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Abstract
This paper introduces 3-D surface tracking control of an Unmanned Underwater Vehicle (UUV) in tunnel-like environments.
Consider the case where a sonar transducer in the UUV does not rotate, and it only emits fixed sonar ray reporting a simple
distance measurement. This reduces the power consumption of the UUV, while reducing the UUV’s size and price. The UUV
is controlled to proceed in tunnel-like environments, while maintaining a predefined distance from the tunnel boundaries. For
maintaining a predefined distance from tunnel boundaries, the UUV uses fixed sonar rays surrounding it. As far as we know,
our article is novel in developing 3-D surface tracking controls of tunnel-like environments utilizing an UUVwith fixed sonar
rays surrounding it. MATLAB simulations are used for demonstrating the performance of the proposed tracking controls.

Keywords Boundary tracking · Tunnel follow · Underwater exploration · Underwater navigation · Unmanned underwater
vehicle · Fixed sonar ray · Single-beam echo-sounder

1 Introduction

Our article introduces surface tracking controls for an
Unmanned Underwater Vehicle (UUV) with sampled range
measurements. In underwater environments, Global Posi-
tioning Systems (GPS) cannot be used for vehicle localiza-
tion. For enhancing the vehicle localization, various on-board
sensors, such as Inertial Measurement Units (IMU), can
be utilized [1–3]. However, using on-board sensors, it is
inevitable that localization error integrates as time elapses.

Considering an UUV that cannot utilize GPS signals,
this paper tackles the task of controlling the UUV so that
it proceeds in tunnel-like environments, while maintaining
a predefined distance from tunnel boundaries. This task is
used in many scenarios, such as inspection of underwa-
ter structures, surveillance, or underwater 3-D mapping and
exploration [2, 4, 5]. This task is elemental for many applica-
tions, such as inspection of bypass tunnels for dams, pipelines
in sewer networks, power plants, factories, petrochemical,
water supply and fluid transportation industries.
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Our article considers the casewhere the 3-D tunnel bound-
ary is not known in advance and the UUV cannot utilize
GPS signal for localizing itself. The UUV in our paper is
not equipped with full-scanning sonar sensors. In traditional
scanning sonars, the transducer head inside the scanning
sonar mechanically rotates via a stepper motor and moves
the transducer head in an arc to build up an image on the the
display software. However, the transducer rotation takes time
for rotating 360 degrees. Thus, simultaneous range measure-
ments are not feasible. Moreover, image processing requires
computational burden and power consumption, compared to
the processing of range measurements.

Our paper considers the case where a sonar transducer
in the UUV does not rotate, and it only emits fixed sonar
ray reporting a simple distance measurement. For instance,
a single-beam echo-sounder in [6] can be used for emitting
fixed sonar ray. This single-beam echo-sounder reduces the
power consumption of the UUV, while reducing the UUV’s
size and price.

We consider a spherical underwater robot as our UUV [7–
10]. Due to the high water pressure resistance of spherical
objects, spherical UUVs can perform rotational motions with
a 0 degree turn radius.

By attaching single-beam echo-sounders on the spheri-
cal UUV’s body, every fixed ray can build an equi-angular
configuration. In this way, the UUV can emit fixed sonar

0123456789().: V,-vol 123

/ Published online: 3 February 2024

Journal of Intelligent & Robotic Systems (2024) 110:29

http://crossmark.crossref.org/dialog/?doi=10.1007/s10846-023-02044-5&domain=pdf
http://orcid.org/0000-0001-7565-068X


rays surrounding it, such that every fixed ray builds an equi-
angular configuration. Multiple fixed sonar rays are utilized
to sense 3-D tunnel boundaries surrounding the UUV. It is
assumed that the maximum sensing range of a sonar ray is
known in advance. Fixed sonar rays are used to make the
UUV move along the 3-D tunnel, such that its information
gain along the unknown tunnel is maximized.

Our paper develops surface tracking controls that utilize
sonar ray measurements for maintaining a constant distance
(offset) from unknown tunnel boundaries. For maintaining a
predefined distance from tunnel boundaries, the UUV uses
fixed sonar rays surrounding it. TheUUV is controlled so that
it proceeds in a 3-D tunnel which is not known in advance,
while maintaining a predefined distance from tunnel bound-
aries.

