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ABSTRACT:

One of the main fields of current research in photogrammetry is concerned with the reconstruction of object surfaces
from digital images. The great number of object classes which can be reconstructed by photogrammetric plotting as well
as the great number of possible plotting configurations suggest to investigate common strategies for reconstruction and
common structures for object models. In the course of the Austrian Research Program on Digital Image Processing, a
framework for object reconstruction is being developed which should work under quite general circumstances. The
central part of the framework is the integration of a bundle block adjustment system for consistent modelling of the
object surfaces and hybrid robust estimation of model parameters for verification of correspondence hypotheses. The
generation of these hypotheses will be a task-dependent feature based matching algorithm. Approximate values will be
improved by hierarchical methods (image pyramids) starting from a very coarse level. The final result of our algorithm
should be a fully three-dimensional representation of the surface to be reconstructed. Two possible applications of the
framework, namely surface reconstruction for topographic mapping and building extraction are worked out in closer
detail.
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1  INTRODUCTION

Automation of object surface reconstruction from digital
images is currently one of the most important fields of
research in photogrammetry. Some systems capable of
automatical generation of digital elevation models have
left the experimental state and are commercially available.
They give good results if the object surface is smooth and
can be modelled in 2½-D. However, if these conditions
are hurt, for instance in many close-range applications or
in large scale aerial photogrammetry, the algorithms used
in such systems will fail (e.g. Gülch, 1994). Other groups
are investigating algorithms for automatical and semi-
automatic reconstruction of buildings and other types of
objects (e.g. Henricson et al., 1996; Fischer et al., 1997;
Müller, 1998). Trying to develop a single algorithm
capable of handling all cases of interest in photo-
grammetric plotting seems to be impossible because both
the number of possible classes of objects to be re-
constructed and the number of possible configurations for
photogrammetric reconstruction of one object are too
manifold. Instead, it appears to be more convenient to
develop a toolbox containing different algorithms for
different classes of objects and different plotting scales,
even more so because modelling different classes of
objects might require different classes of features, and the
most feasible way of modelling an object depends on the
level of detail we can or want to achieve. If we consider
the earth surface to be the object to be reconstructed at a
level of detail sufficient for small scale topographic
mapping, it can be well described by a height raster with
additional information about surface discontinuities, and in
the reconstruction process, this raster can be derived from
a cluster of points in object space. To give another
example, if we are interested in automation of building

reconstruction, the intersection lines of surfaces can be
observed in aerial images, and they can also be used for
modelling buildings. However, despite the variety of object
classes, there is hope that common strategies for
reconstruction and common structures for modelling can
be found. In the course of the Austrian Research Program
on Digital Image Processing a framework for object
surface reconstruction is being developed which aims at
being applicable under quite general circumstances by
finding such strategies and structures. The central part of
this framework is its consistent method of object modelling
and hypotheses evaluation by hybrid robust adjustment in
a bundle block adjustment system. The general concept
for our framework has been presented in (Rottensteiner,
1996). In this paper we want to describe in more detail the
modules we have implemented up to now, i.e. the feature
extraction module and the integration of the bundle block
software. We will also discuss the consequences of the
consistent bundle block approach and give some first
applications.

2  GENERAL CONCEPT

As already stated in section 1, the main goal of our frame-
work is its applicability to many classes of objects and
configurations. Trying to fulfil this demand leads to several
basic considerations (Rottensteiner, 1996):

• Many classes of objects require a fully 3-D represen-
tation instead of a 2½-D raster model. In (Heitzinger,
1996) an incremental method for 3-D triangulation of
arbitrary surfaces is described which is a generalisation
of Delaunay-triangulation for 3-D points and lines,
considering edge constraints for modelling surface dis-



continuities. However, 2½-D raster representations have
their benefits, especially for topographic applications.
(Molnar, 1996) proposes a hybrid representation of
object surfaces using 3-D representation where it is
necessary and 2½-D wherever it is possible. As long as
this “irregular tiling” is not implemented, we will apply
triangulation to represent our results.

• Two images might be sufficient for topographic appli-
cations, but in case of more complex tasks, occlusions
will enforce the use of more, e.g. four, images. This is
why we favour multi-image solutions.

• The digital images, their orientation parameters and a
coarse model of the object surface provide the input
data for object reconstruction. The way the coarse
model is represented is task-dependent; it has to be
selected by a human operator.

