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Abstract— This paper addresses the problem of automatic
construction of a hierarchical map from images. Our approach
departs from a large collection of omnidirectional images taken
at many locations in a building. First a low-level map is built
that consists of a graph in which relations between images are
represented. For this we use a metric based on visual landmarks
(SIFT features) and geometrical constraints. Then we use a
graph partitioning method to cluster nodes and in this way
construct the high-level map. Experiments on real data show
that meaningful higher and lower level maps are obtained,
which can be used for accurate localization and planning.
Index Terms— mobile robots, vision based navigation, hierarchical map building, topological map

I. I NTRODUCTION
Mobile robot localization and navigation requires an internal representation of the environment. Traditionally such
a model is represented as a 2D geometric model of the
workspace of the robot, indicating admissible and nonadmissible areas. Because of recent progress in sensor technology (vision sensors, 2D laser scanners), these models tend
to become quite complex (such as 3D planar maps with
texture, 3D landmark positions), resulting in a large number
of parameters that have to be stored and estimated.
Hierarchal approaches combining higher level conceptual
maps (usually topological maps - graph structures with nodes
representing places and edges or links representing possible
transitions) with lower-level, geometrically accurate, local
maps have a number of advantages. One of the problems
with complex (3D) maps is that the number of parameters
which have to be estimated in a SLAM procedure increases
very fast with the spatial extent of the map. The advantage of
splitting the representation into smaller parts is that it makes
better parameter estimation possible, if the new problem of
maintaining consistency between local representations can be
∗ The work described in this paper was conducted within the EU FP6002020 COGNIRON (”The Cognitive Companion”) project. We would also
like to thank Olaf Booij for useful comments.

solved [12]. A second advantage of a hierarchical representation is that hierarchical path planning methods can be used.
We show in [3] that such planning methods have computational advantages over non-hierarchical planning methods.
Finally, a third advantage of a hierarchy of maps is that it can
facilitate the interaction of the robot with humans, because
the elements in the higher-level map (e.g., the nodes in the
graph) can be made to correspond to concepts that make
sense to humans (rooms, corridors), instead of metric (x,y)
coordinates that are not intrinsically meaningful to humans
in office and home environments.
The issue addressed in this paper is how to create a higher
level conceptual map which can be used in a hierarchical
framework. Different approaches have been proposed in earlier work. In human augmented mapping, a human supervisor
indicates which places are to serve as nodes in the graph [2].
Alternatively, an existing metric representation can be used
to derive a higher level topological map using geometrical
methods such as generalized Voronoi graphs [5]. It is also
possible to use sensory data directly for the creation of a
higher level map. In [16], [10] a set of images of the robot’s
environment is grouped based on the presence of a number
of automatically extracted landmarks.
In this paper we describe an alternative algorithm for
generating a higher level topological map directly from
images. The algorithm is based on an appearance-based representation, which is a representation where the environment
is not modelled geometrically, but as an ‘appearance map’
that consists of a collection of sensor readings obtained at
various poses [11],[14],[8]. In our approach we do not assume
the poses to be known but just use an unordered collection of
omnidirectional images taken at many places in the building.
The algorithm first constructs a graph (‘low level’ topological
map) from all images by using a grouping criterion that takes
into account both the presence of the visual landmarks (SIFT
features) and the constraints imposed by the geometry of
the environment. This initial step is similar to an algorithm
from a different field [21] that was used to group images
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from the same scene of a TV movie. We further define
a criterion for grouping the images of the environment so
that images from a convex area, a room for example, are
naturally grouped together. This criterion corresponds to the
normalized graph cut criteria from graph theory [9]. The
exact solution is computationally expensive and we use a
standard approximate solution [9].
In section 2 we give a brief overview of space representations in robotics and relate them to the method presented
in this paper. In section 3 we describe how to generate
a low-level topological map of the space from the images
of the environment. Section 4 gives some details about the
underlying computer vision algorithms needed to do that.
Section 5 describes our graph-theoretic method for grouping
the images and extracting a higher level conceptual map
of the space from the low-level topological map defined in
sections 3 and 4. Our experimental results are presented and
discussed in Section 6.
II. R ELATED W ORK - H IGHER L EVEL (T OPOLOGICAL )
M APS F ROM I MAGES
Our method is an appearance map method based on images
obtained by the robot using a visual sensor. The images are
2D projections of the 3D space. Standard algorithms for 3D
reconstruction from images [7] usually extract the metric
information incrementally. Typically the different levels of
extracted metric information are:
Step 1: At this level images are grouped based solely on
their immediate appearance. Images from the same part of the
environment (a room, a corridor) are expected to look similar. Typically, images are grouped together by determining
whether they have similar landmarks. This grouping based
on immediate image appearance produces a straightforward
higher level representation of space. However, in large environments the probability that images from completely different places are grouped together can become high. This is
sometimes called ‘perceptual aliasing’. To reduce perceptual
aliasing, [16] proposes to take into account the horizontal
ordering of landmarks in the image, yielding what they call
‘fingerprint representations’. Similarly, [10] proposes a global
description of images using SIFT features [13] as landmarks
and their distribution within the image. This provided a more
distinctive representation of the space.
Step 2: At this level the images are grouped based on
their immediate appearance but also on the geometry of the
space. From two images and a set of matching landmarks
one can perform two-view geometric reconstruction of the
space (see [7] and section IV). This requires that not only
similar landmarks are present, but also that they come from
the same real-world 3D positions (up to a scale factor).
This requirement is much stricter than those in [16],[10].