In the literature, there are many papers on boundary track-
ing controls in 2-D environments [11–15]. Reference [16]
addressed how to track a boundary curve considering a robot
with multiple range sensors. Considering 2-D environments,
[17] introduced boundary tracking controls so that a vehi-
cle with rigidly mounted range sensors can follow obstacle
boundaries while maintaining a predefined distance. The
authors of [13] proposed reactive wall following controls
by a 2-D robot taking the form of an actively steered sensor
model that augments the robot’s motion dynamics.

Our article handles surface tracking control for an UUV in
3-D underwater environments. There are many papers [18–
20] on making an unmanned vehicle follow a designated
3-D curve. Considering 3-D space, [19] addressed a sliding
mode prediction controller, which makes an underactuated
UUV follow a desired 3-D curve under time-varying current
disturbances. The authors of [18] addressed an analysis of
the integral line-of-sight (ILOS) guidance method for path-
following tasks of underactuated marine vehicles, operating
on and below the sea surface. Considering 3-D space, [20]
handled a fully actuated robot moving at unit speed. Refer-
ence [20] developed a feedback control law enabling a unit
speed vehicle to follow a 3-D curve. However, [18–20] did
not consider how to make the UUV proceed in 3-D tunnel
environments, while maintaining a predefined distance from
tunnel boundaries.

Frontier-based exploration has been widely used for
exploration of unstructured environments [21–23]. In [22,
23], frontiers are defined as the border points that are calcu-
lated throughout the mapping and navigation stage between
known and unknown spaces. Formally, a frontier is a set
of unknown points that each has at least one open-space
neighbor [22, 23]. Thus, making a robot visit frontier points
can decrease unknown spaces gradually. In [21], traversal
towards the unexplored map frontiers was used with a fast
marching cost-to-go calculation to select a goal pose. How-

ever, finding frontiers requires that the robot has scanning
sensors, which is distinct from fixed sonar rays used in our
paper.

Moving toward a frontier can make the UUV move, such
that its information gain along the unknown tunnel is maxi-
mized. However, moving toward a frontier does not make the
UUVmaintain a designated distance from tunnel boundaries.
Thus, we address surface tracking controls, so that the UUV
proceeds along the unknown 3-D tunnel, while maintaining
a predefined distance from tunnel boundaries.

Recently, many papers [24–27] addressed exploration of
underground mines using robots with Lidar sensors. Lidar
has full-scanning abilities and has beenwidely used for build-
ing a 3-D map of the explored environment. However, Lidar
cannot be used in underwater environments, since electro-
magnetic signal dissipates fast.

Reference [28] studied the problem of navigation in mine
environments to enable collision free inspection with amicro
aerial vehicle (MAV) equipped with cameras. In [28], a
convolutional neural networks (CNN) was used to classify
the images from the cameras to left, middle, and right.
However, processing camera image based on CNN requires
time-consuming training with various images and is compu-
tationally heavy. Moreover, [28] did not handle how to make
theMAVnavigate in a tunnel, whilemaintaining a predefined
offset distance from tunnel boundaries.

Note that the UUV considered in our article does not have
full-scanning sensors for scanning the entire space surround-
ing the UUV. The UUV has fixed ray sonars with limited
sensing range, for detecting the tunnel boundary. Hence, the
nearest point, which is a tunnel boundary point that is the
nearest to theUUV, cannot bemeasured accurately.Our paper
thus addresses a novelmethod for estimating the nearest point
on the tunnel boundary, based on the UUV’s recent path.

In summary, this paper addresses 3-D surface tracking
controls, so that the UUV proceeds along the tunnel, while
maintaining a predefined distance from tunnel boundaries.
The UUV emits fixed sonar rays surrounding it, such that
every fixed ray builds an equi-angular configuration.

As far as we know, our article is novel in developing 3-D
surface tracking controls of tunnel-like environments utiliz-
ing an UUVwith fixed sonar rays surrounding it. Here, every
fixed sonar ray reports a simple distance measurement to
nearby obstacle boundaries. MATLAB simulations are used
for demonstrating the performance of the proposed surface
tracking controls.

