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Abstract: Autonomous driving is one of the fastest developing fields of robotics. With the ever-
growing interest in autonomous driving, the ability to provide robots with both efficient and safe
navigation capabilities is of paramount significance. With the continuous development of automation
technology, higher levels of autonomous driving can be achieved with vision-based methodologies.
Moreover, materials handling in industrial assembly lines can be performed efficiently using auto-
mated guided vehicles (AGVs). However, the visual perception of industrial environments is complex
due to the existence of many obstacles in pre-defined routes. With the INDTECH 4.0 project, we
aim to develop an autonomous navigation system, allowing the AGV to detect and avoid obstacles
based in the processing of depth data acquired with a frontal depth camera mounted on the AGV.
Applying the RANSAC (random sample consensus) and Euclidean clustering algorithms to the 3D
point clouds captured by the camera, we can isolate obstacles from the ground plane and separate
them into clusters. The clusters give information about the location of obstacles with respect to the
AGV position. In experiments conducted outdoors and indoors, the results revealed that the method
is very effective, returning high percentages of detection for most tests.

Keywords: obstacle detection; RANSAC algorithm; Euclidean clustering; 3D point cloud; RGB-D data

1. Introduction

Automation is one of the fastest-developing fields of robotics. With the ever-growing
interest in automating processes, concerning both efficiency and safety, the ability to provide
robots with autonomous navigation capabilities is of paramount significance [1,2].

Several sensing technologies, types of navigation systems and data fusion are available
for the autonomous navigation of mobile robots. A key aspect of mobile autonomous robots
is the ability to detect objects in their path and allow them to navigate freely with minimum
risk of collision. Thus, in industrial environments, AGVs are usually provided with laser
scanners to prevent them from running into people or objects. However, the effectiveness
of these systems outdoors can be affected by adverse weather conditions such as direct
sunlight, rain, snow or fog. Even considering the use of laser scanners prepared to operate
outdoors, other vehicles (e.g., forklifts, truck trailers) may not be detected, possibly leading
to collisions. To mitigate this problem, 3D point clouds captured with a depth camera
could be used in these complex conditions. With 3D point clouds, more than ten thousand
points of information, including 3D coordinates and reflection intensities, can be obtained
in a short streaming sequence. Unlike RGB images, the significant advantages of point
clouds are the obvious 3D spatial structures that also include reflection features about the
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surface of objects [3]. A large number of automated reconstruction approaches focus on the
unsupervised processing of point clouds. The interpretation of these data is challenging
due to the number of points, noise and the complexity of the structure [4]. Moreover, most
point clouds are acquired with remote sensing techniques associated to line of sight (LoS).
As a result, crucial parts of the structure are occluded due to clutter or inaccessible areas [5].

There are different ways to perform object detection using 3D point clouds. Most
solutions tackle this problem with neural networks adapted to this kind of data. Several
methods, depending on the type of deep learning network inputs that can be raw point
cloud data [6], voxel [7] or image [8], have been proposed for 3D object detection. Shi
et al. [6] proposed PointRCNN for 3D object detection from raw point clouds. The whole
framework is composed of two stages: stage one for the bottom-up 3D proposal generation
and stage two for refining proposals in the canonical coordinates to obtain the final detection
results. Those results showed that the proposed architecture outperforms state-of-the-art
methods with remarkable margins by using only the point cloud as input. An important
study in this type of method by Zhou et al. presented the VoxelNet algorithm [9], which
works with sparse 3D point clouds without the need of a manual feature selection. Further
studies have led to the development of other algorithms (e.g., Qi et al. [10]) that use RGB
images to generate detection proposals for 3D detection. However, ConvNets-based models
generally require a large amount of data for effective training.

Ground plane extraction and obstacle detection are essential tasks for collision-free
navigation of autonomous mobile robots [11]. One of the most common methods to detect
the ground plane in a scene is based in processing depth information. To address the ground
plane detection, Choy et al. [12] proposed a robust and fast ground plane detection with an
asymmetric kernel and RANSAC (random sample consensus). A probabilistic model of
3D point clouds with the assumption that a point from other objects is always above the
ground was derived. The asymmetric kernel is the key approximation for fast computation,
which incorporates RANSAC as a score function. Experimental results showed that the
method was sufficiently accurate.

