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Robotics exploration

Exploring tasks in unknown environments has become a relevant search and rescue robotics approach. Ground
robots are a better alternative to rescuers for first exploration. However, exploration progress is often limited
by uneven terrains that exceed the kinematic capabilities of robots, including those with complex locomotion
systems. This work proposes an innovative solution based on collaborative behaviours to overcome even
terrains. A method employing two collaborative robots designed to operate in a marsupial configuration to
surmount uneven terrains has been implemented. These robots, denoted as R1 (enhanced with a mobile ramp)
and R2 (serving as an explorer), interact synergistically to expand the explored area autonomously. A state
machine has been implemented to manage the progression of the mission, based on a perception (RGB-D)
system, for both decision-making and autonomous execution of the process. In the initial stage, the terrain and
ascent zones to be explored are characterized using point clouds and unsupervised learning. Subsequently, the
second stage manages the interaction between the robots by controlling the R2 ascent through the R1 ramp
using artificial vision algorithms and beacons. Outdoor tests have been performed to validate the method. The

main results show an effectiveness of 95% in automatically identifying access zones.

1. Introduction

As a result of natural events such as earthquakes, hurricanes, or
attacks, post-disaster scenarios generate completely devastated areas
or cities, with totally or partially collapsed buildings, people dead or
trapped, etc. The resulting complex scenarios represent a high risk
to first responders and front-line equipment during search and res-
cue missions. Hence, a robot team is a good alternative for a first
exploration.

Several global events, such as the Attack on the Twin Towers (USA-
2001) [1], Fukushima nuclear accident (Japan - 2011) [2], Earthquake
(Italy-2016) [3], Earthquake (Mexico-2017) [4] have set a precedent,
in which there has already been an intervention of the search and
rescue robots. Technological development and advances in robotics,
communication and sensory systems have made it possible to develop
specialized robots with custom instrumentation to develop primary
explorations and assist first responders in Search and Rescue (SAR)
missions.

In the SAR context, collaborative robotics is important since it
addresses larger areas, increasing the efficiency and precision in early
detection [5]. Among the main developments in this area are focused
on data collection [6,7], reaching areas of risk or difficult access [8],
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inspection of areas devastated by a natural disaster [9] and victims
identification [10-12]. Collaborative robots have a great advantage in
accessing complicated areas (variable height, craters, etc.), as shown
in [5]. There are robots with complex mechanical adaptations for
exploration in these environments; however, their exploration is lim-
ited to zones with obstacles that do not exceed their characteristic
geometry [13].

Environment exploration is currently one of the most significant
challenges in Search and Rescue (SAR) robotics. This is because post-
disaster conditions often result in disorganized terrains, limiting robotic
exploration due to the presence of uneven terrains. Consequently, a
series of technological challenges arise, including environment charac-
terization, autonomy in exploration, and communication management;
challenges that are difficult to address by a single robot—despite
the sophisticated locomotion mechanisms currently developed—or by
drones due to their battery limitations.

This work’s main contribution presents a method to increase the
explored area in uneven terrains. The method uses a team of two col-
laborative robots (R1 and R2) and multisensory processing to carry out
the autonomous ascent to uneven zones. For this, the robots have been
mechanically and sensorial equipped. R1 (Dr Robot Jaguar) has been
equipped with a 2DoF ramp capable of generating a bridge between the
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ground and the elevated area, allowing R2 to climb. Additionally, R1
has visual beacons and ToF sensors to assist R2 in ascent and descent
autonomous. On the other hand, R2 is instrumented with an RGB-D
sensor for data acquisition.

Vision-based algorithms and multisensory processing have been
implemented to carry out the autonomous collaborative ascent, which
consists of two stages. The first focuses on identifying the environment
and defining the best area for the ascent. The algorithm uses point
cloud processing, unsupervised learning techniques and a relationship
proposed by the authors that involves the characterized parameters. On
the other hand, the second stage involves an autonomous collaborative
ascent. The proposed method has been tested in real environments,
increasing the exploration coverage area as the main result.

