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The use of unmanned underwater vehicles is steadily increasy for a variety of
applications such as mapping, monitoring, inspection andntervention within several
research elds and industries, e.g., oceanography, marineiology, military, and oil and
gas. Particularly interesting types of unmanned underwatevehicles are bio-inspired
robots such as underwater snake robots (USRs). Due to theirexible and slender body,
these versatile robots are highly maneuverable and have ket access capabilities than
more conventional remotely operated vehicles (ROVs). Mareer, the long and slender
body allows for energy-ef cient transit over long distance similar to torpedo-shaped
autonomous underwater vehicles (AUVs). In addition, USRge@acapable of performing
light intervention tasks, thereby providing interventiorapabilities which exceed those
of AUVs and inspection class ROVs. USRs may also propel thereb/es using
energy-ef cient motion patterns inspired by their biologial counterparts. They can
thereby increase the propulsion ef ciency during transit ad maneuvering, which is
among the great challenges for autonomous underwater vehies. In this paper, a control
system for path following, and algorithms for obstacle detetion and avoidance, are
presented for a USR with thrusters attached at the tail model The position of the
obstacles is detected using a single camera in the head modal of the USR and a
developed computer vision algorithm. For the proposed conbl concept the robot joints
are used for directional control while the thrusters are uskfor forward propulsion. The
USR circumvents obstacles by following a circular path araud them before converging
back to the main straight line path when this is safe. Experiental results that validate
the proposed methods are also presented.

Keywords: underwater snake robots, energy ef ciency, thru sted USR, path following, obstacle detection and

avoidance

1. INTRODUCTION

Through millions of years of evolution, sea snakes, eels simthave developed highly e cient
motion for propulsion and locomotion. These creatures areeata rapidly change direction
in a highly e cient manner (Lighthill, 1970, 1976 Many of them have superior acceleration
capabilities, while simultaneously being able to accessiedrspaces using their exible bodies.
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Over the last decades, remotely operated vehicles (ROVs) havge of thrusters, and is the test platform considered for &l th
been extensively used for subsea inspection, maintenande, aexperimental results presented in this paper.
repair operations in the oil and gas industr§f{rist and Wernli, Obstacle avoidance is a crucial task for numerous robotic
2013. These vehicles rely on being operated by a highly traineglystems. For xed base systems, the robot must avoid self-
human in the loop. In order to make such operations safercollisions as well as any objects that might be within its
and more cost-e cient, there has been an increasing interesworkspace. For oating base robots, such as a USR or a
in developing intervention AUVs (I-AUVs)Ridao et al., 2004  surface ship, the main task is to avoid stationary and dynamic
underwater snake robots (USR$)¢lsaac and Ostrowski, 1999; obstacles such as islands/pipelines/other structures ahdr ot
Mclsaac and Ostrowski, 2002; Takayama and Hirose, 2008hips or oating base systems. There exist several path planning
Wilbur et al., 2002; Crespi et al., 2005; Yamada et al., 20C&lgorithms for computing a safe path to avoid obstacles, such
Crespi and ljspeert, 2006; Li et al., 2011; Stefanini et a2;20 as A, RRT and HBugHKlernandez et al., 20)5However, these
Lilieback et al., 2014; Kelasidi et al., 201pamd underwater global path planning methods are not suitable for unknown
snake robots with thrustersS{erdrup-Thygeson et al., 2016a,b and dynamic environments, and must be complemented by a
as a step toward improved autonomy, dexterity and precision folocal guidance system that is able to make the mobile robotic
underwater manipulation tasks. Detailed discussions onmdireé  system avoid small, unforeseen, and dynamic obstacles while
underwater robotic systems such as ROVs, AUVs and bidollowing the global path. A variety of such local approacheghav
inspired robotic systems can be foundfielasidi et al. (2016a) been proposed, both for the general and maritime case, such as
andKelasidi et al. (2017b) potential elds (Khatib, 198%, dynamic window Fox et al., 1997;
Inspired by biological swimming creatures, a novel conceptoe, 200§ velocity obstaclesan den Berg et al. (201, Kuwata
for bio-inspired multi-articulated robotic systems has bee et al. (2014) and Tangent/WedgeBugaubach and Burdick
illustrated in Figure 1, which combines properties of aquatic (1999) However, these approaches have several drawbacks.
animals with state of the art solutions from marine techrgplo  Potential elds may suer from oscillating behavior and
Unlike conventional underwater robotic solutions, the USRconvergence to local minimalren and Borenstein, 19)1and
is a slender and highly redundant robot, which is able tothe dynamic window approach can be computationally heavy.
propel itself forward using body undulations combined with The velocity obstacle (VO) approach has good mathematical
caudal, dorsal and pectoral ns and/or with stern propellersqualities and is computationally simple, but is not straight-
and tunnel thrusters along the body. This provides signi tan forward to implement. However, the main drawback of these
exibility and increases the maneuverability of the robatr f methods is the fact that it is not obvious how to combine
subsea applications, as illustrated Figure 1 (Kelasidi et al., these collision avoidance methods with existing, commonly
2015; Sverdrup-Thygeson et al., 201L8the modular design of used guidance methods for path following such as line-oftsigh
the robot makes it suitable for di erent applications by simply (LOS) (Fossen, 2031 The Wedgebug algorithm is applied to
connecting various modules in di erent combinations to form Mars Rovers and assumes that the rover is modeled as a point
various types of vehicles. As illustratedRigure 1, the robotic  robot in a 2D binary environment (i.e., every point in the
system is a dexterous robotic arm which can operate tools anehvironment is either contained within an impassable olbstac
carry out light intervention tasks. In addition, by usingter foils  or lies in freespace) and that obstacle boundaries block sgnsin
or thrusters, it can transit over long distances in a simifeanner ~ as well as motion. In the approach proposed in this paper, the
as a survey AUV, while its exible and slender body provideobstacle boundaries have the possibility to be virtual, tvhic
the ability to access and operate in restricted areas of aubsprevents passage into identi ed unsafe areas without physical
structures. The modular design of the robot makes it applieablobstacles in the way.
for di erent applications depending on the requirement of the  In nautical navigation there exists several obstacle averlan
task. For instance, a purely bio-inspired solution withouings methods which all require some information about the
propellers can be considered for applications where limitedbstacle itself, i.e., position, size and/or velocity. Tdede
acoustic noise is required, whereas equipping the robot withinderwater obstacles, one may use sensors such as sonars and
thrusters can provide improved maneuverability for inspegtio camerasi{licholson and Healey, 2008; Ridao et al., 2014; Mallios
and intervention tasks. The use of USRs for such subses al., 2015 Due to the properties of light propagation under
operations introduces several interesting research cigdle water, acoustics-based navigations methods are often applied
Figure 2 presents the rst USR equipped with thrusters at theVision systems decrease the range, but also decrease space and
tail module, developed at the Norwegian University of Scienceost and increase the resolutioBdnin-Font et al., 2008 Often,
and Technology (NTNU) [(ilieback et al., 2014; Kelasidi et al.,vision systems are based on two cameras, i.e., stereo.Wsgitn
20160. This robotic platform using thrusters only at the tail such a setup, one can use matching and geometric triangalatio
module can be considered a special case of the general conceptalculate the 3D-position of detected featurés(dberg et al.,
shown in Figure 1, and is a step toward developing the next200). The USR Mamba is equipped with a single camera at
generation of USRs with additional e ectors. The modular snakéhe head module. However, obstacle avoidance still requires
robot Mamba (iljeback et al., 20)4can be equipped with sensing of depth, i.e., the distance between the vision sensor
thrusters when operated underwateKelasidi et al., 201b and the obstacle. To achieve this using monocular vision, one
Mamba with thrusters is a new type of snake-like robot whichmust rely on assumptions concerning the scene geometry and
combines biologically inspired undulatory locomotion withe  vehicle motion Bhatti, 2008; Lei et al., 20)L3n this paper, we
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FIGURE 1 | Underwater snake robots are highly exible, capable of rapidlirectional changes and can access small and con ned spacesThey can perform
intervention tasks and ef cient transportation for longerange missions. When combined with additional effectors sut as thrusters or tail ns, these robots are highly
versatile and may be applied for a variety of underwater opations. (A) Concept sketches bio-inspired underwater snake robots wh additional effectors.(B) Next
generation of inspection and intervention vehicles for uretwater applications.