The remainder of our article is organized as follows: Sec-
tion 2 discusses the control strategy addressed in this article.
Section 3 addresses how to conjecture the parameters related
to the UUV controls. Section 4 addresses MATLAB simula-
tion results. Section 5 presents Conclusions.
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2 Control Strategy

2.1 Definitions and Assumptions

This subsection addresses notations and assumptions utilized
in our article. Let c(∗) define cos(∗), and let s(∗) define
sin(∗). Considering an arbitrary vector v, unit(v) defines
the unit vector given as unit(v) = v

‖v‖ .
Consider an UUV located at the entrance of the tunnel.

One needs to make the UUV follow the tunnel surface, until
reaching the tunnel exit. The UUV must proceed in tunnel-
like environments, while maintaining a predefined distance
r0 from tunnel boundaries.

This paper considers discrete-time systems, where k
defines the sample-stamp. Let r1(k) ∈ R3 define the UUV’s
location at sample-stamp k.

Suppose the UUV is at r1(k). Let f(r1(k)) ∈ R3 define
the frontier directionmeasured by the UUV. In order to make
the UUV at r1(k)move forward along the tunnel, the UUV’s
heading vector is set as f(r1(k)). One sets ‖f(r1(k))‖ = 1,
thus f(r1(k)) is a unit vector. Section 3.2 presents how to
determine f(r1(k)) when the UUV is at r1(k).

Moving in the direction of f(r1(k)) can be utilized tomake
the UUV move forward along the unknown tunnel, while
maximizing the information gain. However, moving in the
direction of f(r1(k)) does not make the UUV maintain r0
distance from tunnel boundaries.

Since the UUV moves in underwater environments,
its localization error integrates as time goes on. This
paper assumes that localization error, which integrates from
sample-stamp k to k+kd , can be neglected. Here, kd > 0 is a
small constant. This short-time localization is feasible using
various localization approaches [1, 3, 29–32].

In order to follow the tunnel while maintaining r0 distance
from tunnel boundaries, the UUV emits fixed sonar rays sur-
rounding it. These fixed sonar rays meet the tunnel surface
and detect points on the surface. Among all points that are
detected by sonar rays from sample-stamp k − kd to k, a
nearest point is a point that is the nearest to the UUV. Let
r2(k) ∈ R3 denote the nearest point at sample-stamp k. How
to conjecture r2(k) utilizing the measurements of sonar rays
is explained in Section 3.1.

Suppose that the UUV has N fixed sonar rays surrounding
it. Suppose that each ray has a finite sensing range, say R f .
It is assumed that we can access the maximum range R f of
a sensing ray.

See Fig. 1 for an illustration of multiple fixed sonar rays
generated from the spherical UUV. In the side view, one fixed
ray emitted in the UUV’s heading direction is plotted with a
bold arrow. Other sonar rays are plotted with dotted arrows
emanating from the UUV. Red arrows indicate fixed rays that
are normal to the UUV’s heading direction. In total, 17 fixed
rays are used.

Fig. 1 An illustration of fixed sonar rays generated from the spherical
UUV. In the side view, one fixed ray emitted in the UUV’s heading
direction is plotted with a bold arrow. Other sonar rays are plotted with
dotted arrows emanating from the UUV. Red arrows indicate fixed rays
that are normal to the UUV’s heading direction. In total, 17 fixed rays
are used

The relative position of the nearest point r2(k)with respect
to the UUV is

r(k) = r2(k) − r1(k). (1)

In addition, our article utilizes r(k) = ‖r(k)‖.

2.2 MotionModel

Let dt define the sampling interval in discrete-time systems.
The UUV’s process model is

r1(k + 1) = r1(k) + dt × v(k) × u(k). (2)

Under (2), the UUV’s speed is represented as v(k). In (2),
u(k) ∈ R3 is the unit vector indicating the heading direction
of the UUV at sample-stamp k. u(k) is the control input of
our system. The simple dynamic model in (2) is commonly
used in the literature on robotics [33–39].

