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Abstract. The objective of this research is to point out the deficiency of the modeling from
a single image and give suggestion for the improvement. In the domain of cultural heritage
visualization, single image modeling is mainly used to recover the scene shown in the
historical photographs.
In this paper, some common ambiguities in the area of the historical architectural
environments are highlighted. In most approaches user is the one to introduce and choose
constraints, and therefore he must have control over the ambiguity problems. We propose
suggestions about how to adjust the single-image-based modeling in order to minimize chance
for irregular 3D shapes to emerge due to ambiguity. Simple examples are used to illustrate
how ambiguity of a single image can affect the models veridicality, which are the common
mistakes that inexperienced user can make and how and when they can be corrected.
Keywords. Single-image-based modeling; Restitution; Perspective; Photography; Shape
ambiguity; Cultural heritage.

INTRODUCTION
Cultural development is reflected in monuments,
architecture and public spaces. Future generations should know about the appearance of the
destroyed and modified human built environment
as well as we need to reconstruct, conserve and revitalise the valuable historical background. Human
environment is constantly being modified. Whenever it is possible, cultural heritage should be saved
or at least properly surveyed and documented
(Waldhäusl, 1992).
In order to survey cultural heritage structures, a
selection of the appropriate technological approach

is very important (El-Hakim, Beraldin and Pica, 2002).
It has to be efficient, flexible, clear and easy to use
(Stojaković and Tepavčević, 2009). If not, spatial information about many objects could be lost.
For cultural heritage digital documenting
single-image-based modeling is very important. If
just a single image is available for 3D shape recovery, which is common in cultural heritage archives,
this is the optimal method to use (Stojaković and
Tepavčević, 2011; Heuvel van den, 2001). In spite of
that, software applications, in our opinion, are not
organized in a way that suits the average user. There
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is no restriction or warning that would provide automated control of the shape ambiguity. As a consequence, major errors can occur in 3D models. We
infer that quality of the results would be greatly improved if some modifications were incorporated in
the standard modeling approach.

PHOTO DOCUMENTATION
In this paper, term image refers to a photograph.
Photography is a two-dimensional medium that
represents three-dimensional shapes. Comparing to
other 2D medium, 3D shapes can be most properly
identified in photographs.
Evolution of technological achievements and
scientific processes that made the photography possible began in the 18th century. First photographs
appeared in the beginning of 19th century, as an outcome of the researches of chemical process of colour
that bleach in the sun and construction of the optical
instruments. Due to the technological development
and efficient promotion, photography is brought to
the masses by the end of the century (Leggat, 1997).
Migration from analogue to digital technology
in commercial marker began in 1990ties. This transformation made photography available for everyone. Advantages such as instant image review, flexibility of additional photo manipulation and, above
all, economic and financial benefits (large storage
capacity inside the camera, cheap viewing and
cheap permanent storage) caused explosive spread
of photographic images in digital formats. In digital
era number of photographs taken is not limited by financial issues. Today, high quality cameras are available to majority of people. The simultaneous expansion of the internet backed a tremendous growth in
the number of photographs. Therefore, production
of all kinds of photography develops explosively.
However, image-based documenting of cultural heritage does not follow this rapid progression.
In spite of the great advantages of image-based
modeling process, cultural heritage archives often
contain photographs which are nothing but an additional illustration to a technical record. Potential of
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eCAADe 29 - City Modelling

3D image-based modelling is huge, and in our opinion, has been not exploited enough.