• In order to make the algorithms work with quite coarse
an approximation, a coarse-to-fine strategy using image
pyramids is applied (Krzystek, 1995). Object reconstruc-
tion is first applied to the upper level (i = N) of the image
pyramids with approximate values derived from the
coarse object model. The resulting representation of the
object surface is now used as an approximation for a
reduction of search space at the next lower pyramid
level, and so on. The process is terminated as soon as
the lowest level of the image pyramids (i.e. the level with
the highest spatial resolution; i = 0) has been reached
(Figure 1).

Figure 2 is a flowchart of object reconstruction applied at
each level i of the image pyramids. Having in mind our
demand for applicability of our framework to different
classes of images and object, we prefer feature based
methods for object reconstruction because they are more
flexible with regard to handling occlusions and surface
discontinuities (Gülch, 1994). Thus, the first step required
at each level is the extraction of salient features (points
and lines) together with their topological relations, which is
a process controlled by a model of what we expect to find
in the images (cf. section 3). The result of feature
extraction applied to an image is a Feature Adjacency
Graph (FAG) by which the image is described on a
symbolic level (Fuchs, 1995).

Having detected features in two or more images, corres-
pondences between homologous features from different

images have to be found. Finding such correspondences
comprises two steps (Gülch, 1994):

• The generation of correspondence hypotheses which
makes use of approximate values and the orientation
parameters assuming a model of imaging geometry.

• The evaluation of these hypotheses under the
assumption of some (pre-defined) local surface model in
object space. Only hypotheses consistent with the
model will be accepted.

The selection of an appropriate local surface model
mainly depends on the class of object which is to be
reconstructed. For each object class, a knowledge base
of possible models is prepared; the decision about which
of the models is to be used can be taken either driven by
the data or by user interaction. In the first case, the model
can be accumulated from model parts which have to be
generated and verified in a first step (e.g. Henricson et
al., 1996; Fischer et al., 1997); the second corresponds to
a semiautomatic system. The way the object models are
represented differs from the way we represent our final
output: using the triangulation proposed by (Heitzinger,
1996) turned out to be too complicated for that purpose.
However, many classes of objects can be described by a
small set of simple surfaces and their mutual relations
and intersections, and as powerful tools for formulating
this kind of features are available, we use them for object
modelling (cf. section 4).

Dependent on the object class, hypotheses generation
will require specific algorithms. However, in all cases
search space can be reduced in two ways:

• Epipolar constraints can be used to restrict the possible
number of correspondences (Gülch, 1994).

• Approximations reduce search space along the epipolar
lines. Approximations can be derived using the hierar-
chical approach described above, or they can be
provided by user interaction in a semiautomatic system.

As stated above, the object is explicitly modelled in 3-D
by surfaces and their relations, and features from different
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images are hypothetically assigned to parts of the object
based on similarity of feature attributes. As soon as
hypotheses have been generated, the parameters of the
object surfaces are estimated by an iterative robust
adjustment in the course of which hypotheses contra-
dicting the model, are eliminated, (Rottensteiner, 1996; cf.
section 4).

3  FEATURE EXTRACTION

We have implemented an algorithm for simultaneous
extraction of point and line features based on the Förstner
Operator (Fuchs, 1995). From local functions of the grey
levels a measure W for texture strength and a measure Q
for isotropy of texture can be computed. By applying
thresholds W min and Q min to W and Q, each pixel can be
classified as belonging either to a homogeneous region,
to a point region or to a region containing a line (grey,
black and white regions in Figure 3, respectively). As the
classification result is especially sensitive to the selection
of the threshold W min for texture strength, this threshold is
selected in dependence on the image contents. The
selection of Q min is less critical because Q is bound
between 0 and 1 (Mischke et al., 1997).

The results of classification have to be thinned out. Points
are found at the positions of relative maxima of texture
strength in the point regions. Line pixels are relative
maxima of texture strength in the direction of the gradient
of the grey levels (Fuchs, 1995). Neighbouring line pixels
have to be connected to line pixel streaks by an edge
following algorithm. Finally, these streaks are to be
thinned out and approximated by polygons. Both for line
pixels and points, their co-ordinates are estimated with
sub-pixel accuracy. The algorithm was also tested in an
engineering surveying environment and gave promising
results (Mischke et al., 1997). The left part of figure 4
shows the results of feature extraction superimposed on
the image.