Therefore, perceptual aliasing is very rare even in large
environments (see [21] and also the remainder of this paper).
Step 3: By matching the landmarks over more than two
views it is possible to reconstruct the camera poses for the
images, 3D positions of the landmarks, and finally perform
dense 3D reconstruction of the space (up to a scale factor)
[7]. This dense 3D reconstruction can then be used to obtain
a precise 2D geometrical map of the environment. A higher
level conceptual map can, in turn, be extracted from this 2D
geometrical map using the methods described in [23],[15].
Note that to apply these methods we need to use complex
and computationally expensive algorithms to perform the
complete 3D reconstruction, and that in general the 3D reconstruction problem cannot be considered completely solved,
especially for large environments.
The metric reconstruction in this paper stops at step 2,
where geometric constraints are imposed, and for example
information about occlusions and visibility is already present.
In the remainder of this paper we show (sections 3-5) how
to use this information and build a natural higher-level
representation of the space.
III. L OWER L EVEL T OPOLOGICAL M AP F ROM I MAGES
U SING A PPEARANCE AND G EOMETRICAL C ONSTRAINTS
A general definition of a topological map is that it is a
graph-like representation of space. A set of n nodes V of
the graph represent distinct positions in space, and edges or
links of the graph encode how to navigate from one node to
the other [6]. The nodes and the edges can be enriched with
some local metric information.
In this paper, as is typical in appearance-based approaches,
each node represents a location and corresponds to an image
taken at that location. As the result from n images we get
a graph with n nodes that is described by a symmetric
matrix S called the ‘similarity matrix’. For each pair of nodes
i,j[1, ..., n] the value of the element Sij from S defines the
similarity of the nodes. In our approach Sij is equal to 1 if
and only if it is possible to perform 3D reconstruction of the
local space from the two images corresponding to the nodes.
Otherwise there is no link between the nodes and Sij = 0.
Our 3D reconstruction is based on the Scale Invariant Feature
Transform (SIFT) features [13] as the automatically detected
landmarks in the image. The algorithm we are using for the
3D reconstruction is described in more detail in section IV.
An example of such a graph that we obtained from a real
data set is given in figure 2b.
This graph contains, in a natural way, information about
how the space in an indoor environment is separated by the
walls and other barriers. Images from a convex space, for
example a room, will have many connections between them,
and just a few connections to images from another convex
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space, for example a corridor, that is connected with the room
via a narrow passage, for example a door. In section 5 we
describe how to extract such groups of images automatically
from the graph (V, S).
There are various ways to define the similarity metric for
Sij . The simple metric we use is directly related to the robot
navigation task. For localization and navigation the robot can
use the same algorithm as the one used to define the edges
of the graph (V, S). An edge in the graph denotes that 3D
reconstruction is possible between the images that correspond
to the nodes. This also means that if the robot is at one
node it can determine the relative location of the other node.
Therefore, if there are no obstacles in between, the robot
can directly navigate from one node to the other (as, e.g., in
[17]). If there are obstacles, one could rely, for example, on
an additional reactive algorithm for obstacle avoidance that
is using range sensors. Furthermore, additional information
can be associated with the edges of the graph. For example,
if we reconstruct the metric positions of the nodes (using the
images or if we measure them in some other way), we could
also associate the Euclidean distance between the nodes with
each edge. This could be used for better navigation and path
planning using the graph. However, this is beyond the scope
of this paper.
IV. V ISUAL L ANDMARKS AND G EOMETRIC
C ONSTRAINTS
Having described the general process of constructing the
lower level topological map, we proceed to describe some
of the details of the underlying computer vision algorithms.
First we extract distinctive points from images. Examples are
a corner, T-junction, a white dot on black background etc.
Such points are often used in the computer vision community
as automatically detected landmarks. Here we use the SIFT
feature detector [13]. The SIFT feature detector extracts
also the scale of the feature point and describes the local
neighborhood of the point by a 128-element rotation and
scale invariant vector. This vector descriptor is also robust
to some light changes.
A. Matching Landmarks
Visual landmarks are used often in robotics for navigation
[22],[19],[18]. It is possible to reconstruct both the camera
images and the 3D positions of the landmarks by matching
(or tracking) landmarks through images. On-line simultaneous localization and reconstruction of landmark positions
was presented in [1], but currently only for small scale
environments.
In this paper we consider the general case when we start
with a set of unordered images of the environment. This is
similar to [20]. In practice we often have some information