Without additional effectFs With thrusters at the tail module With caudal fin at the tail module

FIGURE 2 | Different con gurations of the underwater snake robot Mamba

have developed a computer vision algorithm to detect potentigdb and follow a prede ned reference path while avoiding the
obstacles along the path of the USR by using a single camettatected obstacles.
attached at the head module of the robot and re ective masker In Kelasidi et al. (2016b)it is suggested that in order to
on the obstacles. The area of the markers is a priori knowledgensure e cient transportation, a USR with thrusters at the
and can be used to calculate the 3D distance based on th&l module should mainly use the thrusters for locomotion,
corresponding area in the image similarBousaid et al. (2016) while the multi-articulated body should be used for direct#b
Di erent geometric shapes (i.e., triangle, square and djrdlais  control. Motivated by these results, we propose a motion
can be used to classify di erent types of obstacles. The shapedsntrol strategy for thrusted USRs with an overall goal of
determined by analyzing the curvature of the shape and cagnti investigating its ability to follow a given reference patav&al
the number of peaks. previous works consider control schemes for locomotion of
In this paper, we perform experiments to investigate both thaJSRs without thrusters. A comparison of these approaches is
path following and obstacle avoidance control problem ushrgg t presented irKelasidi et al. (2017@ndKelasidi et al. (2016aln
USR Mamba with thrusterskelasidi et al., 201§bThe goal of addition, a docking approach for thrusted USRs using the joint
the experiments is to detect potential obstacles along thegradh angles to control the direction of the robot has been presgnte
design the USR motion to ensure that the robot can convergim Sans-Muntadas et al. (2017)
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This paper presents a path following control strategy thatind without a caudal n was presented ifelasidi et al. (2017a)
is able to make the thrusted USR follow the desired referenda particular, it was shown that by attaching a passive caudat
path. Furthermore, the developed obstacle detection schease wis possible to double the forward velocity. This signi cantogity
successfully applied and combined with a set-based collisidncrease requires a relatively low increase in power consumpti
avoidance method\{oe and Pettersen, 2016; Kohl et al., 2017 and is achieved with a minimum increase in the complexity &f th
This approach ensures obstacle avoidance when necessary amechanical design.
path following otherwise. The robot considered in the current study consists of