This paper considers a spherical underwater robot as an
UUV. The authors of [7–9] showed that by adopting vectored
water-jets, a spherical underwater robot can maneuver freely
in any direction. Since a spherical robot is highly maneuver-
able, the simple process model in (2) is feasible.

Let vn present the nominal speed of the UUV. This implies
that v(k) = vn is used for all sample-steps k.

2.3 Surface Tracking Controls

Let r0 define the desired distance between the UUV and the
tunnel surface. In addition, let ε ≈ 0 define a positive con-
stant.
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If r(k) > r0 + ε, then the UUV moves towards the tunnel
surface while progressing along the tunnel. If r(k) > r0 + ε,
then the UUV utilizes

u(k) = unit(−r(k)
r(k)

× η + (1 − η) × f(r1(k))). (3)

In (3), η is a tuning constant indicating the weight of moving
towards the boundary, compared to progression along the
tunnel. η exists inside the interval [0,1]. In (3), f(r1(k)) is a
unit vector, defining the frontier direction at UUV’s position
r1(k). Thus, ‖u(k)‖ = 1, since we utilize unit function. (3)
implies that the UUVmoves towards the nearest point, while
progressing along the tunnel.

As η in (3) gets closer to 1,moreweight is given tomoving
towards the boundary, than progressing along the tunnel.

In the case where r0 − ε ≤ r(k) ≤ r0 + ε, the UUV tracks
the tunnel surface.Before addressing the controls for tracking
the tunnel surface, we need to address two definitions. Let
proj(f(r1(k))) define the projection of f(r1(k)) onto r(k).
We have

proj(f(r1(k))) = r(k)
‖r(k)‖2 (f(r1(k)) · r(k)). (4)

Here, f(r1(k)) · r(k) indicates the inner product between
f(r1(k)) and r(k). Let n(k) be defined as

n(k) = f(r1(k)) − proj(f(r1(k))). (5)

See Fig. 2 for an illustration of n(k) and proj(f(r1(k))). In
this figure, r(k) is depicted with a dotted arrow.

Fig. 2 An illustration of n(k) and proj(f(r1(k))). r(k) is depicted with
a dotted arrow. proj(f(r1(k))) defines the projection of f(r1(k)) onto
r(k)

In the case where r0 − ε ≤ r(k) ≤ r0 + ε, the UUV tracks
the tunnel surface utilizing

u(k) = n(k)

‖n(k)‖ . (6)

According to the definition of proj(f(r1(k))), n(k) is normal
to r(k). Under (6), the UUV tracks the tunnel surface, while
progressing along the tunnel.

If r(k) < r0 − ε, then the UUV moves away from the
tunnel surface using

u(k) = unit(r(k)). (7)

(7) imply that the UUV moves away from the nearest point.
If r(k) ≥ r0−ε, then we store the heading direction using

us = u(k). (8)

Stored heading direction us ∈ R3 in (8) is used for handling
exceptions in Section 3.3.

3 Parameter Estimation

3.1 Conjecture the Relative Position of the Nearest
Point

The UUV emanates N fixed sonar rays surrounding it. For
instance, Fig. 1 plots N = 17 fixed sonar rays emanated from
the UUV. Among all points that are detected by sonar rays
from sample-stamp k − kd to k, a nearest point, r2(k) ∈ R3,
is a point that is the nearest to the UUV. We address how to
conjecture r(k) = r2(k)−r1(k) ∈ R3 at every sample-stamp
k utilizing multiple sonar rays.

Consider the body-fixed frame, say Lk′ , centered at the
UUV at sample-stamp k′. Since GPS cannot be used, the
UUV’s localization error must integrate as time goes on.

This paper assumes that localization error, which inte-
grates from sample-stamp k′ to k′ + kd , can be neglected.
Here, kd > 0 is a small constant. At every sample-stamp
k′ + i (i ∈ {0, 1, ..., kd}), we can localize the UUV in
the body-fixed frame Lk′ . For the UUV’s localization from
sample-stamp k′ to k′ + kd , we can utilize IMU-based local-
ization methods in [1, 3]. In the body-fixed frame Lk′ , we
calculate the 3-D coordinates of a sensed point, that is a point
at which the UUV’s sonar ray intersects the tunnel bound-
aries.