about ordering of the images (e.g. a movie as in [1]) or some
other sensor readings (odometry for example), which should
be used in that case.
Most 3D reconstruction algorithms [7] start with finding
similar landmarks in pairs of images. When two images are
consecutive frames of an image sequence we could track
the landmarks from one image to the other [1]. However,
it is much more difficult to find matching landmarks in
an unordered set of images. Firstly, we need to check all
the pairs of images, which is computationally expensive.
Secondly, there are no additional constraints as is generally
the case in an image sequence.
In this paper we use a heuristic similar to [21]. For
each landmark from one image we find the best and the
second best matching landmark from the second image. The
goodness of the match is defined by the Euclidean distance
between the landmark descriptors. If the goodness of the
second best match is less then 0.8 of the best one it means that
the match is very distinctive. According to the experiments in
[13], this typically discards 95% of the false matches and less
then 5% of the good ones. This is repeated for each pair of
images and it is computationally expensive. Fast approximate
methods were discussed in [13]. Since our data sets were not
very big we performed the full extensive search.
B. Geometric Constraints
The method described in the previous section finds the
possible matches for each pair of images from our data
set. Let there be N matching landmark points between the
images m and l. The 2D image positions of the points in
the m-th image in the homogenous coordinates are denoted
~m
as {~
pm
1 , ..., p
N }. The corresponding points in the l-th image
l
are {~
p1 , ..., p~lN }. If the i-th point belongs to the static scene,
then, for a projective camera, the positions are related by:
T
~li = 0
(~
pm
i ) Fp