The path following control concept and obstacle avoidancd8 joints mounted with a relative orientation of 90 degrees
for USRs without thrusters has been investigatedonl et al. in an alternating fashion to achieve both yaw and pitch
(2017) Here, both the direction and propulsion are achievedmotion (Liljeback et al., 20)4An external skin was used during
through the undulatory motion of the joints. In this paper, e the experiments in order to achieve an additional water leayri
methods are adapted to USRs with thrusters. In addition, ain addition to making the robot's outer surface more smocdthe
obstacle detection strategy is presented and combined Wwéh t experimental setup is illustrated Figure 3
path following and obstacle avoidance methods. The proposed The experiments carried out in a basin at the Marine
guidance and control strategy and obstacle detection asthole  cybernetics laboratory (MC-lab), Trondheim, NorwayICl,
avoidance strategy are experimentally validated for USRs witD1§. The basin is 1.5 m deep with a surface area of 40 m
thrusters. To the authors' best knowledge experimentalltgesu 6.45 m. Six underwater cameras from Qualisysif\, 201§ were
regarding obstacle detection and avoidance have not beersed to track and log the position and orientatiorof the robot,
presented in previous literature for thrusted USRs. using a structure with re ective markers attached at thedea

This paper is organized as follows: Section 2 presents thail module. The center of mass (CNty, py is then calculated
experimental setup as well as the guidance and control methodising the kinematic equations of the robétdlasidi et al., 201§a
for path following and obstacle avoidance and the obstacl@s illustrated in Figure 3, the obtained measurements were
detection algorithm. In section 3, the experimental resalte  used to investigate di erent control challenges for the thied
presented and discussed. Conclusions are given in section 4. underwater snake robot Mamba. During these experiments the

joint angles responsible for the vertical (pitch) motion wesed
2. SETUP AND CONTROL SYSTEM to zero degrees to achieve purely horizontal motion. All the
algorithms were implemented in an external computer using
In this section, we give a brief description of the thrusted USR-abview, and the necessary signals were sent/receiveaitatie
Mamba and the experimental setup. Furthermore, we discuss ariglbot through a CAN bus connection through a tethétigure 3
present how the guidance and control approach proposed earlidfustrates three di erent case studies for USRs with thrusters
for USRs without thrusters are adapted for the experiments witffl) Locomotion e ciency studiesKelasidi et al. (2016b)(2)
the thrusted Mamba. Finally, the obstacle detection teghai Path following of USR with thrusters, and (3) Switching stgyte
adopted in this paper and the set-based obstacle avoidanbetween path following, and obstacle detection and obstacle

approach proposed for the thrusted USRs are presented. avoidance modes developed and experimentally validatedsn th
) paper. In the following sections, each part of the case studies
2.1. Experimental Setup illustrated inFigure 3will be discussed in more detail.

The underwater snake robot with thrusters at the tail module

named MambaFigure 2) is basically a self-propelled roboticarm 2.2. Guidance and Control

with a slender and exible body able to access and carry outhe guidance and control system of the USR is illustrated in
inspection tasks in con ned spaces not accessible by conveitio Figure 3 and the de nition of the mathematical symbols are
underwater vehicles. Mamba has a modular design and cafescribed inTable 1 The guidance system provides a reference
operate at shallow water depths. For more information aboat th ¢ for the orientation of the USR, which the controller attempts
robot, seeKelasidi et al. (2016a,bNote that for the thrusted to follow by controlling the USR joints. The thrusters are
robot it is important to know the amplitude of the applied controlled by the inpuuc and each joint follows the output from
thruster forces as a function of the particular control inpimitial ~ the heading controller g according to (2). The proposed control
experiments were performed to obtain the necessary mappingirategy assumes that the robot joints are used for direation
from the thruster inputsuc to thruster forcesk for the USR, control, while the propulsion of the robot is given only by the
and the results prove that the relationship is quite lind&el@sidi  thrusters. Itis a decoupled system where the values of thieaon

et al., 2016p Another purely bio-inspired con guration of input ucis responsible for controlling the forward velocity of
the underwater snake robot Mamba with a passive caudal rhe robot, while the heading controller (2) is responsibletfe
attached at the tail module of the roboFifure 2) can be turning motion of the robot.

advantageous compared to the con guration with thrusteirscs Obstacle avoidance is by its very nature a safety featurehwhi
it does not produce signi cant acoustic noise. Moreover, a nshould be activated when necessary and otherwise not a ect
con guration will not perturb the surroundings as much as the behavior of the system. In this paper, the default mode of
the thrusters, which is highly relevant for applications sucloperation is straight line path following, although this otfjee

as archaeological investigation of shipwrecks and nondivea may easily be replaced by another mode of operation to be
monitoring of marine life. A comparative study of the robotttvi combined with the proposed obstacle avoidance method. For
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FIGURE 3 | Experimental setup to investigate path following controlrad obstacle detection and obstacle avoidance using the undevater snake robot Mamba.

more details, see section 2.3 akide and Pettersen (2016Jo  found in (Kelasidi et al., 2016a, 201)7In this paper, we present
achieve a guidance system with a path following and an olestacxperimental results for the underwater snake robot Mamtih wi
avoidance mode, we employ a guidance law frgwhl et al. thrusters at the tail module, using the path following control
(2017)which is suitable both for straight line and circular path approach described below.
following. The latter is applied for obstacle avoidance torete The control approach consists of a path following guidance
obstacles on the way. law responsible for producing the reference orientatigs . the