After ground plane extraction, objects can be detected in three-dimensional data by
using point cloud segmentation, which is the method explored in this work. Segmentation
is one of the most important steps for the automatic processing of point clouds. It is a
process of classifying and labelling data points into a set of separate groups or regions,
each one ideally corresponding to an object. An example of this kind of methodology is
discussed by Habermann et al. in [13], where they presented three different point cloud
segmentation methods and compared their performance with the k-means segmentation
algorithm. Miao et al. proposed a novel point-cloud-based 3D object detection method for
achieving higher-accuracy of autonomous driving in [3]. The proposed method employed
YOLOv4 as the feature extractor and Normal-map as additional input. This way, the
additional input delivered more enhanced shape information and can be associated with
other hand-crafted features, achieving higher precision for 3D object detection with lower
perturbations from other parameters such as distance. Bizjak et al. proposed a new method
for the segmentation of point clouds in [14]. The topological structuring of the input point
cloud was realized by a nearest-neighbor graph, while locally fitted surfaces were used
to quantify the objects’ shapes. Noise was filtered by a graph cut, and the segmentation
was performed by linking the nodes to those objects to which they fit best. The presented
results showed that the proposed method can improve the accuracy of the segmentation
while reducing the computation time in comparison with other methods.

A ground-aware framework that aims to solve the ambiguity caused by data spar-
sity present in lidar point cloud measurements was proposed by In Wu et al. in [15]. A
multi-section plane fitting approach to roughly extract ground points to assist segmenta-
tion of objects on the ground was employed. The proposed method captures long-range
dependence between the ground and objects, which significantly facilitates the segmen-
tation of small objects that only consist of a few points in extremely sparse point clouds.
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Results showed that the proposed method outperforms state-of-the art methods such as
PointNet [16] and SPG [17].

Lu et al. [18] proposed a method that proved to be a robust and efficient point cloud
segmentation algorithm in a large set of experimental results. A novel hierarchical clus-
tering algorithm named Pairwise Linkage (P-Linkage) was proposed. The method can be
used for clustering any dimensional data and then effectively applied on 3D unstructured
point cloud segmentation.

From a different perspective, based on the argument that a single segmentation method
will typically not provide a satisfactory segmentation for a variety of classes, Vosselman
et al. [19] proposed a methodology that explores the combination of various segmentation
and post-processing methods to arrive at useful point cloud segmentations. They concluded
that by combining different segmentation and post-processing methods, a segmentation
result can be obtained for group points of different classes (e.g., vegetation, ground, walls,
roofs), hence increasing the quality of a segment-based classification. A 3D point cloud
segmentation survey was presented by Nguyen et al. in [20], where a comparative analysis
on various state-of-the-art point cloud segmentation methods is made. Furthermore, Liang
et al. presented a survey where several 3D object detection methods based on point cloud
are described and analyzed [21]; in addition, those methods were compared in terms of
advantages and disadvantages for 3D object detection, including image-based and fusion
of point cloud and image methods.

In the project INDTECH 4.0, developed by a consortium of companies and universities,
one of the work packages aims to study and develop autonomous navigation solutions to
be integrated in AGVs operating in the automotive assembly industry. In this context, an
Intel RealSense D435i camera was mounted on the front of an AGV to collect depth data.
The 3D point clouds acquired are continuously processed to ensure obstacle avoidance,
which is an essential requirement for real-time outdoor autonomous navigation of AGVs.

In this paper, we present a method to detect potential obstacles and to measure their
relative position with respect to the robot, using point cloud data provided by the depth
camera [22]. This way, the AGV is guided through vision technology, without any previous
knowledge of the environment that can be static or dynamic, indoor or outdoor, in a process
called natural navigation.

The remainder of this paper is structured as follows. Section 2 presents a description
of our methodology, detailing the various processing phases of our method. Section 3
discusses the results according to various metrics relevant for this kind of algorithm.
Section 4 summarizes the conclusions and suggestions for future work.

2. Proposed Methodology

In this work, we aim to develop a method for obstacle detection in front of an AGV
and measure their positions to the camera. To that end, we used a depth camera, which
captures point clouds representing the surrounding space. Since these point clouds contain
the relevant features of the robot’s surrounding environment regarding potential obstacles,
it is important to pose the camera in such a way that obstacles in the path of the AGV can
be detected. It is concluded that the most interesting placement for the camera is at the
front of the AGV, so that we capture the full extent of the obstacles in front and reduce the
number of points corresponding to the ground plane. During the tests we also empirically
found the optimal height and pitch for the camera. The experimental setup can be seen in
Figure 1.