This work has been developed as part of the TASAR (Team of
Advanced Search and Rescue Robots) project, which is motivated by
the use of terrestrial robots (UGV) to develop collaborative strategies
for exploration in search and rescue missions [14], and is structured
as follows. Section 2 shows the most relevant works related; Section 3
details the materials and methods. Section 4 shows the experiments and
results. Finally, Section 5 presents the main findings.

2. Related work

Multi-robot systems present great advantages within the execution
of missions, such as reducing exploration time, increasing explored
areas, etc [7,15-17]. Depending on the type of robots, collaborative
interactions between them can be generated to complement explo-
ration tasks [18-20]. Other sophisticated alternatives have been exten-
sively explored in the field of navigation in unstructured environments,
such as robots with hybrid locomotion mechanisms (wheel-legged), as
demonstrated in works by Chen et al. [21,22], proposing a method
based on flexible gait transition to overcome unstructured terrains
and obstacle avoidance. Additionally, the complementary design of
lifting and transport platforms [23,24] can maximize robot capabilities,
enabling the execution of complementary tasks such as transferring
between environmental points.

Collaborative robots such as the marsupial [25,26] have a main
robot or container, which takes one or smaller robots (passengers)
to different places that are difficult for them to access, using an in-
clined platform on which these small robots climb robots are mostly
autonomous. In contrast, the main robot is tele-operated. One of the
applications of this collaborative robot is rescue, inspection, and envi-
ronmental recognition [5,27].

Tracked robots are used mainly in raising or lowering uniform, non-
irregular steps. This type of locomotion system in robots is widely used
in search and rescue applications [28]. Some works focus on studying
how adversarial teams of robots can be guided to a disadvantageous
location and devising counter strategies to make team functioning more
successful and secure [29].

The “Asguard” robot was developed for rough, flat terrain and
stairs. It uses additional tilt feedback to make the controller versatile
for flat terrain, steep slopes, and stairs. Asguard consists of twenty com-
patible legs mounted around four hip axes, which rotate individually,
using an abstract model of quadruped locomotion [30].

Although the state-of-the-art presents initial approaches to joint
alternatives for exploring unstructured terrains, most works focus on
overcoming obstacles and terrains using complex locomotion systems,
primarily integrating mechanisms such as wheel-leg and tracked-leg.
While effective for obstacles and small elevations on the order of 10
centimetres, their applicability diminishes for outdoor terrains with
significant disarray that exceeds these robots’ kinematic capabilities.
In the literature, no similar contribution has been identified to the
approach presented in this work, which integrates collaborative and
adaptive interaction among robots to explore uneven terrains.
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Table 1
Elements used in the implemented method.
Amount Component Description
1 R1: Dr Jaguar Tracked robot
1 HP camera (R1) RGB camera
2 ToF sensor (R1) Distance sensor
5 ArUco mark (R1) Visual beacon
1 Lineal actuator (R1) Inclination actuator
1 DC motor (R1) Extension actuator
1 R2: Wall-e Tracked robot
1 Real-Sense (R2) RGB-D sensor
1 Nvidia Jetson Xavier-Nx (R2) Embedded system
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Fig. 1. Systems connection scheme and information flow.

3. Materials and methods
3.1. Hardware—software system architecture

The proposed implementation to address this problem focuses on
a centralized multi-robot system based on ROS, a command post with
a high-capacity computer and two mobile robots mechanically adapted
and instrumented to carry out this task. The materials used are detailed
in Table 1.

The robotic team consists of (R1) Dr. Robot Jaguar robot and Wall-
e, a smaller tracked robot (R2). R1 is instrumented with a mobile
ramp capable of regulating its extension and inclination to generate a
bridge between the ground and the uneven exploration area. This ramp
has four visual beacons on its top. The second robot is equipped with
instrumentation for exploration (RGB-D sensor).