SINGLE-IMAGE-BASED MODELING
From a single image, we can reconstruct the 3D
shape, size and position of a represented object. This
is the process opposite of perspective projecting of
3D objects onto the image plane (Rapp, 2008), meaning a problem in which a perspective image (or photograph) is given while certain information about the
original configuration is sought (Andersen, 2007).
Image-based modeling allows creation of 3D
models from photographs of real scenes [1]. Singleimage-based modeling methods use techniques
that exploit the properties of an object or a scene so
that the information lost in perspective projection
can be restored and generated according to the prior
knowledge (Tan, Clapworthya and Belousov, 2001).
Single image modeling process involves camera
pose determination and 3D shape recovery. In this
paper, we suppose that camera is already oriented,
since our aim is to discuss the efficiency of modeling
in terms of 3D shape generation.
The process of shape recovery can be automated or semi-automated. Until automated systems
become much more functional, semi-automated
systems are strongly recommended for cultural heritage image-based modeling (Remondino and El-Hakim, 2006). Therefore, the role of the user is essential
in the process of single-image-based modeling.
Single-image-based modeling has a high potential for the broad and extensive usage if it is managed
correctly. Software applications for a single-imagebased modelling use the same tools and concept of
modelling as any other modelling software. However,
modelling from a single image is different in some
way. To avoid mismatches between the real world
object and its 3D virtual representation, modelling
process should be adjusted to the characteristics of
the single projection. Existing approaches to 3D modeling from a single image use techniques that work
for 3D modeling in general, while in many cases they
are inappropriate for a single-image-based modeling.

Shape ambiguity should be automatically controlled
in the process of geometric elements positioning.
The process of shape recovery requires a high
level of users understanding of shape ambiguity,
which is rarely the case. Since the user is the one to
perform the modelling process, his absolute understanding of the shape ambiguity is essential for veridical 3D scene recovery. Often user is not enough
experienced to notice and resolve shape ambiguity,
and since there are no limitations in the modeling
applications, he unintentionally ends up using the
unreliable assumptions. Therefore, it would be very
useful to adjust the modeling process in order to
avoid the appearance of such errors.
User should not be allowed to position element in 3D space only by matching its projection to
a single image. In modeling process proper restrictions or warnings should be added to avoid ambiguity. In this paper, restrictions are incorporated as the
degrees of freedom, which will be discussed later.
Unconstrained arbitrary modelling, which is used in
existing software applications, should be upgraded
to be used in a 3D scene recovery process from a
single image, since the unreliable assumptions can
cause a huge mistakes.

INTERPRETATION OF ENVIRONMENT
To provide adequate background for the adjustment of the modeling process, it is necessary to
include layering of the complex geometry of real
world environments. Architectural objects are simplified to preserve their general shape and fine
geometric details are removed from them. Environment is represented as an organized group of
geometric elements. Elements and constraints are
chosen to be abundant in the historical built environment and to be simple enough to make the
analysis possible (Biederman, 1987).
Architectural objects can often be described
by a polyhedral model and for which a many geometric constraints are valid (Heuvel van den, 1998).
Polyhedral objects are abundant in human built
environment and a volumetric model of historical

architecture can easily be made out of simple geometric elements, such as points, lines and planes.
Different kind of parameters and/or attributes
can be used to describe position of geometric elements in 3D space. Attributes are used primarily to
determine the position of each geometric element.
In this paper attributes are chosen to be consistent
with the rules of the perspective image projecting.
Therefore, the important attributes are the projection of elements that can be marked in the image
and constructed or calculated infinite attributes
(vanishing points and vanishing lines).
The problem of the shape ambiguity emerges
in the process of single-image-based modeling,
since a single projection of an object is insufficient
for automated 3D shape extraction. Constraints are
necessary in order to define mutual position and
achieve objects regularity. They are also essential for
the camera pose identification and for the veridical
shape recovery (Pizlo, 2008). Different types of constraints are chosen to be discussed in this approach.
Constraints are also chosen to match the characteristics of the modeling process and to be abundant in
the historical environment. Used constraints belong
to the following groups:
•• topological constraints,
•• geometric constraints and
•• dimensional constraints.
Topological constraints result from the object
topology itself. The topology constraints are all of
the coincidence type (Heuvel van den and Vosselman, 1997) (point can belong to a line or a plane, and
line can belong to a plane). The proper treatment of
the topological constraints in a 3D modeling process
is very important.
Geometric constraints determine the relationship of two pieces of geometry with each other (if one element does not belong to another).
In this approach, geometric constraints are based
on available angles. This includes parallelism, perpendicularity and acute angles.
Dimensional constraints determine distance
City Modelling - eCAADe 29

101

between entities. In the modeling process described
in this approach, equal dimensions are essential.
Equal dimensions are crucial for proper link between
parts of the virtual model, which will be further explained in the examples. Therefore, it is important to
emphasize the role of the symmetry and dimensions
repetition in a design of the historical architecture.
By managing the defined types of geometric
elements and constraints, architectural object can
be generated as a simple primitive based 3D model.