Evidently, by just describing the image by an unstructured
cluster of such features, a considerable amount of in-
formation would be thrown away. Having in mind non-
stereo configurations and surface discontinuities, structu-

ral matching considering similarity of topology for genera-
tion of correspondence hypotheses might be a convenient
approach (Fischer et al., 1997). That is why we also
extract the topological relations between the features to
create a Feature Adjacency Graph (FAG). The basis is a
2-D Delaunay triangulation of the extracted points to
which the lines are added as constraints, i.e. the vertices
of the polygons have to be connected by edges (labelled
as line edges) in the graph (full lines in the left part of
figure 4). The algorithm used for triangulation is a
specialisation of the 3-D triangulation by (Heitzinger,
1996) for 2-D. As experience shows, errors due to noise
are contained in the extracted features. In the future,
topological relations will be used to perform consistency
tests in order to eliminate these errors.

4  INTEGRATING BUNDLE BLOCK ADJUSTMENT

4.1 The Bundle Block Adjustment System ORIENT

The photogrammetric bundle block adjustment system
ORIENT which has been developed at our institute since
the mid-seventies, offers the possibility of simultaneous
hybrid least squares adjustment of many different types of
observations, among others image co-ordinates, control
points, model co-ordinates and fictitious observations of
points belonging to polynomial surfaces and/or 3D curves
(Kager, 1989). In addition, ORIENT offers several
techniques for blunder detection:

• Analysis of the distribution of residuals
• Iterative robust estimation by modulating weights

depending on the residuals
• Data snooping

The possibilities for blunder detection and the great
number of different types of observations it can handle is
the most important reason for ORIENT’s flexibility which
also allows us to use it in our framework for object
reconstruction. ORIENT’s data management based on a
relational database provides the interface between our
framework and the adjustment system itself.

A module for visualisation of digital images and for
interactive measurement of points and lines was added to
the bundle block adjustment system ORIENT which thus
became a digital photogrammetric plotting system
especially suited for (but not restricted to) close-range
applications (Figure 5).

Figure 3: Original (left) and classified image (right)

Figure 5: Visualisation Modules in ORIENT

Figure 4: extracted features (left) and FAG (right)



4.2 Data Management and Mathematical Model

The basic entity of data storage in ORIENT is a “room”
which can be literally understood to be a 3-D room with a
3-D Cartesian co-ordinate system attached to it. Each
“observation room” contains a list of points and references
to parameters of a transformation between itself and a
special “parameter room” called “Reference System”
which is attached to the object co-ordinate system. The
co-ordinates of the points in observation rooms are
treated as observations in least squares adjustment. Both
number and meaning of the transformation parameters
depend on the room type. However, ORIENT treats all
types of observations uniformly by using basically the
same transformation formula for all room types and
explaining differences by different interpretations of the
parameters involved. The basic formula is given by the
spatial similarity transformation:

            )P(P
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with p = (x, y, z) T being the observed point, P = (X, Y, Z) T

the object point, s a scale factor and R T a transposed 3 x
3 rotational matrix with three degrees of freedom. P 0 and
p0 describe a “reference point” (Stadler, 1997). For ob-
served image points, the third co-ordinate of p is 0. P 0 is
the projection centre in the object co-ordinate system, its
camera co-ordinates being p 0 = (x 0, y 0, c) T. The scale s
describes the location of P on the projection ray and thus
is no longer equal for all points. By dividing the first two
lines of equation 1 by the third one and by doing some re-
arrangement, we obtain the well-known equations for
central projection (e.g. Kraus, 1997). We see that the
perspective transformation can be derived from a special
interpretation of equation 1.

Surfaces, too, are described in a local observation co-
ordinate system. Again, the transformation formula is
given by equation 1. We assume s = 1 = constant, and p 0

receives a special interpretation as we will see below. The
observation “P is on a surface” can be expressed as “P’s
distance from that surface is observed to be 0”. If we do
not use the Euclidean distance but its projection to the z-
axis, we can write down an observation equation for z
taking the third line of equation 1:

( ) ( ) ( )0330230130 ZZrYYrXXrz0z −+−+−+==  (2)

Equation 2 describes a plane parallel to the xy-plane in
the observation system. In order to describe more general
surfaces, we consider z 0 to be a polynomial function in x
and y:
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with x, y from equation 1 and assuming x 0 = y0 = 0. Similar
considerations can be made for x and y. Thus, the
observation that a point P is on a surface can be
formulated in one of the following ways (Stadler, 1997):
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replacing z 0 in equation 2 by the sum in equation 3 and
using the short-hand p T = (xT, yT, zT)T = R T·(P - P0) for the

right-hand side in equation 1. The polynomial coefficients
ajk, b ik and c ij describe the surface in the observation co-
ordinate system. It is one of the benefits of this way of
mathematical formulation that geometrical constraints
between surfaces can be modelled with it. For instance,
by assigning identical coefficients and identical but
unknown rotations to a set of surfaces, we can enforce
parallelism, or we can obtain rectangularity of two planes
by formulating them as being the xz and the yz plane of
the same co-ordinate system, respectively (Kraus, 1997).

