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Abstract—Autonomous robotic systems which aspire to nav-
igate through rough unstructured terrain require the capabil-
ity to reason about the environmental characteristics of their
environment. As a first priority, the robotic systems need to
assess the degree of traversability of their immediate environment
to ensure their mobility while navigating through these rough
environments. This paper presents a novel terrain-traversability
analyis methodology which is based on processing the full 3D
model of the terrain, not on a projected or downscaled version
of this model. The approach is validated using field tests using a
time-of-flight camera.

I. INTRODUCTION

More and more autonomous robotic systems are leaving
the protected lab environment and entering the unstructured
outside world. Applications like autonomous driving [1], dem-
ining [2], [3] and search and rescue [4] have already shown
great promise for robots with autonomous capabilities. These
autonomous robots generally rely on an advanced outdoor-
capable navigation controller [5], [6] which is able to de-
tect and negotiate driveable paths under multiple constraints.
However, a major issue for the operation of such a navigation
controller is that it requires information on the traversability
of the terrain around the autonomous robot navigating through
the environment.

A major problem for performing this terrain traversability
analysis is that it requires an analysis of the 3D characteristics
of the terrain in real-time. The advent of modern 3D sensing
methodologies like RGB-D cameras, stereo vision systems
and 3D laser scanners have made it now possible to acquire
real-time 3D data, paving the way for performing on-line
terrain traversability analysis based on that 3D data. In general,
two types of approaches can be distinguished towards terrain
traversability [7]:

• Appearance-based approaches employ image process-
ing and classification algorithms to classify the terrain
into several clusters (rocks, vegetation, road, gravel,
etc). These approaches are particularly useful for
planetary exploration robots [8], [9], as the type of
objects to be encountered can (in general) quite well
be predicted in advance. However, when confronted
with natural environments, these approaches often
have difficulties of correctly classifying the abundance
of organic life forms (in particular: vegetation, trees,
etc) under varrying athmospheric conditions.

• Geometry-based approaches build a terrain model
and derive a set of corresponding features between
data-point from the same class. Multi-scale processing
(as also employed in the proposed approach) has
already been introduced in the field of geometry-based
terrain traversability approaches by Pai and Reissel
in 1998 [10], which proposed an approach based
on wavelet decomposition that modeled the terrain
traversability in multiple resolution levels. Also the
terrain traversability approach applied by Thrun et
al. [11] on their robot that won the DARPA Grand
Challenge falls into the category of geometry-based
approaches. In this approach, a probabilistic frame-
work was used to iteratively reduce the error on the
traversability estimates.

The methodology presented in this paper falls into the
category of geometry-based approaches as it is based on a
reasoning process on a terrain model. However, traditional
terrain traversability estimation algorithms [7] generally do
not process the full 3D dataset (acquired via a 3D laser
[12], a stereo camera [13], a time-of flight camera [14] or
a combination of those [15] ) in real-time, but concentrate on
quickly downscaling (or projecting) the massive data-stream to
a manageable size and performing an analysis in 2D or 2.5D.

The methodology presented here follows an inverse ap-
proach and aspires to perform a full-scale analysis on the
measured 3D data from the terrain in front of the robot.
The methodology is based on an analysis of the evolution
of multi-scale normals evaluated at each data-point. The pro-
posed methodology is validated using 3D data acquired by
a 3D outdoor-capable time-of-flight camera mounted on an
unmanned ground vehicle which is a validation platform for a
search and rescue robot [16].

Results from this validation are presented in this article and
show that the terrain traversability methodology successfully
differentiates between non-surmountable obstacles and driv-
able terrain. However, due to the required processing power for
the proposed methodology, it is (at present) not yet possible
to perform all required calculations in real-time. The use of
the methodology is therefore for the moment still restricted
to off-line usage, until the embedded computing capabilities
increase.



Fig. 1. Image of the example frame being processed

II. PROPOSED METHODOLOGY

The proposed methodology builds upon our earlier work on
terrain traversability analysis and is based upon the analysis of
multi-scale normals. To explain the methodology, the algorithm
is explained here, visually showing the result of each process-
ing step, starting from a baseline frame as shown in Figure 1.
The dataset which was used for this validation process consists
of a 3D image sequence acquired by a PMD CamCube time-
of-flight camera, embedded on a search and rescue robot [16].

The sole input to the algorithm is considered to be an m×n
3D point cloud x, which can consist (depending on the type
of acquisition device) of millions of 3D points.