(1)

where the matrix F is also known as the ’fundamental
matrix’. Estimating F is an initial step for 3D space reconstruction from images.
In case there are initially many false matches [21], they
must be removed using a method to detect and remove
outliers. Standard robust M-estimators are commonly used,
which can deal with a limited number of outliers. If there
are more outliers, the robust algorithm called RANSAC is
commonly used [7]. It was shown [24] that a combination
that performs best in many cases is when RANSAC is used
first and then the M-estimator. Here, we use the distinctive
matches criterion, described above and in [13], which already
discards many false matches. In our experiments we observed
that the number of false matches is small and it is possible
to use the robust M-estimator directly. We used the Huber
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M-estimator and the standard 8-point algorithm [7] for estimating the fundamental matrix F .
Residuals of fitting the model (1) to each pair of images
[7] are used to calculate the global standard deviation σglobal .
This standard deviation is used to decide when the fundamental matrix is properly calculated. The σglobal is estimated
robustly using the maximum absolute difference estimate.
The whole procedure, then, is as follows:
• extract SIFT landmarks from all images
• find distinctive matches between each pair of images
• if there are more than 8 matches:
– estimate the fundamental matrix using the M estimator (could be RANSAC)
– discard matches that deviate more than 2.5σglobal
– if there are still more than 8 matches, add an edge in
the graph - set the similarity between these images
to 1.
V. C ONSTRUCTING H IGHER L EVEL T OPOLOGICAL M AP
U SING G RAPH C UTS
The central idea behind our method to construct the higher
level topological map is to cut the lower level topological map
(described above) into a number of separate clusters, each
of which becomes a higher level node or higher level state.
We will start by introducing some graph-theoretic terms. The
degree of the i-th node of the graph (V, S) is definedPas the
sum of all the edges that start from that node: di = j Sij .
For nodes A P
(where A is subset of V ), volume is defined
as vol(A) = i di . vol(A) describes the ‘strength’ of the
interconnections within the subset A. Graph V can be divided
into two subsets A and B by cutting a number of edges. The
sum of the values of the edges that are cut is called a graph
cut:
X
Sij
(2)
cut(A, B) =
iA,jB

One may cut V into a number of clusters by minimizing
(2). This would mean that the graph is cut at the weakly
connected places, which usually correspond to doors between
the rooms or other narrow passages. However, such segmentation criteria often leads to undesirable results. For example,
if there is an isolated image connected to the rest of the graph
by only one link, then by cutting only this link we minimize
(2). To avoid such artifacts we use a normalized version. The
normalized graph cut separates the graph V into two subsets
A and B by minimizing the following criterion:
nCut(A, B) = (

1
1
+
)cut(A, B).
vol(A) vol(B)

(3)

Minimizing this criterion means cutting a minimal number
of connections between the two subsets but also choosing
subsets with strong interconnections. This criterion naturally

groups together images from a convex area, like a room, and
makes cuts between areas that are weakly connected. The
algorithm is simply applied again to obtain more clusters.
Finding the optimal solution is computationally expensive.
In this paper we use the fast approximate solution from [9].
The following scenario can give another perspective on
the normalized cut criterion. An edge means that the robot
might navigate from one node to the other as described in
Section III. If we assume that the robot randomly moves
from a node to a connected node, it is possible to show [9]
that: nCut(A, B) = P (A → B|A) + P (B → A|B). Here
P (A → B|A) is the probability of jumping from subset A to
subset B if we are already in A and P (B → A|B) is the other
way around. This means that with this random movement, the
segmentation is such that the robot has the lowest probability
of moving from one cluster to the other.
In [3] we show how path planning can be done using the
resulting hierarchical map (the combination of the lower level
and higher level topological map), and we show that planning
is actually much more efficient using the hierarchical map,
compared to just using the lower level map.
VI. E XPERIMENTS
The experiments described in this paper were designed to
investigate the validity of the method to extract the lower
level topological map from the images, and the method to
extract the higher level topological map from the lowerlevel map. The experiments were performed using a robot
equipped with an omnidirectional camera with a hyperbolic
mirror. Circular images were first transformed to panoramic
images. Next, the SIFT features were extracted using the
standard method [13].
A. Experiment 1: Robustness
Some experimenting was done to test robustness for variability in the images. Figure 1 illustrates the robustness of the
method. Despite the different light conditions and occlusions,
there were still enough matches to estimate the fundamental
matrix. Note that constraint (1) did not remove all false
matches. Matches that are false but still close to constraint
(1) are not removed.
B. Experiment 2: Perceptual aliasing
From a data set of 234 images from an office environment
we constructed the (lower level) graph using the method
described in Section III. The links and the nodes are shown
in figure 2. The environment consisted of 3 rooms and a
corridor. Two rooms were on one side of the corridor and
one on the other side (see also figure 3 which shows the
actual layout of the rooms). Figure 2a presents the graph
when we match images based only on the presence of the
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a) occlusion (the person in the middle of the image)