Obstacles are avoided by ensuring that the USR alwaysading controller responsible for making the actual oraiun
maintains a certain safe distance between itself and thecles track the reference orientation, and the control input
Thus, in our obstacle avoidance guidance system we proposett the thrusters responsible to propel the robot forward. The
encircle an obstacle, whose center position is de negpaD  reference orientation refps Of the robot is calculated using
[pox,poy]T, with a virtual circle of radiuRRs. The circle center the guidance law presented in (1), which for the straight line
is anchored in the obstacle center, and the radius is choseyath following reduces to the well-known LOS guidance law.
su ciently large so that if the USR is outside or d®, a collision The LOS approach is based on a term guiding the vehicle in
will not occur. ThereforeRs is referred to as the safe radius, andquestion along the desired path and another toward the path.
the formalized control objective of the obstacle avoidaisce®  The latter is reduced to zero when the vehicle is on the desired
ensure that the USR is always outside oRan path and is commonly used both for marine vehicl@s(haug

A variety of dierent path following control approaches and Pettersen, 2006; Breivik and Fossen, ptaxd USRs
for USRs without thrusters have been studied in previougKelasidietal., 2016a, 20)7b
literature (Viclsaac and Ostrowski, 2003; Lapierre and Jouvencel, In this paper, the reference path is aligned with the wodd
2005; Alamir et al., 2007; Kelasidi et al., 2016a, 2017kaxis. Therefore, thg-position of the USRpy is de ned as the
An introductory discussion comparing the dierent control path cross-track error for path following. The orientationtbie
approaches studied for underwater swimming robots can beobot was measured using the underwater camera positioning

Frontiers in Robotics and Al | www.frontiersin.org 5 July 2019 | Volume 6 | Article 57


https://www.frontiersin.org/journals/robotics-and-AI
https://www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-AI#articles

Kelasidi et al.

Thrusted Underwater Snake Robots

TABLE 1 | De nition of mathematical terms.

Symbol

Description

Uc

ref
*y)
(x> Py)

Po
ref,pf

ref,oa

Thruster inputs

Orientation of the robot

Reference orientation of the robot

Vector of global coordinates of the CM of links

Global coordinates of the CM of the robot

Amplitude of sinusoidal motion pattern

Frequency of sinusoidal motion pattern

Phase shift between the joints with a sinusoidal motion pagirn
Joint offset coordinate used for directional control

Vector of joint angles j

Vector of reference joint angles ;

Look-ahead distance

Coordinates of the CM of the obstacle

Orientation of the robot during path following mode
Orientation of the robot during obstacle avoidance mode

system as shown iRigure 3 by attaching re ective markers at
the tail module of the robot. The heading controller (3) isdgo
generate the joint angle o set,p, which is sent to the robot via mode. This is described in more detail in section 2.3.
the CAN.
There are multiple possible de nitions of the orientation of a reference for each joint as
USR Kelasidi et al., 2016a; Kohl et al., 2D1l& this paper, the
orientation of the robot is de ned as the orientation of the head
angle : D . Inthe experimental setup, the USR position and
orientation is measured using the underwater positioningtegn
in the lab (sed-igure 3). The reference orientation is de ned by
the following guidance lawohl et al., 201)

ref D arctan(—i),
-
dhy
kdhpk?
1,
C1,

01 , 1 Kalong
dh ,
10 7P kdhpk

(p) D kiranh(p) C 1)

circle counterclockwise
circle clockwise

for obstacle avoidance. In this case, the parameteontrols

the USR direction of motion, and is chosen such that the USR
circumvents an obstacle by deviating as little as possibie the
reference straight line path. Note that for this guidanceesoh

it is su cient to know the position of the obstacles relative to
the USR. However, in this paper we have calculated the obstacle
world position because the obstacles are detected relative to
the camera frame (attached to the USR head link), whereas the
position of the USR is given as the CM.

When applied to a straight line, the guidance law (1) ensures
that the USR converges to the reference path. However, for
a circular path, the guidance law (1) ensures that the robot
approaches the path and thereafter remains close to it with a
constant o set outside the radiugs.

Remark 1.Note that the o set can be made small by increasing
kiran Or eliminated completely by adding integral action to the
guidance law. However, in this paper we deliberately choose
employ a rather smallk, and thus always keep the USR safely
outside the circle, rather than ensure that it convergssrdmthe
safe radius Rand possibly overshoots.

The nal part of the guidance system is an algorithm which
determines if path following or obstacle avoidance is the activ

In Sans-Muntadas et al. (201it)is proposed to set the

iMD o 2)
i.e., to make each joint have the same value, providing an even
curvature along the whole robot. This is di erent frordohl

et al. (2017)where undulations are used for propulsion, and
the joint references include an additional sinusoidal tewith

a phase shift between the joints. Instead (2) ensures that the
joints are used only for directional control, while the thtess are
used to propel the robot forward. In particulaé@ans-Muntadas

et al. (2017has shown that by using (2) the robot managed to
converge nicely toward and move along the desired path. Hence,
in order to steer the thrusted USR to the reference orientatio
the parameter ¢ is used to control the direction of the robot.
To steer the orientation according to the guidance law (1),

Here,h(p) is a cost function that implicitly de nes the reference o following PD controller is used to de ne the joint angle
path,dhg D r h(p) is a vector that is normal to the level sethof 5 gat (Kohl et al., 201y

kiran is the transversal gain, ardong the along-path gain. This
reference angle is referred to ag prand is utilized as a reference
for path following (seé-igure 3).