The first step of the algorithm consists of searching for
each 3D data point xi the corresponding points xj , such that:

‖ xi − xj ‖2≤ rk (1)

where rk is a multi-scale radius, defined as:

r =
2c√
m.n

(2)

with c being the considered radius or scale.

In a following step, the vector normals vci to the N points
in the xj point cloud are calculated.

Up until this step, we have selected the data points which
are within a certain radius from the base point and we have
calculated the different normals from each of these points.
The main idea behind the proposed traversability estimation
methodology is now that in the presence of non-traversable
terrain or obstacles, these normals will point in different
directions, whereas driveable terrain should be characterized
by a lower level of variation among the normals.

As such, a first-order traversability score can be determined
by calculating the vector variation on the data normals as
follows:

τ c
i =

√∑N
k=1(v

c
i (k)− vci )2
N

(3)

Note that the traversbility score is thus evaluated for each
separate data point i and is also dependent on the radius or
scale, expressed by the parameter c.

Figure 2 shows the result of applying the proposed
traversability scoring methodology over the different radii.
Note that the traversability maps in Figure 2 are in fact full
3D maps, but for reasons of clarity, only top-down views are
presented.

When analysing Figure 2, the effect of applying the multi-
scale approach, selecting different radii for calculating the
vector variation of the normals, becomes apparent.

• Using small radii (c ≤ 3), only few data points are
selected for calculating the variation of the normals,
meaning that the signal-to-noise ration is too low to
draw conclusions.

• Using small radii (c ≥ 8), too much data points are
selected for calculating the variation of the normals,
meaning that one is more calculating a mean vector
variation over the whole field and it is not possible to
draw conclusions on local features.

From Figure 2, it is evident that the optimal scale or radius
for being able to draw conclusions on the traversability of the
terrain is clearly between 5 and 7.

At this point, we assume that the majority of the terrain
is traversable. While it is true that this is an assumption
which may not always hold, it must not be forgotten that
we have so far only considered one single frame. In an
on-line traversability estimation context, the algorithm would
iteratively estimate successive frames, accummulating the data
over the different frames. In such a context, it could be safely
assumed that the majority of the terrain visible in only the
very first frame corresponds to traversable terrain, whereas this
assumption does not need to be necessarily extended to all
acquired frames.

Under this assumption, the traversability can be further
refined by comparing the traversability score at a very high
radius (which should correspond to the traversability score
for the traversable terrain) with the traversability score at a
medium level, e.g.:

τi =‖ τ 6
i − τ 12

i ‖ (4)

These τi still represent a 3-vector for each data point,
which is undesired. In order to define a single final traversabil-
ity score per data point, the standard deviation over this vector
is applied as follows:

τi =

√∑3
k=1(τi(k)− τi)2

3
(5)

with τi being the final traversability score per data point i.
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Fig. 2. Vector variation of the multi-scale normals. The colors of the images represent the orientation of the multi-scale normals τ c
i

III. RESULTS AND VALIDATION

Figure 3 shows the final result of the proposed terrain
traversability estimation approach as a projected 2D map.
Note how the container object on the top left of the image
can be clearly distinguished. Figure 3 also shows that the
methodology does have as a disadvantage that - for the moment

- it does not include a methodology to exclude shadowing
effects due to the measurement principle of the time-of-flight
camera. This was partly done on purpose, as we wanted to
develop a methodology which would be agnostic towards the
type of sensor (Laser, stereo camera, time-of-flight camera,
kinect-type of camera, etc). The result of this is that the shadow



Fig. 3. 2D Result of the proposed terrain traversability approach

Fig. 4. 3D Result of the proposed terrain traversability approach

of the container on the top left is also (wrongly) classified
as an obstacle. Aside from this effect, there are very few
wrong classifications. Only in the top right corners, some false
positives are visible, which are due to the very low signal-to-
noise ration at larger distances, close to the maximum viewing
distance of 7.5 meters of the PMD time-of-flight sensor.

Figure 4 shows the same result as Figure 3, but this time
in a 3D view. While the 3D view is herder to interprete on a
2D interface, it also shows clearly the detected obstacle on the
far left side, while the rest of the terrain is correctly classified
as traversable (blue).

IV. CONCLUSION

In this paper, we have introduced a novel methodology for
terrain traversability analysis by analyzing the full 3D signal
of a 3D acquisition device. The methodology is based on
the analysis of multi-resolution normals, selecting the optimal
resolution to perform the classification of the terrain. While
this methodology it is still too slow to be used on-line using
present-day embedded computing infrastructure, the results are
promising, which opens the door for implementation on future
robotic systems which need to navigate on rough terrain.
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