3D polynomial curves can be formulated using a set of
two of equations 4. A point on a curve gives support to the
parameter sets of both surfaces. As the attachment of
parameter sets to observations is done by reference, one
set of surface parameters can be used for more than one
curve. This statement implies that both tilts of a plane can
be determined if this plane is intersected by two other
surfaces thus yielding two curves in the plane. For
reasons of completeness let us remark that a point can, of
course, also be determined as the intersection of three
surfaces, i.e. by all three equations 4.

4.3 Robust Hybrid Adjustment

All observations are simultaneously adjusted in a hybrid
least squares adjustment. An image point gives two
equations derived from equation 1 as described above,
the unknowns being a task dependent and/or user-defined
subset of (P, P 0, R, p 0). For a point on a surface one and
for a point on a curve two equations 4 are inserted to the
normal equation system, the unknowns again being a
subset of all possible ones (P, P0, R, a ik, b ik, c ij). However,
there are dependencies e.g. between the linear coeffi-
cients and the rotations or between the constant
coefficients and P 0. With respect to curves, care has to be
taken on the determinability of the coefficients of the
intersecting surfaces. For example, thinking of a straight
line being the intersection of two planes, the tilts of the
planes orthogonal to the line either have to be determined
by other observations or have to be declared constant.
Another important property of our adjustment model is the
fact that no homologous points are required to determine
a curve in object space. A point being observed in one
image and on one curve gives four equations, three of
which are required to determine its object co-ordinates.
The fourth equation will give support for the curve
parameters, thus the curve will be determined by
intersection of two or more bundles of rays.

The observations are weighted by P = c 2/mi
2, m i

 and c
being the a priori r.m.s. errors of the observation (an
image co-ordinate or a point’s distance from a surface or
curve) and of the weight unit, respectively. As in our
application the “dangerous” parameters are kept fixed, we
will not talk about approximations at this point. Adjustment
will converge within a few iterations.

As soon as convergence has been achieved, iteration will
start again with the weight P i,n+1 of observation i in
adjustment n being modulated according to the size of the
normalised residuals r i,n = d i,n / m i of that observation in
iteration n according to equation 5 (Kraus, 1997):
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Parameter h is the size of a normalised residual causing
weight modulation to give an observation half its original
influence. If redundancy is great enough, blunders, i.e.
observations not fitting to our mathematical model with the
accuracy we expect, will successively lose influence by
receiving a lower weight. However, an observation with a
low influence according to equation 5 can be rehabilitated
in the next iteration step if another, this time the true
blunder, has in the meantime been eliminated.
Convergence speed depends on h; we usually select h a
bit smaller than the greatest normalised residual and set
Pi,n+1 = 0 for r > h. Adjustment is repeated with h being
reduced at each step until h reaches a given threshold,
e.g. h = 4.

4.4 Using ORIENT for Object Reconstruction

Using the mathematical tools described in the previous
sections, local surface models can be formulated by
combinations of surfaces, and they can be used for an
evaluation of hypotheses of correspondence in surface
reconstruction. As already stated in section 2, different
tasks require different models, and for each task a
knowledge base is to be made available. We will analyse
two common photogrammetric tasks with respect to that:
DEM generation for topographic mapping and building
extraction.

DEM Generation: A Digital Elevation Model for small
scale mapping can be derived from a point cluster in
object space. In our framework, at a given pyramid level i
the whole area of interest is divided into surface patches
which are treated individually. Within a patch, the object
surface can be approximated by one or more almost
horizontal planes, depending on whether we want to
model smooth terrain, a ridge edge or a step edge (Figure
6). Which model is actually used is decided by user
interaction depending on the kind of terrain available in
the area of interest.

Generation of initial correspondences between points
from different images will be based on similarity of grey
levels and of local topology. Each hypothesised object
point is assigned to one of the object planes, and false
correspondences are eliminated by robust adjustment.
We try to use as much information as possible for
hypotheses generation because robust adjustment can
not handle a blunder ratio greater than 30%. Outer
orientation of the images being known and the
observation co-ordinate system of the surfaces being
parallel to the object co-ordinate system and centred
approximately in the middle of the surface patch, only
object co-ordinates and linear surface parameters are
unknown in adjustment.