Sincedhg D r h(p) is perpendicular to the level sets laf),
the control law (1) can be intuitively described as followeeT and positive. In addition, to ensure that the joint angle

reference velocity (p) is composed of two components: The rst tracks the reference signa|] D

/IC kd I:r)ef P (3)

oD kp- ref
In the above equation, the control gaiks and ky are constant

o, a low level P-controller

componentis perpendicular to the level setfi0j and decreases s jmplemented in the microcontrollers inside each module of
the distance of the center of mass to the curv® h 1(0). The

second component s tangent to the level sety(9fand regulates  corresponding low level controller is implemented to enstmatt
the velocity of the center of mass on the curvéd h 1(0). The
choice of enables us to choose the direction which the robot
should follow around the obstacle.

Analogously, the anglees o4 Obtained from (1) by using

hoa(P) D (Px  Pox)? C (py

Poy)> RZis used as a reference

Mamba. Similarly, to assign a rotational speed to the thmssi@

the two tail thrusters track the referenog

2.3. Set-Based Obstacle Avoidance
Itis clear that tasks such as path following and obstacle anuiel
are not necessarily compatible. If an obstacle is somewhang alo
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the path, the USR either has to deviate from the path or collideoperation, which is active as long as it will not lead to a s,
We therefore propose a switched control system with a patfs path following. When the USR is close to an obstacle and path
following and an obstacle avoidance mode. The default mdde dollowing will further decrease that distance, the systemchveis

' Nl |
L - I'I\ \A&eﬂp}\ i
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FIGURE 4 | Obstacle avoidance parameters: the set-based task is de ned
as the distance between the obstacle center and the USR. Ouige the mode
change radiusRm, the system is always in path following mode. The desired
straight line path lies along the x-axis. The desired headjfor path following is
dened as ref pf and indicated by the black arrows for several USR positions
and orientations. InsideRm, the system is in path following mode if it will lead
to anincrease in , i.e., when the angle between ref pr and o is smaller than
or equal to = 2. Otherwise, obstacle avoidance mode is active, in which cse
the desired heading is de ned by ref 0q @nd the USR should converge the and
track the safe radiusRs.

to collision avoidance mode.

The switched guidance system is based on recent results
in set-based controlMoe et al., 2016 Here, a widely used
kinematic control framework is extended to handle set-based
tasks, which have a valid interval of values rather than etex
desired state. Obstacle avoidance may be described as such
a task, where the distance between the USR and an obstacle
should be kept within a certain interval. In particular, thelida
interval is given by all positive numbers above the lower lwbun
Rs. However, the approach proposed Woe et al. (2016)s
applicable to redundant systems to fulll several, compatible
tasks simultaneously. Since the two control objectives, i.
path following and obstacle avoidance, are not compatible, we
therefore alter the approach according ktoe and Pettersen
(2016) and Kohl et al. (2017)to switch between the two
tasks, i.e., the two guidance lawgspr and ref,04 described in
section 2.2.

For the switched system we introduce an additional circle,
which is also anchored in the obstacle cerpgy with a radius
Rn > Rs. The radiusRy, is referred to as thenode change
radius Outside the mode change radius, the guidance system
is always in path following mode. Insid®y,, either mode may
be active. If path following mode will not lead to the distance
between the USR and the obstacle decreasing further, it igeacti
Otherwise, obstacle avoidance is activated, and the USRdshou
converge toward the safe radil®. The mode change radius
must be chosen su ciently large so that in case of a switch to
obstacle avoidance mode, the USR converges to the safe radius
without overshoot. This is partly achieved by tuning the eloée
avoidance guidance law such that the USR converges to an o set
outsideRs rather than to the actual safe radius as described in the
previous section. The desired switching behavior is captimsed

FIGURE 5 | The robot Mamba with thrusters and the re ective markers repgsenting obstacles.
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FIGURE 6 | The 3D-position of a marker relative to the camera coordinatsystemp§ D [xr, yr, z]" can be calculated using the focal lengttf of the camera, the area of
the marker in the imageAp and realityAr and the position of the marker in the image coordinate systenxp, yp). In this paper, the USR is moving in the plane, so the
vertical componenty; can be ignored. (A) Convert input image to black and white.(B) Find closed boundaries, smoothen them, calculate curvaterand count number
of peaks to classify geometric shape(C) Find the position &p, yp) and the area of the shapeA,, in the image coordinate system.(D) Use the pinhole camera model,
camera focal lengthf and the actual area of the shapeA; to calculate the 3D-position of the detected shape relativéo the camera coordinate frame.(E) The calculated
position is referred to aspg D [r, yr, zr]. (F) Use the USR camera position and orientation to calculate theetected position in the world coordinate framepo.
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Algorithm 1, which is based on set-based theory describétiia ~ TABLE 2 | The average forward velocity and power consumption for the @th
et al. (2016)Moe and Pettersen (201,6and Kohl et al. (2017) following case studies using the underwater snake robot maia with thrusters.

uc Fe[N] 1[m] kp (0)[deg] py(0)[m] N[m/s] Pavg [W]

Remark 2.Note that a similar approach is appliedthl et al. 5.1 o0 54360
(2017)for obstacle avoidance of snake robots without thrusterstha, , 5 4362
is able to propel forward only by using undulatory gaits. Dtlegt Path3 60 24362
oscillatory behavior of the swimming snake robots, thHeasetd Pathd 60 24362
approach must be more conservative to ensure that no pag of t
robot collides with the obstacle. For thrusted USRs ingper pve

exploit the fact that the thrusters ensure forward propulsia

the joints control the direction of motion by letting theatatafely and computer vision. Thus, obstacles of di erent sizes may be
curve around the obstacle. marked with di erent shapes. For unforeseen events such as

debris another detection scheme must be applied. However, note
that a set-based approach is still applicable for avoidance given
estimation of obstacle position and velocity.