Fig. 1 shows the interconnection scheme of the systems, as well
as the information flow of the most relevant sensors. The manage-
ment of communications between computers, robots, and sensory and
actuation information has been wholly developed through ROS due
to its great potential to integrate multiple devices simultaneously,
information management through topics and nodes.

3.2. Collaborative ascent - Robotic design

The collaborative ascent between the robots is essential to increase
exploration. On the other hand, this task is also the most critical of
the process since it is a task that carries a high risk of collisions,
derailment and falls. This section is dedicated to systematizing the
intelligence algorithms and analysing the sensory systems that perform
this autonomously.

Fig. 2 shows the first phase, which involves CAD-CAM-CAE design
and simulations performed in a Gazebo by assembling xacro files and
ROS control packages to validate the concept and the execution of the
ascent. A 2-degree-of-freedom instrumented ramp has been designed
and implemented, coupled to the robot R1, serving as a bridge for
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Fig. 2. Conceptualization of the collaborative ascent through simulation in Gazebo.

the ascent of R2. The controlled variables for the ramp are inclination
and extension, as described by Eq. (1). Here, H corresponds to the
height to be overcome, while A and e represent kinematic constants.
This work utilized the ROS Melodic version and the navigation stack
packages to manage mobility autonomy. For simulations in Gazebo,
environments were recreated with terrain conditions close to reality
to facilitate extrapolation, allowing testing of ascent strategies with
different conditions in an initial phase. The files used in this work
are available in the research group’s GitHub repository https://github.
com/Robcib-GIT/collaborative-marsupial-robots/tree/main.

H-A
- =~ 1
ayy = arcsen (800 — ) (1a)
A
d = — 1b
@7 sen(a) (1b)

Fig. 2 shows the simulation concept; the 2 DoF of the platform made
up of two plates mechanically coupled by rails and screw transmission
systems, where « is the angle of inclination of the platform (0-55) [°],
which is driven by a linear actuator capable of supporting up to 750
N. At the same time, the extension L (0-850) [mm] is controlled by a
DC motor (with an encoder for position control) joint to a spindle that
moves the ramp.

3.3. Automatic detection of the best ascent area

The testing phase was developed in outdoor environments at CAR-
UPM facilities (40°26’21.5”"N 3°41/18.1”W). The environments have
been reconstructed using point clouds for this purpose (PC,,) em-
ploying the RGB-D sensor of R2 (Fig. 3-left). The method used for
mapping is the RTAB-map, which has been widely discussed in the
literature [31,32], from which the data related to the positioning of
the robots have also been obtained.

Although the point cloud captured from the lower part provides
some information from the upper part of the environment, several
occluded areas may have relevant data. The second part of the method
focuses on the PCy,,, processing to determine the boarding area for R2,
for which a down-sample has been calculated (PCD[xyZ]) to reduce the
initial volume of the cloud and computational processing. Additionally,
the noise present as outliers have been eliminated (PCpg,,,)) based
on the local density method [33] defined by Eq. (2), which determines
the probability that the point is an Outlier, if its value is great [0-1],
determining its conservation or elimination based on a threshold:
ProRy=1- L 3 exp~ 00, @

7,€K(p) a
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Fig. 3. Environmental analysis and point cloud processing.

P, is the analysed point and Q; is the neighbourhood, k is the
number of neighbour points. Fig. 3-right shows the removal of outliers
(in red); the grey points will be used for processing.

The unsupervised learning method K-means was used to determine
the clusters. This process is executed cyclically until it detects if there
are no changes in the newly assigned groups by minimizing sum of
squared error (SSE) criterion is met, given by Eq. (3) [34]:

k nj ) 2
SSE=Y Y |5 - ¢ ®3)
j=1i=1

Pseudocode 1 describes the synthesis followed for the automatic
detection of the access zone, its coordinates and trajectory definition
for the arrival of R1 and approach of R2.