SeeFig. 3 for an illustration. In Fig. 3, r1(k′) ∈ R3 denotes
the 3-D coordinates of the UUV at sample-stamp k′. r1(k′)
is plotted as a circle. Moreover, xL , yL , zL denote three unit
vectors indicating the axis of Lk′ . In Fig. 3, dotted arrows
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Fig. 3 The tunnel surface (bold curve) is plotted on the right side of the
UUV. r1(k′) ∈ R3 denotes the 3-D coordinates of the UUV at sample-
stamp k′. r1(k′) is plotted as a circle. Moreover, xL , yL , zL denote three
unit vectors indicating the axis of Lk′ . Dotted arrows indicate sonar rays
generated from the UUV at every sample-stamp. The tunnel surface
(bold curve) is plotted on the right side of the UUV

indicate sonar rays generated from the UUV at every sample-
stamp. The tunnel surface (bold curve) is plotted on the right
side of the UUV. See that six sensed points are generated
on the tunnel surface. In our paper, sensed points represent
coarse obstacle environments detected by the UUV.

Suppose that Ni sensed points aremeasured by the UUV’s
sonar rays at sample-stamp k′ + i (i ∈ {0, 1, ..., kd}). In
the body-fixed frame Lk′ , Co j (k′ + i) ∈ R3 defines the
coordinates of the j-th ( j ∈ {1, 2, ..., Ni }) sensed point that
is measured by the UUV at sample-stamp k′ + i . Let So(k)
be defined as

So(k) = [Co1(k),Co2(k), ...,CoNi (k)]. (9)

At sample-stamp k′ + kd , we compute the nearest point
utilizing all sonar ray measurements from sample-stamp k′
to k′ + kd . Since localization error integration from sample-
stamp k′ to k′ + kd can be neglected, we localize the UUV at
sample-stamp k′+i (i ∈ {0, 1, ..., kd}) in the local frame Lk′ .
Therefore, [So(k′),So(k′ + 1), ...,So(k′ + kd)] is utilized as
the set of sensed points at sample-stamp k′ + kd . The UUV

at sample-stamp k′ +kd calculates the distance to each of the
sensed points in [So(k′),So(k′ + 1), ...,So(k′ + kd)].

Among all sensed points, a nearest point is a point that
is the nearest to the UUV. Therefore, the coordinates of the
nearest point at sample-stamp k′ +kd can be obtained in Lk′ .
Hence, r(k′+kd) = r2(k′+kd)−r1(k′+kd) can be calculated
accordingly. By replacing k′ + kd by k, r(k) = r2(k)− r1(k)
can be obtained at every sample-stamp k.

There may be a case where the current sample-stamp k
satisfies k < kd . In the case where k < kd , one calculates
the relative position of the nearest point utilizing all sonar
ray measurements until sample-stamp k. This implies that
[So(1),So(2), ...,So(k)] is utilized as the set of sensed points
at sample-stamp k. Then, the UUV calculates the distance
to each of the sensed points in [So(1),So(2), ...,So(k)].
Among all sensed points, a nearest point is selected as a
point that is the nearest to the UUV.

In our paper, sensed points represent coarse obstacle envi-
ronments detected by the UUV. If the UUV is located at the
center of a ball shaped obstacle boundary, then the UUV
is equidistant from all sensed points. However, as the UUV
moves inside a tunnel, this singular case will not happen,
since the UUV detects an open space for moving forward
along the tunnel.

3.2 Derive the Frontier Direction

We next address how to determine f(r1(k)) when the UUV
is at r1(k). Recall that (9) presents the 3-D coordinates of
Ni sensed points that are measured by the UUV’s sonar rays
at sample-stamp k′ + i (i ∈ {0, 1, ..., kd}). This implies that
N − Ni sensing rays do not detect any obstacle at sample-
stamp k′ + i . In the case where a sensing ray does not detect
an obstacle, we generate a point, called the open point, at the
end of the ray whose length is R f . Recall that each sensing
ray has itsmaximum sensing range R f . This open point is the
point where the sensing ray can reach without intersecting
obstacles.