As the point clouds contain all elements of the scene, some processing has to be carried
out in order to remove scene elements that are not interesting for obstacle detection, namely
the ground plane. By extracting the ground plane, the output point cloud is made of a more
detached set of clusters of points that represent various objects in the scene. These sets of
points can be grouped through clustering algorithms into groups that we use as evidence
to an existent obstacle and for position measuring. To operate in real time, the point clouds
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recorded with the camera were subsequently range limited and down sampled to reduce
computational effort.

A method to detect obstacles and their locations by means of 3D point clouds provided
by the Intel RealSense D435i depth camera is proposed. This point cloud is subjected to
three different stages of processing.
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2.1. Pass-Through Filter and Voxel Grid

The first processing stage consists of applying a pass-through filter. This filter is used
to restrict the point cloud limits to a relevant distance window.

The ultimate use of this algorithm is to apply it in a navigation system of a low-speed
AGV for logistics. Thus, it is possible to limit the computational effort while conserving a
high relevance of the results since, due to the low speed, we do not need to detect obstacles
very far from the robot.

Another processing tool used to save computational time is the voxel grid to down
sample the input point cloud. This filter divides the point cloud into voxels with a user-
defined size. The points present in each voxel are approximated by their centroid. This
process results in a point cloud with fewer points that still describes the original surface
accurately.

In our tests, we defined the limits of the distance window in the interval [1.5, 5] m
along the z-axis (depth) for the pass-through filter and a voxel edge length of 0.07 m for the
voxel grid.
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2.2. RANSAC Segmentation

To successfully identify obstacles in the camera’s field of view, it is necessary to
segment the volume of the point cloud that corresponds to the ground plane. This is carried
out to deliver a higher degree of separation between objects, facilitating the process of
grouping points into clusters. For this purpose, the RANSAC (random sample consensus)
algorithm is used [23].

RANSAC is an iterative algorithm for fitting mathematical models to experimental
data. Instead of considering all the data and eliminating invalid data points, as common
in most conventional smoothing techniques, RANSAC uses the minimum amount of data
possible and adds as consistent an amount of data points as possible [11]. This method
takes the minimum number of points that define a particular model from the experimental
set and instantiates a model using those points, (in the case of plane detection, RANSAC
selects three random points from the set). Having a candidate model defined, the number
of points that are within a defined tolerance to the plane is counted (inliers). When the
number of inliers exceeds a threshold, the candidate model is chosen. If the number of
inliers is too low, the process is repeated until a plane is identified or the maximum number
of iterations is achieved.

The PCL (point cloud library) implementation of RANSAC further includes the option
of constraining the plane fit to a specified axis within an angular tolerance. This helps in
identifying the ground plane by restricting the detection to horizontal planes. We set the
angular tolerance as six degrees.

Once the ground plane is identified, inliers are removed, and the resulting point cloud
solely contains objects that may represent obstacles.

2.3. Euclidean Clustering

After removing the ground plane, Euclidean clustering is carried out to identify the
various clusters of points present in the point cloud. This is a crucial step to discard points
that do not belong to a meaningful cluster and thus do not represent a potential obstacle.

Euclidean clustering consists of separating sets of points according to the Euclidean
distance between those points. If two points are within a predefined distance threshold,
they are considered to be in the same cluster. However, if that distance is higher than
the threshold, the points are segregated into different clusters. Mathematically, we can
describe the problem of finding clusters as follows. Letting P be our input dataset and dth a
defined distance threshold, a particular set of points Oi = {pi ∈ P} is a distinct cluster to
Oj =

{
pj ∈ P

}
if min||pi − pj||2 ≥ dth [24].

The PCL implementation of Euclidean clustering also contains the ability to define
the minimum and maximum cluster sizes to mitigate the detection of undesirable sets
of points.

Once all the clusters are defined, we can visualize them and measure the position
to each obstacle. For the interest of avoiding AGV collisions, our method returns the
coordinates of the closest point of each cluster.