Algorithm 1 Best Access Zone Definition

1: Data:

2: PCy,; < Point Cloud of Environm.

3: Impgp < Image from R2.

4: n < Clusters (seed #Random)

5: PC_Clusty,_, < linit]

6: Result:

7% VR URige) < 10,01

8: Vo Urat) < 10,01

9: Data Preprocess:

10: PCpy,,; < Downsample(PC,)at15%

11: PCpoyyy,) € Outliers(PCpyy,.ratio_max = 0.1

12: PCDON[xsz = Normals(PCDo[Xm)

13: PC_Clustyy , < Kmeans(PCpoy/yyz))

14: while End_Clust is False do
environment.

15: PC_Clust_Newy;_, < linit]

16: PC Clust_Newy, _, < Kmeans(PC_Clusty_,)

17: if SSE in PC_Clust_Newy; , is min then

18: End_Clust = True

19: end if

20: PC Clusty ;= PC_Clust_Newy ,

21: end while

22: for i =1 in len(PC _Clust} ) do

> Clusterization-Characterization of

> Evaluation of Best Access Zone.

23: Area,m, h,l « extract_caract(PC_Clust); ;)

24: if Area > min_access then and Continuous_Zone in Impgp
25: eval eq.3 (Fit_Clust)_,)

26: orden_max PC_Clust);

27: end if

28: end for

29: if Best Zone is Defined then > Authonomous Positioning R1-R2.
30: Def_Path_R1 ggy) < From(Pos_R1(x,y)) To (PC_Clust_Max(x, y))

31: eval_Path_R1(current_pose, goal_pose)

32: publish(vgy () URifa)ys @ 1)

33: Def_Path_R2ggy) < From(Pos_R2(x,y)) To (PC_Clust_Max(x,y — wR1))
34: eval_Path_R2(current_pose, goal_pose)

35: publish(v gy URajap))

36: end if

All clusters are initially characterized to evaluate the optimal climb-
ing zone in terms of dimensions (width w, length h)[mm] and surface
inclination [°]. These data are used to feed Eq. (4) proposed by the
authors, which allows obtaining the fitness of each zone and evalu-
ates the best alternative for climbing. This equation directly involves
the variables in such a way that the inclination negatively penalizes
steep surfaces; the height is standardized according to the geometric
limitations of the ramp, as is the width.

850 [mm]

Fit_Clustyy_, = |cos(m)| = ( h

) # (W — wgy) 4
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Fig. 4. Beacon detection system and estimation of distances-orientations.

3.4. Vision-based autonomous ascent-descent strategy

Before executing this stage, R1 and R2 must be positioned at the
defined ascent point, and the ramp should be deployed towards the
ascent zone. The trajectories for each robot are calculated using the
ascent zone coordinates and the robot’s positions, as indicated in the
“Autonomous Positioning R1-R2” in Algorithm 1. R1 is first mobilized
towards the next area, and its ramp is deployed; the ToF sensor helps
to adjust the R1 position towards the surface. Then, R2 is mobilized
towards an area close to the base of the ramp and climb.

The autonomous ascent bases its functionality on a mixed system
of combined states, on the one hand, on detecting visual beacons and
calculating their approximate distance. The ToF Algorithm gives a True
flag in the middle of the ramp. It helps in case of loss of sight of the
beacons to continue, guiding it to the end of the platform.

Fig. 4-left shows the ArUcos 1,2,3 detected with the function “Bea-
con Detection” of Algorithm 2 (with superimposed identifying figures
and green lines from its centre to the robot centre). Fig. 4-right shows
the external perspective of the approach process for the ascent of R2 on
the ramp; the ramp also has safety rails, marked in red to compensate
for calculation errors and possible falls.