For these experiments, we used the pinhole camera

0.18 -82.70 0.8905 0.2468 63.8400
0.09 -26.20 0.9544  0.2265 53.3855
0.09 21.4 1.7991 0.2167 58.4885
0.13 -2.70 1.1570 0.2240 45.8850

T

Algorithm 1: The set-based switched guidance algorithm.

Input: , refpf o model (VMiedioni and Kang, 20040 derive the equations applied

if R then in the implemented detection algorithm. Three geometricpssa

| refD refpf with a known ared\; have been constructed using re ective tape,
elseifj refpt o 3 then and these represent the obstacles in the experiments: a circle,
| ret D refpf a triangle and a square (s€&ure 5). To avoid an obstacle by
else circumventing it as described in sections 2.2 and 2.3, thstamite

| refD refoa position in the world coordinate framg, must be known.
end Hence, the goal of the obstacle detection algorithm is toutale
this position.

The obstacle detection algorithm is based on four main steps,

For the obstacle avoidance scenario described above, tiwhich are illustrated inFigure 6 (1) Recognize and classify
obstacle avoidance taskis de ned as the distance between thean obstacle marker as a triangle, square or circle, (2) nd the
USR CM and an obstacle. It has a valid interaD [Rs,1 /,  position and area of the marker in the imagg, yp and Ap,
and the input parameters are illustratedfiigure 4 where (¢ ,r  (3) compareA, to the actual area of the markéy; and use the
is the desired heading for path following angd is the angular camera focal lengtfi and the marker position in the image to
coordinate of the obstacle. Thus, as illustratedrigure 4, path  calculate the 3D obstacle position relative to the canpgrand
following will result in the distance between the USR and th€4) nd the obstacle position relative to the world coordimat
obstacle increasing when the angle betwegn, and o is  frame p, by rotating and translating about the camera frame
less than= 2. In this case, path following is active also withinorientation and position. The detailed implementation can be
the radiusRy. Note that by using the CM of the USR when found in Algorithm 2.
calculating , part of the USR is actually allowed within the safe
radiusRs. This must be accounted for by choosing a su ciently
largeRs. Furthermore, the switching strategy in Algorithm 1 is
completely general, and may be applied for any combinatio
of guidance laws to achieve alternative desired behavia s
as target tracking, trajectory tracking or other path follogi
schemes.

Remark 4.Note that the equations ifigure 6D are based on
the assumption that the obstacle marker is oriented platalle
*he camera coordinate system xy-plane, i.e., that all timerso

of the triangle have the same z-coordinate. This assumiption
not satis ed if the camera is looking at a marker at an angle.
However, due to the relatively small size of the markers, the
Remark 3.Note that this method is valid for multiple obstaclegotential di erence in the z-coordinate of the corneranigéi and
given that said obstacles are not overlapping or movingeset Small compared to the distance at which it is necessaryeo/ebs
experiments, only one stationary obstacle was used due to fifm to successiully avoid the obstacle. Thus, this assanpti
limited size of the test basin. Handling overlapping andimgoy @ Valid approximation and will result in a limited error inh
obstacles is a topic for future work. calculated position.

2.4. Obstacle Detection 3. EXPERIMENTAL RESULTS

In this paper, we assume that the USR is to operate in some

structured environment which we are free to in uence, e.g.In this section, we discuss the obtained experimental redalt

an underwater oil and gas structure. Hence, we presume théte proposed path following control strategy (section 3.1) and
potential obstacles are marked with some sort of geometrithe obstacle detection and avoidance concept (section83p—
shape that may be detected using a camera on the USR hedescribed in previous section using the thrusted USR Mamba.
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FIGURE 7 | Experimental results path following(A) Center of mass position foruc D 60, kp D 1, kg D 0,1 D 180cmand D 82.7°. (B) Center of mass position
foruc D60, kp D1, kg D 0,1 D90cmand D 26.2°.(C) Center of mass position foruc D 60, kp D 1, kg D 0, 1 D 90cm and D 21.4°. (D) Center of mass
position forue D 60, kp D 1, kg D 0,1 D 130cmand D 2.7°. (E) The orientation of the robot for case(A). (F) The orientation of the robot for case(B). (G) The
orientation of the robot for case(C). (H) The orientation of the robot for case(D). (I) The motion of the underwater snake robot Mamba with thrustes during the path
following for the experimental results presented iC,G), where the red lineindicates the reference path.