2.4. Implementation

The method processing sequence is shown in Figure 2.
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The method consists of an ROS (robot operating system) node that subscribes to the
point cloud provided directly by the depth camera in the “camera/depth/color/points”
ROS topic. Some intermediate topics are also published for algorithm visualization. These
topics include the “pre_processed_pc” topic for the down-sampled and range-limited point
cloud and the “pc_no_ground” topic for the point cloud after removal of the ground plane.

The result is the separation of obstacles into point clusters. Each cluster represents
a different obstacle, and through the clusters we can obtain the position of each obstacle
relative to the AGV. After processing, all detected clusters are merged in a point cloud that
is published in the “total_clusters” ROS topic. An additional ROS topic is published for
analysis of the algorithm’s performance: the “cluster_closest_point” topic that is discussed
in the results section.

In addition to ROS, functionalities provided by PCL [25] have been used in all process-
ing steps. These functionalities include the down sampling, plane detection and extraction
and clustering algorithms.

3. Results
3.1. Experimental Data

Throughout this work, various tests have been carried out to optimize this algorithm.
These tests have been performed on the premises of Active Space Technologies and con-
sisted of recording ROS bags using the D435i depth camera with various types of obstacles
located at different distances. We tested the algorithm for both static and mobile obstacles
considering indoor and outdoor environments.

To represent static obstacles, chairs placed at 1.8 m, 2.5 m and 4.5 m were used. The
distance to the chairs was measured taking the closest part of the chair into account. This
setup allowed us to evaluate the algorithm performance for different distances across
the defined depth window ([1.5, 5] m). For each of the three distances, an ROS bag was
recorded with two chairs side-by-side, indoors and outdoors.

Another test was made with three chairs, one at each distance mentioned above, to
assess simultaneous detection of various obstacles at different distances. The final test with
chairs consisted of moving the camera perpendicularly to the three chairs, in the direction
of the chair furthest away. This test simulates object detection of static obstacles with a
moving AGV.

For mobile obstacles, we performed tests in which people moved in front of the camera
in various directions. A final test was made where the camera was also moving among
wandering people, simulating a more complex scenario that would be common for an
industrial AGV.

Every test mentioned above was performed indoors and repeated outdoors. This batch
of tests enables us to obtain a sense of the algorithm’s performance in different conditions
considered relevant for the project. Figures 3 and 4 represent the typical outputs of this
algorithm concerning the three major processing stages.
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3.2. Object Detection Effectiveness

There are various 3D object detection frameworks, each one of them using different
imaging technologies and methods and operating under different conditions. For these
reasons, a direct comparison between the proposed framework and the existing ones
could lead to misleading conclusions. To correctly analyze the performance of different
frameworks, the same datasets (both indoor and outdoor datasets) under different metrics
should be used [21].

To measure the object detection effectiveness, we counted the number of times that
each object was detected and compared it with the total number of frames of each test. This
was performed using the ROS bags corresponding to the placement of chairs side-by-side
at various distances and using indoor and outdoor measurements.

For each ROS bag, the point from each cluster closest to the camera was obtained and
published in an ROS topic (cluster_closest_point) for analysis. This topic contains the xyz
coordinates of the closest point of each object.
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The total number of point clouds analyzed by the algorithm was also counted.
A Python script was used to subscribe to the (cluster_closest_point) topic, and the

information was assembled and plotted in a 3D graph. This graph gave us a sense of the
position of obstacles in the corresponding test.

In addition to visualizing the data, a clustering algorithm was applied to this set of
points, originating clusters of points that correspond to detections of the same object. Using
the clusters of closest points, we counted the number of points that represent each obstacle
detected by the camera. That value determines how many times each obstacle is detected.

By comparing these values with the number of point clouds processed by our object
detection algorithm, we were able to calculate the effectiveness of the object detection.

Each ROS bag has a duration of approximately 15 s, which at '30 fps represents a
total of 450 frames for each test run. The process described above was repeated 10 times for
each ROS bag, and the results are presented in Tables 1 and 2.

Table 1. Indoor detection effectiveness.

Distance (m) Indoor Detection Effectiveness (%)

1.8 92.72

2.5 70.59

4.5 51.02

Table 2. Outdoor detection effectiveness.