SHAPE AMBIGUITY
3D shape is not determined by a single projection.
Each element noticed in the image corresponds
to the infinite number of elements in the space. A
point (resp. a line, a plane) located in the image can
be a projection of infinitely many points (resp. lines,
planes) in space. Therefore, certain assumptions
about the presented 3D geometry are necessary for
the proper linking of 2D image and 3D space.
In the modeling process, usually the user is the
one who makes and imports these assumptions. It
would be very useful if some kind of automated control service would notify user when shape ambiguity
exists, which means that his assumptions are not sufficient for 3D positioning. Influence of noticed attribute or constraint to 3D position of each geometric
element is examined and represented. In order to
simplify the analysis, degrees of freedom are introduced. In this paper, we propose constant checking
of degrees of freedom for each geometric element,
until element’s position is determined.
Degrees of freedom correspond to the parameters that need to be estimated for 3D location of an
element. Each element has certain degrees of freedom (DoF), according to the possibility to translate
it (DoFTR) and/or rotate it (DoFROT) in 3D coordinate
system (for point DoFTR=3 , for line DoFROT=2 and for
plane DoFTR=1, DoFROT=2. Each introduced attribute
or constraint in some way restrict the translation
(DoFCTR) and/or rotation (DoFCROT) of the element.
If the sum of restrictions for all attributes and
constraints is equal (or lardger) than total element’s
102
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degrees of freedom ∑ DoF ≥ DoF , the position in 3D
space is determined. It is important to make clear
that repetition of the same restriction does not have
influence to the element identification. All constraints and attributes have to be independent. If the
sum of restrictions for all attributes and constraints
is less than total element’s degrees of freedom
∑ DoF ≥ DoF , the position of the element is unknown,
and that reflects as the shape ambiguity.
The location of a geometric element is defined
by attributes and previously discussed types of constraints. Attributes and geometric constraints are
important for elements positioning, but they are
insufficient, because it is not possible to determine
translation of a geometric element. Without usage of
topological constraints, the modeling is not possible.
These constraints are necessary for regular linking
of all model segments. Dimensional constraints are
often very useful addition to the modeling process
when inexplicit link between object’s parts exists.
These constraints should be placed carefully according to other used constraints.
In order to simplify the influence of the attributes and constraints to the 3D position of geometric elements, restrictions to the degrees of freedom
for point, line and plane are presented in the following table (Table 1).
It is very important that the user understands
the shape ambiguity. If the user relies just on
matching of the model projection to an image,
he can generate a false model. Modeling errors
that can emerge because of lack of shape ambiguity control are shown in the following examples.
If shape ambiguity exists in a single image, two
cases are possible. Either there is no possibility to
determine the shape of an object or shape can be
recovered after the certain constraints are introduced. Examples illustrate few different types of
the shape ambiguity in the single image, possible
mismatches and instructions for proper modeling.
Simple modeling procedures are shown in order
to point out the problems and make an advice for
correct approach.
i =1

n

i =1

i

C

i

C

Table 1
Influence of constraints and
attributes to the position of
geometric elements.

Constraints and attributes

DoFCTR

DoFCROT

Geometric constraints
Line

Parallel to a line
Parallel to a plane
Perpendicular to a line
Perpendicular to a plane
At acute angle to a line
At acute angle to a plane

0
0
0
0
0
0

2
1
1
2
1
1

Plane

Parallel to a line
Parallel to a plane
Perpendicular to a line
Perpendicular to a plane
At acute angle to a line
At acute angle to a plane

0
0
0
0
0
0

1
2
2
1
1
1

Point

Point belongs to a line
Point belongs to a plane

2
1

-

Line

Line contains a point
Line contains two points
Line belongs to a plane

2
2
1

0
2
1

Plane

Plane contains a point
Plane contains two points
Plane contains tree points
Plane contains a line