3.1. Straight Line Path Following whereV D 35 [V] and layg [A] is the average current that
In all experiments the joint angles of the robot were set tmzer is measured using the high performance industrial logging
whereas the initial orientation,(0), the position of the CM of the multimeter FLUKE 289. In addition, the average forward viloc
robot along they axis,py, the proportional control gainkp, the  for each experimental trial was calculated as

look-ahead distancd, , and the control input to the thrusters,
Uc, are displayed infable 2 for each trial. The average power

consumption is calculated by using the following expression ND q

(Pstopx Pstartx)? C (Pstopy pstarty)2 Htstop  tstart),
Pavg D Vlavg 4) (5)
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FIGURE 8 | The obstacle detection algorithm described irFigure 6 was run three times for different USR positions and orientan shown as magenta, blue and red,
respectively. For the two latter cases, the algorithm alsoetects the distorted surface re ection of the markers and clasi es it as a square and a triangle, respectively.
For a true underwater applications this phenomena will notezur, and these fake detections are easily disregarded by akerving that theiry-coordinate is negative,
i.e., they are above the surface(A) The average detected position} was 7 cm from the actual obstacle position . (B) The detected obstacle position relative to the
camera p§ corresponding to magenta in(A). (C) The detected obstacle position relative to the camergg corresponding to blue in(A). (D) The detected obstacle
position relative to the camerap§ corresponding to red in(A).

wherepstart and Pstop represent the initial and the nal points applications in subsea environment, such as for instance
of the distance traveled in the time intervaop tstart The  docking Sans-Muntadas etal., 2017
control gain ky was set to zero for the experimental results Experimental results for four di erent path following trials
presented for the straight line path following control approach of Mamba with thrusters are presented Figure 7, see also
In addition, the joint o set ¢ has been saturated at20 to the Supplementary Videos As Figure 7 illustrates, the robot
ensure that the physical limitation of the robot joint angliss manages to converge to and follow the desired path for all
not exceeded. the investigated cases. Furthermore, the reference atient
Previous experimental results for path following ofis tracked without oscillations. The overshoot and the daliti
underwater snake robots using the body undulation forrapid change on the orientation shown Figure 7 as the snake
both propulsion and directional control, showed that therobot converges to the path is a result of the tuning, and in
robot was able to reach and follow the path using the LO®articular the choice of the look-ahead distarice The larger
guidance law Kelasidi et al., 2016a, 20)7kHowever, the use the choice ofl is, the smaller the overshoot will be, and the
of an oscillatory gait pattern causes steady state oscil&tioslower the convergence rate will be. The choicd of thus a
about zero for the cross-track error and the orientation,trade-o between convergence and the overshéGtl@sidi et al.,
which is expected since it is dicult to achieve a purely 20170). The small steady state error in cross-track error may
non-oscillating motion for the CM and the orientation of be a result of several factors, such as the possible misaignm
underwater swimming snake robot¢lasidi et al., 2016a, of the two thrusters used at the tail module of the robot,
2017h). These oscillations can be restrictive for severamneasurement errors from the dierent sensors used during
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FIGURE 9 | Experimental results for path following with detected obsicle position and obstacle avoidance(A) The obstacle detection algorithm described in
Figure 6 was run three times for different USR positions and orientain. The average detected positior} was approximately 0.07 m from the actual obstacle position

. (B) The path of the USR as it follows the path (blue), switches tolistacle avoidance and circumvents the detected obstacle (gen) and nally switches back to
path following (blue)(C) The actual and desired orientation of the robot. The contradystem switches from path following to obstacle avoidance® tD 13 s and
back again at t D 37 s. (D) The motion of the underwater snake Mamba with thrusters dunig the obstacle detection and avoidance experiments. Corrgponding
positions are indicated in(B).
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the experiments, and the forces on the robot due to the usea|gorithm 2: Obstacle detection algorithm.

of the tether. In the future, more advanced heading controf
approaches can be investigated to remove this small error, for
instance by including integral actiorC@harija et al., 20)2In
addition to the convergence to the straight line path, we otsd
results regarding the achieved forward velocity and the powe
consumption for all the investigated trials, and these am@nsh

in Table 2 The achieved velocity is very similar in all trials, which
is expected since the same control input value for the thrgster
was used for all the investigated cases. However, the &verag
power consumption varies for the di erent investigated path
following case studies as shown Table 2 This is reasonable
since the power consumption is related not only to the trusters
but also to the joint modules. The actuation of the directibn
control and thereby the joint motion for each trial depends on
the initial heading and distance from the path, which varies i
the di erent trials.

3.2. Obstacle Detection

For the experiments presented in this paper, the obstacle
detection algorithm was run o -line and the detected position
was added manually to the switched guidance and control
system described in section 2.3. However, the algorithra als
has the potential to be fully autonomous as part of the online
control system; the detection algorithm is su ciently fastat
runtime will not be a concern in an online implementation.
The implementation of the necessary communication and

Input: Camera image, USR position and orientatjmapy

and

Convert image to black and white, search for closed
boundaries of a certain size;
for each closed boundadtp

Smoothen boundary, calculate curvature, count number
of peaks in curvature;

if number of peaks =tben

shape = circle;

A; = area_circle_marker;

else ifnumber of peaks =thien

shape =triangle;

A, = area_triangle_marker;

else ifnumber of peaks =t#hen

shape = square;

Ar = area_square_marker;

Find area and position in imagly, Xp andyp;
Calculate position of shape relative to camera
ps D (X, z]™:

A,
z D A—’r’f
X D Zxp

Calculate position of shape in world frampg by
translation and rotation of the USR camera position
and orientation:

control structure required to achieve this is a topic of fugur
work. However, in the presented results the obstacle detecti
algorithm was run and the detected position added to the caintr
system in one operation without removing the robot from the
pool or turningito .