4. Experiments and results

In this section, the experimental phase and the resulting outcomes
are described. A link to the video https://www.youtube.com/watch?
app=desktop&v=jYkwVPW-9sY&t about the experimental phase is pro-
vided, showcasing in detail the synthesis of this section, commencing
with the functionalities and characteristics of each robot, the function-
ing of perception algorithms, and initial indoor and outdoor testing.
Various outdoor scenarios with varying heights are tested to verify
the system’s functionality and robustness; to enhance versatility, dif-
ferent shots of mission execution are included, both from a first-person
perspective (captured by the robot) and lateral and rear perspectives.

4.1. Environment characterization and definition of ascent areas

The method proposed for the autonomous detection of the access
site has shown a mean average efficiency of 95% in the characterization
of potential access sites. Resulting from the average of the average
errors evaluated (error,, error,, error,,).

Fig. 5 shows the result of characterized environments and the
definition of the best access zones carried out with the Algorithm 1. The
soil has been marked with green, the best access zone in blue and the
subsequent ones with random colours. The environment point cloud’s
main surfaces (ground and access areas) have been marked with colours
and delimited their edges.

This environment had heights greater than 700 mm; three potential
ascent zones have been identified, defined in blue, purple and red. The
placed point (in coordinates XYZ) references the climbing goal.
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Algorithm 2 Automatic access based on multisensorial processing.

: Data:

¢ Imppgp < Image from R2.

: ID_Beacon, s < Init Dictionary 4x4
ToF,,, < Sensor read.

Result:
* Upopps Urapeg < [0,0]

: Data Preprocess:

: Impgp) < Morphological Conditioning (Imggp))
: function Derect Beacon(/ MG e))

10: return[/ Ds, Poses, Angles]

11: end function

OO QN W

> Beacon Detection.

12: while Climb is not Finished do > Ascent.
13: IDs, Poses, Angles < eval DETECT_BEACON Impgp

14: Upopps VRopey < €Val_controller (error_dist & error_ang) in IDsl[1,2,3]
15: if Ramp_Strategy is requiered then

16: wait for ToF,;, <5 cm

17: Ramp Down

18: end if

19: if ToF,,, < 5 cm then

20: Flag_middle = True

21: end if

22: if ToF,;,, > 80 ¢cm and Flag_middle then

23: Climb = Finished

24: end if

25: publish(v oy URaja))

26: end while

27: while Down is not Finished do > Descent.
28:  IDs < eval DETECT_BEACON Imjpgp

29: Upops VRope) < €val_controller (error_dist & error_ang) in IDs[4,5]
30: if Ramp_Strategy is requiered then

31: wait for ToFy;; <5 cm

32: Raise Ramp

33: end if

34: if ToF,,, <5 cm then

35: Flag_middle = True

36: Counter « start

37: Upopy < 0.2[m/s]

38: if Counter > 5 s then

39: Down = Finished

40: end if

41: end if

42: publish(v gy URaja))
43: end while

Fig. 5. Detection of ascent zones in the environment defined by Fig. 3.

4.2. Collaborative ascent development

A total of ten repetitions were performed to test the method in
this environment. Fig. 6-left shows the ascent of R2 from the ground
towards the area with a height of 760 mm. R2 is shown in different
positions along the bridge generated by R1’s ramp, and in blue is the
descriptive trajectory generated during the process. Similarly, Fig. 6-
right shows the descent process. The trajectory described is shown in
red.

Fig. 7 shows the temporal evolution of the sensory system, the
stage where its reading began, and the estimated distances during the
ascent process. The ascent process described using the temporal sensory
evolution in Fig. 7 starts with detecting one of the beacons. In this case,
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Fig. 6. Ascending and descending for environment exploration using collaborative
robots in environment defined by Fig. 3.
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Fig. 7. Temporal evolution of the measurements of the sensory systems directly
involved in the ascent process.

the detected beacon corresponds to the indicator [1]. Subsequently, it
begins the sequential process of turns to detect beacons [2,3] until R1
is wholly centred in front of the ramp to start the ascent. From this, the
estimated distances to the beacons decrease, and the first beacon is to
lose visual contact due to occlusion [3].