Distance (m) Outdoor Detection Effectiveness (%)

1.8 99.05

2.5 99.12

4.5 89.22

From these results, we concluded that the method is very effective, returning high
percentages of detection for most tests. Moreover, the percentages of detection of both
objects were very similar for all distances.

It can be seen that the detection rates drop more significantly for indoor obstacles
farther away from the camera. This is due to the poorer luminosity and the fact that for
farther objects, the point cloud includes parts of the ceiling, extending the dimensions of
the point cloud and making the object detection process more difficult. In this case, the
performance bottleneck arises from the increased size of the point cloud, hence explaining
why, for outdoor conditions, an efficacy drop is not as drastic.

We can also conclude that, albeit the detection rates varied according to environmental
conditions, there was not a variation in detection efficacy between the two obstacles. Thus,
detection success decreases with distance to the obstacle. The percentage of obstacle
detection is also significantly more stable in outdoor conditions.

3.3. Distance Measurements

A major requirement of this work was not only the detection of obstacles in front of
the robot but also measuring their position relative to the camera.

Using the same ROS bags, with two chairs side-by-side at various distances, we
analyzed the distance measurements obtained with our algorithm.

The results in Tables 3 and 4 show the mean and standard deviation for the distances
obtained in each test, for indoor and outdoor conditions.
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Table 3. Indoor detection effectiveness.

Indoor Measurements

Distance (m) Average Distance (m) Standard Deviation (m)

1.8 1.85 0.03

2.5 2.60 0.09

4.5 5.01 0.11

Table 4. Outdoor detection effectiveness.

Outdoor Measurements

Distance (m) Average Distance (m) Standard Deviation (m)

1.8 1.91 0.03

2.5 2.56 0.13

4.5 4.95 0.20

For distance measurements, we were able to obtain reasonable values, with an expected
drop in accuracy for farther objects. These measurements are entirely dependent on the
accuracy of the Intel RealSense D435i depth camera, and as demonstrated, we can rely on
the good accuracy provided by the depth sensor for our application.

3.4. Moving Object Detection

For moving obstacles, the performance of the algorithm shows favorable results,
although the analysis of these tests was made merely by visual inspection.

The proposed method is able to segment and follow moving obstacles smoothly with
a high degree of accuracy and with a high frame rate without apparent failure in detection.

Figure 5 shows two people walking side-by-side in opposite directions in front of the
stationary AGV; both people are detected and segmented correctly.
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Figure 6 shows two frames from the mobile AGV/wandering person test where it is
clear that the person is segmented accurately. In most frames, there are no false positives.
The detection remains accurate during the whole test regardless of the movement of the
AGV and of the person.
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3.5. Frame Rates

Since this algorithm is intended for real-time obstacle avoidance, it was also important
to analyze the frame rate.

Using a computer with an Intel® Core™ i7-6700HQ CPU @ 2.60 GHz, we did not
register significant frame rate drops relative to the native frame rate of the point cloud
('30 fps), with the maximum frame rate drop being of '58% in one of the tests but that
results were still in a rate of '12 fps for obstacle detection. That being said, most of the
tests performed had a frame drop inferior to 10% relative to the native frame rate of the
camera, with the average frame drop in all tests being of 18%. These values mean that our
method is applicable in a slow moving AGV for real-time object detection.

Table 5 shows data regarding the frame rates from all tests pictured above and two
extra tests where we obtained the best and worst results regarding frame rate drops. The
columns contain the frame rates for the ROS topics of the original point cloud provided by
the camera (“camera/depth/color/points”) and of the final topic containing all clusters
(“total_clusters”).

Table 5. Frame rate drops for different tests.

Frame Rates

Test Point Cloud Clusters Frame Rate Drop (%)

Indoor chair detection 30.05 27.12 9.77

Outdoor chair detection 18.37 17.71 3.56

Moving people/stationary AGV 29.94 22.20 25.84

Moving person/moving AGV 29.98 27.34 8.83

Highest frame rate drop 29.96 12.32 58.88

Lowest frame rate drop 30.02 29.40 2.09

4. Discussion

In this work, an object detection algorithm using point cloud data from an Intel®

RealSense™ D435i is proposed. This algorithm is meant to be applied in an autonomous
navigation system with obstacle avoidance capabilities for AGVs working in dynamic
industrial environments.
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The presented results show this method can detect obstacles and measure their position
relative to the AGV in various environmental conditions, from low luminosity to sunny
conditions. This is very important in a SLAM (simultaneous localization and mapping)
context to enable the robust autonomous navigation of robots. This method is also able to
function in real time, considering the pre-processing applied to the point clouds provided
by the camera, which is crucial for autonomous navigation. In this context, real-time
conditions mean the algorithm is capable of processing and making decisions quickly
enough to ensure the AGV can be safely driven when it is moving with a velocity up to
1.5 m s−1. The latency of the system, i.e., the time delay between the cause and the effect of
some physical change (e.g., obstacle motion) being observed, is usually lower than 50 ms.