Let Mi = N − Ni for convenience. In the body-fixed
frame Lk′ , Op j (k′ + i) ∈ R3 defines the 3-D coordinates
of the j-th ( j ∈ {1, 2, ..., Mi }) open point that is derived at
sample-stamp k′ + i . Let Os(k′ + i) be defined as

Os(k′ + i) = [Op1(k′ + i),Op2(k′ + i), ...,OpMi (k′ + i)]. (10)

At sample-stamp k′ + kd , the UUV derives the frontier
direction utilizingOs(k′ + i) (i ∈ {0, 1, ..., kd}). Since local-
ization error integration from sample-stamp k′ to k′ + kd
can be neglected, we localize the UUV at sample-stamp
k′ + i (i ∈ {0, 1, ..., kd}) in Lk′ . Therefore, [Os(k′),Os(k′ +
1), ...,Os(k′ + kd)] is utilized as the set of open points
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at sample-stamp k′ + kd . The UUV at sample-stamp k′ +
kd calculates the distance to each of the open points in
[Os(k′),Os(k′ + 1), ...,Os(k′ + kd)].

Among all open points in [Os(k′),Os(k′ +1), ...,Os(k′ +
kd)], a farthest open point is an open point that is the farthest
to the UUV at sample-stamp k′ + kd . Therefore, the coordi-
nates of the farthest open point at sample-stamp k′ + kd can
be obtained in Lk′ . Let ro(k′ + kd) denote the coordinates of
the farthest open point at sample-stamp k′ +kd . By replacing
k′ + kd by k, r f (k) = ro(k)− r1(k) can be obtained at every
sample-stamp k. Then, f(r1(k)) is set as

f(r1(k)) = r f (k)

‖r f (k)‖ . (11)

Before sample-stamp kd , the UUV maintains its initial
heading u(0). Also, f(r1(k)), where k ≤ kd , is set as the
UUV’s initial heading vector u(0). This implies that

f(r1(k)) = u(0) (12)

when k ≤ kd .

3.3 Exception Handling

Consider the worst case where no open point is found at
sample-stamp k. This implies that [Os(k − kd),Os(k − kd +
1), ...,Os(k)] is empty. In this case,we use the stored heading
direction us in (8) as f(r1(k)). In other words, we use

f(r1(k)) = us . (13)

If f(r1(k)) · u(k − 1) < 0, then this implies that the fron-
tier direction is opposite to the previous heading direction
of the UUV. This is not desirable, since the UUV needs to
move towards the tunnel exit. Thus, we set the stored heading
direction us in (8) as f(r1(k)). In other words, we use (13).

3.4 Discussion on Computational Load

We discuss the computational load of the proposed control.
The UUV’s control uses N × kd 3-D coordinates, which
are derived using N fixed ray sensors for recent kd sample-
stamps. Moreover, stored heading direction us ∈ R3 in (8)
is used for handling exceptions in Section 3.3. In total, (N ×
kd + 1) 3-D coordinates are used in our control.

4 MATLAB Simulations

We run MATLAB simulations for verifying the proposed 3-
D surface tracking controls. The sampling interval is set as
dt = 0.1 second. Furthermore, the desired distance r0 is

selected as 0.2 distance units. In Section 2.3, we use ε = r0
5 .

We utilize η = 0.5 in (3). The UUV’s nominal speed vn is 1
distance unit per second.

The UUV’s initial location is (0,2,0). Initially, the UUV’s
heading vector is set as u(0) = (0, 0, 1). The simulation ends
when the UUV reaches the tunnel exit.

At every sample-stamp, the UUV emits fixed sonar rays,
and each ray has the maximum sensing range as R f = 30
distance units. The UUV cannot sense a tunnel surface that
is too far from the UUV. See Fig. 1 for the configuration of
fixed sonar rays generated from the UUV. Each ray builds
an equi-angular configuration with respect to the central axis
of the UUV. In practice, there is measurement noise in sonar
sensors. Whenever a sonar ray senses a tunnel surface, the
associated range measurement is disturbed with Gaussian
noise with mean 0 and variance (0.01)2.

In MATLAB simulations, kd is selected as 5. This implies
that the localization error integration within 5 sample-stamps
is neglected. In the case where the current sample-stamp k
is less than kd , we utilize all sensed points that have been
measured until the sample-stamp k.