1
1
1
1

0
1
2
1

Point

Point projection

2

-

Line

Line projection
Vanishing point

1
0

1
2

Plane

Vanishing line

0

2

Topological constraints

Attributes

First example emphasizes the significance of
the proper use of topological constraints. Since for
all geometric constraints and attributes DoFCTR=0,
there is no possibility to locate the element without topological constraints. This means that each
element must be ‘linked’ to the rest of the model. If
link between separate segments noticed in the image can not be identified, recovery of the 3D scene
is impossible. Infinite number of models that match
the photo can be created, but only one of them corresponds to the real object.
Figure 1 illustrates the described problem. Tower
and nave are two segments of a church in the image.
Each of them can be modeled separately. However,

connecting line of these two segments is occluded.
Due to the shape ambiguity, it is not possible to locate
one part in relationship to another, and determine relative scale. Figure 1 shows several 3D models that all
match the photograph, but 3D geometry is not correct.
Second example illustrates a consequence of
the insufficient number of constraints/attributes.
In this example, the problem is how to determine a
thickness of the wall. To that purpose, relationship
between outer frame of the window (ABCD) and inner frame (A1B1C1D1) should be defined.
We assume that position of one of the frames
(for example ABCD) is known. Line AA1is noticed
on the image (DoFCTR=1, DoFCROT=1) and it contains
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Figure 1
Consequence of the modeling without topological
constraints.

point A (DoFCTR=2). Topological constraints are used
to link line AA1 to the model, and still its 3D position
is not determined. The user does not have enough
information about the position of the planes AA1D1D
104

eCAADe 29 - City Modelling

or AA1B1B. Hence, rotation of line AA1 is unknown.
In this case, it is impossible to generate the veridical
model. Some of the models that match the image
are shown in the figure 2.

Figure 2 (left)
Insufficient number of
constraints.
Figure 3 (right)
Role of the dimensional
constraints.

enough attention to a shape ambiguity problem.
Automated control of degrees of freedom for each
created element would be therefore very useful.
Single-image-based modeling application that
includes automated restrictions would be much
easier to comprehend.

CONCLUSION
In similar situations, dimensional constraints are
usually the only way to create veridical 3D model.
Symmetry and repetition of same fragment is abundant in architectural object and urban tissue, especially in the historical environment.
In the figure 3 an example similar to the previous is shown, only the window is symmetric. It is also
assumed that the position of the outer frame (ABC)
is known and the position of the inner frame (A1B1C1)
is not. The rotation of side surface is also unknown.
The assumption the window is symmetric allows
user to introduce the symmetry plane α. 3D position of α is determined since it is perpendicular to
plane ABC (DoFCROT=2) and it contains vertical line
through point A (DoFCTR=2, DoFCROT=1). 3D position
of point A1 is determined because its projection is
known (DoFCTR=2) and it belongs to(DoFCTR=1).
These examples illustrate regular approach to
the 3D modeling from a single image. The user who
generates a model should always have in mind all
possible ambiguities that can appear in the single
image. In our experience, users often do not pay

Historical images are very important source for
the modeling of non existing or changed reality
contexts. Also, if the object is occluded in the way
that there is no possibility to make a set of images
for photogrammetric modeling or to approach the
object with the laser scanner, single image modeling can be the only solution for 3D shape recovery.
Single image modeling has an important role in
documenting and visualization of cultural heritage.
Because of the intense development, efficiency
and availability of photography, photographs of an
object often last longer than object itself. Therefore,
it is important to include single image modeling as a
regular method for the cultural heritage data acquisition. This means to adjust the modeling process to
be suitable for the wide range of users.
Applications are not completely suitable for the
requirements of the cultural heritage. Main problem
is that an average user can fail in handling the shape
ambiguity problems. As a result, models regularity is
questionable at best.
Better user comprehension of the modeling process leads to the higher quality of the final models,
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since models reliability mainly depends on it. Adjustment of the modeling approach to a wide range
of users would increase amount of correct cultural
heritage 3D models. In the domain of architecture, it
can be used to document and analyze historical buildings, give support to the researchers, and build virtual
environment. Virtual museums, cultural heritage promotions, internet supported education all use virtual
models of the real world structures. Virtual reality allows interaction between a user and environments
that are lost or changed in reality. Modeling form a
single image is a significant base for upgrading and
improving world’s cultural heritage archives
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