of the extracted 3D feature line set
from the Josefsplatz.

3.4 Surface Reconstruction
\«\/\'\’\’\'\'
> So far we have described the extraction of low level im-
age features, such as feature points and feature lines from
Figure 5: Automatic extracted 3D feature points and ob-oriented image sequences. This section is dedicated to ex-
tained camera positions from the Josefsplatz. plain how these feature types are utilized to create coarse
as well as detailed 3D models from the captured scene.



The overall idea of our modeling strategy is based on thewm»

fact that we combine the extracted feature types with ar: [ g
area based reconstruction algorithm. Actually we obtaing Lo Y ol
a segmentation and interpretation of the scene into severa
primitives like roofs or facades.

The surface reconstruction process consists of two consec
utive parts. In the first part the image features are groupe
around interesting areas of the scene to obtain a coars
model of the scene. Such an initial model is representec
as a set of planar object regions. Note, that the whole
2D grouping process is supported by a human operator ir
terms of his segmentation and interpretation abilities. Due
to the direct relation between the 2D and 3D model rep- |
resentation the 3D surface can be easily generated. Cor .
sequently the triangulation of the planar regions and th
3D surface generation including the texturing is performe
by our modeling system. This intermediate reconstructio
result represents the coarse 3D model of the scene, but in

general an architectural building will have additional d€-4 VIRTUAL EXPLORATION OF THE CULTURAL
ometric details which are not covered by a set of planar HER|ITAGE

regions.

igure 7: User Interface to add aerial images to the model-
Ang process.

@s soon as the models are reconstructed, they can be ob-
ﬁerved in an immersive way using a virtual reality (VR) en-
plane. To recover the geometric details we focus on a ironment. The main benefits of such an environment are

iterative and hierarchical dense matching approach by ext atdtgg Tea' 5’5 user |Ir_1|£eract|on 1S dlfcogjpleg frodm stan-
ploiting the already known epipolar geometry between théjar q |_npu| ewce?_ ' edmOl:se ort €yboard and an |:n-
images. Obviously the high detailed reconstruction is perprove visual perception dueé 1o a stereoscopic view.  in-

formed exclusively inside of the emphasized planar regiont.eracting with 3D models using mouse or keyboard is of-

For every sampling point the similarity is quantified by ten not sufficient or cumbersome because only restricted

some suitable cost function and a weighting term to allovJ“OVements are possible. However, in a VR environment a

smooth surfaces in textureless regions. This hierarchicatliaCked wand or pencil enables the user to intuitively navi-

approach converges fast and avoids ambiguities with repeg—ate through or manipulate different scenes.

itive patterns, especially often encountered in architecturai 1 VR Set
buildings. The texture information of the reconstructed ™ etup
surface is calculated using all images and is mainly base . L .
on a multi view texturing agpproachgdescribed in m?)/re de—gur exploration application supports both, a stereoscopic
tail by Bornik et al. (Bornik et al., 2002) projection wall (using shutterglasses) and a head-mounted

' N ' display (HMD). The advantage of a projection wall is that
3.5 Model Completion more spectators can observe the scene at one time, whereas

by using a HMD only one person can interact with the

Up to know we have discussed the reconstruction of a hisscene. However, the benefit of the latter method is that
toric city centre only from terrestrial images. However tothe user is more immersed into the scene.
obtain a complete and consistent model of the scene it is

necessary to integrate aerial images into the 3D modelinGS We are using th&tudierstubeenvironment (Schmal-
procedure. tieg et al., 1996) both output devices are supported trans-

parently. For interaction, a pencil and a transparent panel
Basically the model completion needs some human intefare used which both allow six degrees of freedom. An op-
action and works as follows. Due to high memory demandéical tracking system captures position and orientation of
of aerial images a human operator crops the relevant regicill input devices. According to the selected setup, either
from aerial images to Comp]ete the 3D model. Figure #he HMD or the shutterglasses are tracked by the system in

illustrates the graphical user interface to accomplish thi@rder to render the correctimage for the interacting person.
task. Figure 8 shows an example of interacting with one side of

the reconstructed Josefsplatz in Vienna.
The upgrade to a georeferenced orientation requires at least
three well distributed control points. Therefore the control4.2  Interaction
points taken from the aerial images are manually linked
to terrestrial control points in two images. By exploiting The VR application allows several interaction modes. Gen-
this direct relation we calculate a transformation matrix toerally, the navigation is carried out by using the panel and
perform the georeferenced upgrade for the whole imagthe pencil. Virtual 3D buttons are displayed on top of the
sequence. panel which trigger different actions (e.g. load new model,

Therefore the second part of the algorithm utilizes thes
extracted planar object regions as an initial reconstructio



modeling approaches. In fact the modeling process com-
bines area and feature based modeling techniques to re-
cover consistent and accurate models of the scene.

Beside a geo-referenced orientation of the extracted 3D
model, we obtain a segmentation as well as an interpre-
tation of the scene. Due to the complexity of historic city
centres, building 3D models is time consuming and usually
involving much manual effort. With our modeling sys-
tem we focus on minimizing human interaction to obtain
a nearly automatic reconstruction. Additionally we have
sketched a method to visualize the reconstructed city cen-
tres in a virtual reality environment.

Though the results are very promising, there are several
improvements that can made to our approach. First we will
concentrate on extending our modeling approach to han-
dle more complex structures. In particular we will focus
Figure 8: Interaction with a reconstructed model.  on the reconstruction of statues by involving shape-from-
silhouette methods into our workflow. Further we will con-
- . . . centrate on the integration of recognition aspects into our
store scene, ) Additionally, other mteract!on W'd.gets’&D modeling approagch to further m?nimize hupman interac-
are provided which allow for more complex Interaction. yion and to improve the created 3D models. Additionally
Sve will continue on improving the usability of the user in-
'terface and the performance of the developed algorithms.

object identity. Therefore, distinct object rotation, scaling
or translation can be performed using the pencil.

If the user desires walk through a whole city, a virtual 2D7  ACKNOWLEDGMENTS
map is displayed on the panel. By selecting target posi-
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(a) Left View (b) Front View (c) Right View
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(a) Close-up of the Josefsplatz without overlayed wireframe to illustrate the geometric as
well as texture quality.

(b) Close-up of the balcony (c) Close-up of two reconstructed win-
dows.

Figure 11: Different close-up views illustrating the main facade. Note the high geometric resolution around the balcony
(b) and the two windows (c).
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