The algorithm detects objects with high reliability and returns results with inconse-
quential frame drops from the camera’s native frame rate. When the illumination conditions
are optimal, no frame rate drop has been observed, at least not to compromise system
performance. This applies for the various environmental conditions tested, specifically
indoor and outdoor environments, static and mobile obstacles and with the AGV being
mobile or stationary. The resulting frame rates of detection are adequate for a slow-moving
AGV in an industrial environment, as intended for our application. Supplementary tests
have been made to ascertain the impact of direct illumination on the sensor. As long as
direct incident radiation from the source (e.g., sunlight) does not hit the optical sensor di-
rectly, the algorithm is capable of reliable object detection. The exception has been a camera
malfunction due to indirect heating effects rather than illumination issues of the sensor.

The obstacle position measurements returned by our method also present high de-
grees of precision that improve with illumination and when obstacles get closer to the
camera. In some cases, camera pitch was altered to optimize the detection range, but the
algorithm performance remained stable. This was shown with the outdoor tests, where
the measurements presented lower standard deviation. These are characteristics innate
to the Intel RealSense D435i depth camera, and the precision of distance measurements
is entirely dependent on the capabilities of the chosen camera to be used along with our
obstacle detection method.

Thus, a three-stage methodology using well-established methodologies such as a pass-
through filter and voxel grid for data dimensionality reduction, RANSAC algorithm for
identification and removal of inliers of the ground plane and Euclidean clustering for point
cloud clustering for object detection is proposed. As a result, a framework for real-time
autonomous navigation with low computational effort and no need for prior knowledge of
the surrounding environment is proposed in this work.

In addition to indoor measurements frequently reported in many studies that consider
stable, calibrated illumination conditions, we have conducted a test campaign consider-
ing several outdoor experiments to assess algorithm performance and identify possible
limitations and blocking points. Although carried out at a time when the factory was not
under nominal operation conditions, logistics and environmental concerns were selected
to mimic real environments. The most relevant conditions were the following: ram- and
wake-facing natural illumination, clear and cloudy sky, flat and inclined paths (slope up
to 8%), smooth and irregular grounds, different types of objects and vehicles as well as
multiple pedestrians wandering in different directions. The algorithm was able to perform
correctly under all these conditions without major issues. Qualitatively, algorithm perfor-
mance was not degraded during the whole campaign, at least not to a point rendering it
useless. As mentioned above, the main issue was caused by a temporary hardware failure
(camera overheating) rather than poor performance of the algorithm.

Further developments of this algorithm may provide the capability to create a system
that generates odometry measurements using depth camera data, namely by implementing
a visual odometry system for SLAM. Visual odometry systems calculate the movement of a
robot by taking advantage of information regarding obstacle position over time, which we
can obtain through our method. Such algorithms are useful to perform sensor fusion with
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an inertial measurement unit or, according to the accuracy of their results, can even replace
this kind of sensors.

5. Conclusions

Having achieved a high reliability regarding object detection, the presented methodol-
ogy can be extended to process RGB images, acquired simultaneously by the Intel camera,
to extend the capabilities of our algorithm to not only detect the position of obstacles
but also classify them into types of objects. For indoor detection, being a controlled en-
vironment, previous knowledge about possible/existing obstacles (e.g., person, forklift,
bucket, etc.) can be used to eliminate potential obstacles and improve effectiveness, being
that the RGB images can be easily used to classify objects using that prior knowledge.
With the information of the type of obstacle in front of the robot, it is possible to program
more informed decisions regarding the movement of the AGV. Another interesting topic
for further development is the detection of holes in the ground, which is another crucial
problem that must be solved for safe AGV movement, and it is a feature that is usually not
detected with traditional laser scanners.
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