In practice, the UUV’s process model (2) is perturbed by
environmental effects, such as sea currents. Thus, instead of
(2), we use

r1(k + 1) = r1(k) + dt × v × u(k) + e. (14)

Here, e presents the process noise with Gaussian distribution
having mean 0 and variance (0.01)2.

4.1 Scenario 1

We consider Scenario 1, as plotted in Fig. 4. We consider the
case where r0 = 0.2 distance units. The tunnel boundaries
are plotted with red curves. The UUV’s path is plotted with
blue dots in this figure.

Recall that r(k) is the relative distance between the UUV
and the nearest point at sample-stamp k. Recall that r0
is selected as 0.2 distance units. Considering Scenario 1,
Fig. 5(a) describes the variation of r(k) as time elapses. r(k)
almost converges to r0 as time elapses. Since we use switch-
ing controls based on noisy rangemeasurements and location
measurements, r(k) oscillate around r0, but it does not con-
verge to r0. In addition, Fig. 5(b) describes the variation of
the UUV’s depth as time elapses. The UUV’s depth changes
from 0 to 60 as time goes on.

4.2 Scenario 2

We consider Scenario 2, as plotted in Fig. 6. We consider the
case where r0 = 0.2 distance units. The tunnel boundaries
are plotted with red curves. The UUV’s path is plotted with
blue dots in this figure.
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Fig. 4 Scenario 1 with r0 = 0.2 distance units. The UUV’s path is
plottedwith blue dots. The tunnel boundaries are plottedwith red curves

Recall that r(k) is the relative distance between the UUV
and the nearest point at sample-stamp k. Considering Sce-
nario 2 in Figs. 6 and 7 (a) describes the variation of r(k)
as time elapses. r(k) almost converges to r0 as time elapses.
In addition, Fig. 7 (b) describes the variation of the UUV’s
depth as time elapses. The UUV’s depth changes from 0 to
60 as time goes on.

Fig. 6 Scenario 2 while setting r0 = 0.2 distance units. The UUV’s
path is plotted with blue dots. The tunnel boundaries are plotted with
red curves

Next, we simulate Scenario 2 while setting r0 = 0.5 dis-
tance units. Fig. 8 (a) describes the variation of r(k) as time
elapses. r(k) almost converges to r0 as time elapses. Sincewe
use switching controls based on noisy range measurements
and location measurements, r(k) oscillate around r0, but it
does not converge to r0. In addition, Fig. 8 (b) describes the
variation of the UUV’s depth as time elapses.

Fig. 5 Scenario 1 with the case
where r0 = 0.2 distance units.
(a) the variation of r(k) as k
varies. (b) the variation of the
UUV’s depth as time goes on.
r(k) almost converges to r0 as
time elapses. In addition, the
UUV’s depth changes from 0 to
60 as time goes on
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Fig. 7 Scenario 2 while setting r0 = 0.2 distance units. (a) the variation of r(k) as k varies. (b) the variation of the UUV’s depth as time goes on.
r(k) almost converges to r0 as time elapses. In addition, the UUV’s depth changes from 0 to 60 as time goes on
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Fig. 8 Scenario 2 while setting r0 = 0.5 distance units. (a) the variation of r(k) as k varies. (b) the variation of the UUV’s depth as time goes on.
r(k) almost converges to r0 as time elapses
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5 Conclusions

Our article considers anUUVwith fixed sonar rays surround-
ing it. A sonar transducer in the UUV does not rotate, and it
only emits fixed sonar ray reporting a simple distance mea-
surement. In this paper, 3-D surface tracking controls are
developed so that the UUV with fixed sonar rays moves
along the tunnel, while maintaining a predefined distance
to the tunnel surface. We provide MATLAB simulations for
demonstrating the effectiveness of the proposed controls. In
the future, we will perform experiments using a real robot,
for demonstrating the effectiveness of the proposed surface
tracking control.

The control law in our article can be utilized by various
unmanned vehicles. For instance, aerial vehicles can utilize
the proposed control to track the surface of an underground
tunnel. In the future, camera sensors will be integrated with
sonar ray sensors for robust surface tracking [28].
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