When the R1 reaches the centre of the ramp, the distance sensor
(ToF) changes its measurement to a minimum value (20 [mm]) that
indicates the current position of the robot to the system status. As
it advances, its distance increases and beacons [1,2] are occluded.
However, if there is a momentary loss of visibility of the beacons, the
system is designed to maintain the measurement for a while before
evaluating that it is occluded.

Although it does not have the reading of any beacon at second 17,
R1 continues with the ascent, being assisted by the ToF sensor. The
ascent is finished when the ToF reading exceeds 85 cm. In this case,
the ramp angle remains constant all the time.

Once up, R1 goes into a tele-operated mode to continue explor-
ing the environment. The subsequent descent phase is executed au-
tonomously, and the operator takes the robot towards an area close
to the ramp. The reason for executing the autonomous descent is the
system’s reliability; since the operator is remote, there is latency and
possible loss of communication, thus ensuring that the robot descends
without possible falls.

4.3. Influence of proposed method

The total number of points of the reconstructed point cloud envi-
ronment before (PCpg,f4e(xy;)) @nd after (PCyyxy,) the R2 ascent
towards the uneven terrain has been analysed to evaluate the rela-
tive percentage variation in the explored environment (Rel_Exp_V ar);
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Fig. 8. Analysis of the relative percentage of the environment explored with and
without the purposed collaborative method.

considering the first exploration (PCpg, f.[xy;) Defore R2 going up) as
100% relative which points increase will be measured with the new
exploration in height (PCy f/e(xz), using Eq. (5).

PCAfter[xyz] - PCBefore[xyz]

Rel_Exp_Var = 5)

PCBefare[xyz]

The relative percentage between before and after the exploration in
height increases by approximately 36% in the purposed terrains. This
method has shown its effectiveness and has allowed us to verify the
hypothesis.

Fig. 8 shows the percentage of areas explored before and after
implementing the collaborative method for the outdoor environments
of Terrain 1 and in Scenario 2, where ramp strategy was applied for a
height of 500 mm.

4.4. Discussion

In this study, a comprehensive exploration of navigation in un-
structured environments was undertaken, addressing challenges such as
terrain characterization and collaborative ascent. Initially, the experi-
mental phase was meticulously detailed, showcasing the functionalities
and characteristics of each robot through indoor and outdoor testing,
including various scenarios with differing heights.

Key to the study was the development of an autonomous method
for detecting access sites, demonstrating an impressive 95% efficiency
in characterizing potential access points. Collaborative ascent develop-
ment involved multiple repetitions, illustrating successful ascents and
descents of robots in the environment, supported by real-time sensory
system feedback.

Crucially, the proposed method significantly increased the percent-
age of explored areas in the terrain, validating its effectiveness in
enhancing exploration capabilities. By integrating collaborative and
adaptive interaction among robots, the study offers a promising so-
lution to the challenges of navigating uneven terrains, opening new
avenues for exploration and discovery in challenging environments.

5. Conclusions

This article presented a novel method to address the problem of
exploring uneven terrains with collaborative robots (a mobile ramp
robot and an explorer), showing an exploration zone increase.

Collaborative robots have proven to be a viable alternative for
increasing exploration in uneven areas by generating an adaptative
mobile bridge connecting two zones at different levels to allow a second
robot to climb to the new unexplored zone.

The method proposed for identifying ascent zones based on point
cloud processing has shown high efficiency (mean of 95%) for char-
acterizing zones, allowing continued exploration through the ascent
through the zone determined by the algorithm.
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The sensory integration of sources from the ramp and the system
based on vision and AruCos has allowed a robust method to au-
tonomously execute the mobile ramp robot positioning and the ascent
and descent of the explorer robot.

Regarding future work, one of the lines to continue this research is
using immersive systems and exteroceptive perception for monitoring
the process, providing relevant information about the environment
and the state of the process that helps the user in the control and
monitoring.
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Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.mechatronics.2024.103184.
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