a) 6 clusters
b) different light conditions (two lights turned on or off)
Fig. 1. Pairs of panoramic images taken at approximately 1m distance
from each other. The lines indicate the matching landmarks between the
two images.
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Fig. 3. Higher level conceptual grouping using minimal normalized cuts.
Bird’s eye view of the environment with the locations where each of images
was taken. Each symbol indicates a specific higher level state. The grouping
is obtained directly from the images without using the known ground truth
locations.
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b) with geometric constraints (Step2)
Fig. 2. Reducing perceptual aliasing using geometric constraints. Bird’s
eye view of the environment with the locations where each of images were
taken.

landmarks (see section 2, step 1). The result of taking into
account the geometrical constraints is that from the total of
3077 edges, 541 were discarded. For our environment, this
removed all perceptual aliasing problems from the graph, as
shown in figure 2b.

The normalized graph cut clustering algorithm (section
V) was applied to the graph shown in figure 2b. The
results, presented in figure 3, show meaningful and natural
segmentation of the space. Note that this segmentation was
obtained directly from the images in an unsupervised way.
One only needs to select the number of clusters, cluster labels
need not be assigned to images by a user, and ground truth
(actual positions where images were captured) is not used.
The results for two different numbers of clusters are shown
in the figure.
D. Experiment 4: Higher Level Localization
We applied the algorithm to a data set that contained
images that cover a much larger area. Again, a meaningful
and natural segmentation of the space is obtained (see figure
4).
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For this data set, we perform an experiment to investigate
whether the robot can, given a single image it is assumed to
observe currently, determine the correct corresponding higher
level cluster or higher level state. We select one image from
the data set and assume that this is the image observed by
the robot. We use the rest of the images as the map. We
compute the links of the current image to the images in the
map (Section III). The current higher level cluster is then
estimated by the robot in a simple way: we look at the cluster
labels of the images that have links to the current image and
decide the current image’s cluster label by a majority vote.
This data base has 240 images. For only 5 images the higher
level cluster was estimated incorrectly, and they were all at
the borders of the clusters.
Note that without any additional information we need to
check all the images in order to find the higher level node. It
is also possible to speed up this process as discussed in [4].

Fig. 4. Higher level conceptual grouping using minimal normalized cuts in
a larger environment. Bird’s eye view of the environment with the locations
where each of the image was taken. Each symbol indicates a specific higher
level state. The grouping is obtained directly from the images without using
the known ground truth locations.

VII. C ONCLUSIONS AND FURTHER WORK
We presented an algorithm for automatically generating
hierarchical maps from images. Lower level maps are directly
derived from images, higher-level maps are derived from
the lower level maps. Experiments on real data show that
meaningful hierarchical maps can be obtained. Advantages
include its robust handling of the complexities of vision, its
appearance-based nature which does not require extensive
estimation of metric information, and the possibility for
efficient path planning [3]. Our method currently requires
one to specify only the number of clusters. In future work
we would like to automatically select the number of clusters
as well. Online versions of the algorithm (see [4])are also
interesting for further research.
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