Building Extraction:  In our framework, buildings are also
modelled by planes and their intersections. The number
of possible building forms is enormous, which makes
building extraction a very complicated task. However, at
least for a given cultural region, most buildings can be

modelled by combination of a few basic primitives such
as hip roof buildings, saddle roof buildings or flat
buildings (Fischer et al., 1998). Figure 7 shows two
examples for the way building primitives are modelled
using ORIENT’s way of formulation: Each plane (grey)
has individual parameters attached to it; walls are
assumed to be vertical. House edges are formulated by
intersection of two neighbouring planes, and house
corners by intersection of three or four of them. The local
co-ordinate system is centred in the building centre, its z-
axis being vertical and its x-axis parallel to the longest
house side. The direct neighbourhood relations as well as
additional properties of corners/lines/surfaces are part of
the description, too.

Hypotheses generation will assign extracted image lines
to building edges and extracted points to corner points. A
difficult problem is the selection of the type of an
appropriate building primitive. (Fischer et al., 1998) give
an example for building extraction using a generic model.
They first reconstruct 3-D corners by topological matching
and by topological reasoning accumulate corners to
building parts using a knowledge base; in a final
accumulation step, building parts are accumulated to form
whole buildings. Another possibility is interactive selection
of primitives in a semiautomatic system offering auto-
mation tools for adjusting the models to the image data.
In this way, building parts are reconstructed individually
and glued together (Müller, 1998). The advantage of our
formulation is that it offers a uniform description capable
of following both strategies: it is simple enough to
describe the primitives with a very small number of
parameters, and it is general enough to model very
complex buildings because the combination of building
primitives can be achieved simply by intersection of
planes.

5  SEMIAUTOMATIC BUILDING EXTRACTION

The great demand for 3-D city models on the one hand
and the great difficulties generic procedures are still
facing on the other hand suggest the implementation of
semiautomatic techniques for building extraction leaving
the selection of building primitives and the input of
approximations to the user and offering automation tools
for exact reconstruction (Müller, 1998).

Having in mind the efforts currently spent on updating the
Austrian cadastral map with respect to buildings by
photogrammetric methods, a semiautomatic tool for
building reconstruction would offer a cheap possibility to
acquire data for 3-D GIS quasi as a by-product. On the
other hand, we need a data acquisition tool for building
models required for the generation of geometrically

Figure 6: Surface Models for DEM Generation: Smooth
Terrain (left), Ridge Edge (middle), Step Edge (right)

Figure 7: Two examples for building primitives: hip roof
(left) and saddle roof (right)



correct digital orthophotos (Amhar, 1997). This is our
motivation why we are currently building up such a
semiautomatic building extraction system based on our
framework. The system is designed to enable the user to:

• Select a building primitive out of a knowledge base
• Interactively digitise approximations using ORIENT’s

new visualisation modules
• Determine the actual building parameters by surface

reconstruction as described in the previous section.
• Automatically derive intersections of building primitives

by intersecting the surfaces involved and looking for
support for a hypothesised intersection curve in the
images.

The development of a semiautomatic system can be seen
as a compromise enabling us to obtain results in a
relatively short time, and its implementation gives us the
possibility to investigate the feasibility of our approach for
building extraction. However, we consider this to be just a
first step towards building extraction using generic
models.

6  CONCLUSION

We have presented a framework for object reconstruction
closely interrelated with bundle block adjustment in many
ways. This framework is considered to be our institute’s
main development tool for object reconstruction and
matching algorithms; new visualisation modules also give
us the possibility to digitise approximations and check
results. In the current state, the following basic modules
are available:

• Data management
• Image pyramid generation and management
• Data interface to the existing ORIENT modules
• Visualisation tools
• Basic image processing tools
• Feature extraction
• An abstract frame for object reconstruction

They have been implemented in object oriented design
using C++. Object orientated design also gives us the key
for filling the frame with different applications: the central
(C++)object in our frame is the object corresponding to
the surface patch in object space with methods to project
itself to the images, to select the images it is contained in
and with a polymorphic description. An abstract prototype
of that module has already been implemented. Currently
we are working on a specialised version of that module
designed for semiautomatic building extraction. The whole
development, especially the graphical user interface and
the visualisation modules, relies on the implementation
framework designed for the new version of the program
system SCOP (Molnar, 1996), thus uniting the potentia-
lities of SCOP, ORIENT and the new framework.
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