To detect the obstacle position, the detection algorithm
described inFigure 6 was run three times for di erent camera
positions and orientations, sdeigures 8§ 9A. Note that when
testing the obstacle detection scheme, the available UStopssi
and orientations where the obstacle marker was in the camesection, and experimental results are shownFigures 9B-D
frame were limited by the pool size and the Qualisys tracking\ recording of the experiment can be seen in the
system. The average of the three detected positigrivsas then  Supplementary Videos The USR initial position is on the
inserted into the control system and used for the remaindehe  reference path, and the initial mode is path following. Once
experiments. To quantify the accuracy of the algorithm, ttteal  the USR enters the mode change radiRg D 3 m, it is
position of the obstacle was measured using the Qualisylsitgic  evident that continued path following will result in the USR
system, and the nal detected positign, was approximately getting closer to the obstacle. Hence, obstacle avoidance is
0.07 m from the actual obstacle position, which corresponds tactivated, and the robot circumvents the obstacle by turrsind
7% of the safe radiuRs D 1 m and 3.9% of the total length of attempting to stay outside the safe radiRsD 1 m. According
the robot. This result is su ciently accurate to safely use the to the theory described in section 2.2, the USR converges
obstacle avoidance scheme, thereby con rming that the pregdos to a constant o set of the safe radius, which could be made
detection approach is highly applicable. Note that to achievemaller by a dierent choice of control gains. However, for
a su ciently good visual to detect and classify the re ediv this application it is crucial to avoid overshoot int8s, and
markers and to simulate a subsea environment as closely #sis a larger o set is preferable. Furthermore, the position
possible, all lights were turned o during the experimentsiwit of the USR is de ned by the CM, which also requires a more
the exception of the lights on the camera of the USR and theonservative approach since part of the USR will in fact be
Qualisys tracking system. allowed to enter the safe radii& and must be able to do so

safely. Finally, the physical obstacle in the pool partly bid¢ke
3.3. Obstacle Avoidance camera tracking system, making it infeasible with the e
The experimental setup for path following and obstacleexperimental setup to attempt less conservative approaches
avoidance is identical to the one described in the previousvhich would exploit the exibility of the USR better. Note that

Pex I cos(c) sin( ¢) Zr

D .
PoP by © sin(o) cos(e)  x

end
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the robot circumvents the obstacle by choosing the directio highly versatile robots may be equipped with di erent modules
along the circle that ensures the shortest path as discussedch as thrusters or ns, and are applicable for a variety ofgask
in section 2.2. within several elds of research.

As the USR circumvents the obstacle, path following will In this paper, we present a guidance and control system
once again ensure that the robot moves away from the obstack® ensure path following and obstacle avoidance of a USR
Path following is then reactivated and the robot convergesvith thrusters, in addition to a computer vision algorithm to
back to the path. This can be seen kigure 9B. Figure 9C detect and calculate the position of potential obstacles. Based
displays the reference orientation provided by the switchedn preliminary results to ensure energy e cient motion and
guidance system and the actual orientation of the USR. Thieigh velocity, the USR motion relies on thrusters for forward
implemented PD-controller ensures that the reference iskeal  propulsion, whereas directional control is achieved throtigé
in a su ciently accurate manner. Note that the switched gaitte  joints of the body. The proposed methods are all experimentally
system described in Algorithm 1 results in abrupt changes iwveri ed for the rst time, using the thrusted USR Mamba for
the reference orientation when the system switches betwat#n the rst time. Future work includes extending the proposed
following and obstacle avoidance. To provide the controlesys guidance and control approach to 3D in order to be able to
with a feasible reference signal, a hyperbolic smoothingtion  investigate path following and obstacle avoidance of USR with
is implemented to ensure a continuous reference signal afterthrustersin 3D.
switch Kohl et al., 201) In addition, the commanded joint
oset, o, is ltered with a rst-order low-pass Iter before it

enters the low-level controller. AUTHOR CONTRIBUTIONS

Figure 9D displays images from the experiment. The USRAII authors listed have made a substantial, direct and

clearly circumvents the obstacle on a circular path beforfﬁtellectual contribution to the work, and approved it
converging back to the reference path. The chosen contr%r publication '

parameters for the implementation are as follows:

1. Path following guidance lawes pf: kiran D 0.1,kaong D 0.15  ACKNOWLEDGMENTS
(corresponding to a look-ahead distanteD 1.5 m)
2. Obstacle avoidance guidance lawfos kvan D 0.02, This work was funded by the Research Council of Norway

Kalong D 0.15 through its Centres of Excellence funding scheme, project no.
3. Controller o:kp D 0.42ky D 0.03 223254-NTNU AMOS, and by VISTA - a basic research program
4. Smoothing function: in collaboration between The Norwegian Academy of Science

and Letters, and Statoil.

1
(t, tiast swited D > tanh( 1(t tiastswiteh 2)C1) ,
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The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.388obt.
u23019.OOOS?/fuII#supplementary-material

Supplementary Video 1 | Obstacle avoidance.

4. CONCLUSIONS

USRs have a multitude of essential qualities for autonomo
underwater operations, such as e cient locomotion, exible
bodies and the possibility to perform intervention tasks. 3&ne Supplementary Video 2| Path following thrusted Mamba.
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