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1. INTRODUCTION

Autonomous systems play a pivotal role in modern
applications, facilitating automation and efficient
operation in dynamic and uncertain environments. These
systems operate through loops that govern control and
decision-making processes. The inner loop focuses on
implementing a controller to ensure system stability and
achieve desired performance, while the outer loop is
dedicated to path planning and guidance algorithms that
determine feasible paths and direct the system effectively.

In recent years, control strategies for dynamic
systems operating in uncertain environments have evolved
significantly. These approaches, discussed in [1-
3], address challenges such as external disturbances,
modeling inaccuracies, and unknown conditions. In
Refs. [4, 5] adaptive control strategies for satellites are
developed. The controllability of dynamic systems under
various uncertainties has also been extensively studied [6].
A predictive controller is for spacecraft is introduced in
Ref. [7]. For outer-loop controllers, advancements have
been made in optimizing path planning and guidance to
enhance efficiency and robustness, as highlighted in [8,9].

Collision avoidance is a crucial aspect of autonomous
Mars Rover (MR) navigation, enabling safe exploration
of unstructured and challenging Martian terrains. It
minimizes the risk of damage to sensitive equipment
and scientific instruments, safeguards mission success,
optimizes energy consumption—a critical factor for
power-limited rovers—and ensures continuous data
collection, maximizing the scientific value of the
mission. While many studies have explored path-planning
methods [10, 11], integrating collision decision-making
and reactive obstacle avoidance in dynamic and uncertain
environments remains relatively underexplored.

High-speed ships present a parallel case, where
collision avoidance algorithms have been developed
to address dynamic movement and decision-making
challenges [12-14].  Insights from these maritime
systems have potential applications in MR navigation,
highlighting the interdisciplinary nature of the field and
the transferability of advancements across domains.

For planetary navigation, methodologies addressing
static and semi-dynamic obstacles have been developed
[15]. Traditional methods like artificial potential fields
(APFs) [16] and optimization-based techniques often
struggle in multi-obstacle scenarios. APF methods, for
instance, are susceptible to local minima traps and offer
limited solutions constrained by predefined cost functions.
Similarly, control barrier functions [17, 18] provide
theoretical safety guarantees but are computationally
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intensive and difficult to implement for adaptive planetary
navigation.

Multi-vehicle collision avoidance strategies, as
demonstrated in [19-22], are typically tailored for
structured environments, limiting their applicability to
the unpredictable Martian landscape. Recent approaches,
such as model predictive control (MPC) [23] and
machine learning techniques [24], have shown promise
in generating efficient collision-free paths. However,
these methods rely heavily on computation and training
data, posing challenges for resource-constrained Mars
missions.

Reactive collision avoidance algorithms like constant
bias and constant angle methods [25] are widely used
in robotics and vehicle navigation but require precise
tuning of avoidance angles. Improper tuning can lead
to inefficiencies or unsafe maneuvers, making them less
suitable for dynamic, multi-obstacle scenarios.

The velocity obstacle (VO) algorithm, commonly
used in robotics, identifies unsafe velocities leading to
collisions. Variants of VO have been applied successfully
in underwater [26], aerial [27], and ground robotics
[28]. However, conventional VO methods struggle in
scenarios with multiple dynamic obstacles due to static
cone formulations. Dynamic changes in velocity cone
intersections during maneuvers can compromise safety
and efficiency.

To address these limitations, we propose an adaptive
velocity obstacle (AVO) algorithm combined with a
line-of-sight (LOS) guidance law for MR navigation.
The LOS guidance ensures the rover remains on course
toward its target waypoint, while the AVO algorithm
dynamically constructs adaptive velocity cones based on
nearby obstacle motions to ensure safety. The proposed
system seamlessly switches between target-reaching and
collision-avoidance modes, guided by risk assessments
involving metrics like the distance to the closest point
of approach (DCPA) and time to the closest point of
approach (TCPA).

Simulations ~ validate  the  proposed method,
demonstrating its superior performance in handling
multi-obstacle scenario compared to existing VO
approaches. The remainder of the paper introduces
the MR dynamic model and reviews the conventional
VO algorithm. It then presents the main results and
analyzes the proposed method’s performance through
simulated scenarios, concluding with key findings and
future research directions.
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1. 1. Mars Rover Dynamics
We consider the dynamics of an MR as follows:

(1) = v, cos(w(1)),
y(t) = v,sin(y(1)), (1
V(1) = —ew(t) + (o),

where the states (x,y,y) € R? x S! represent the
position and heading angle of the rover, and 7 € R is
the input steering command. The position of the rover
is denoted as p,(t) = [x(¢),y(t)]", w(t) represents the
heading angle, v, is the constant velocity, and c is a
system parameter. Let R denote the set of real numbers,
St represent the set of real numbers modulo 27, and
| - | denote the Euclidean norm. The notation argmin is
used to identify the argument of the minimum value of a
function. For example, for x € Q, argmin f(x) identifies

X

the points x where f(x) achieves its minimum value.

This dynamic model captures the motion of an MR
traversing challenging terrains at a constant velocity. The
rover’s behavior is modeled as a simplified system suitable
for analyzing collision avoidance and path-planning
strategies. Figure 1 illustrates an example of a Mars
exploration rover used in simulation studies.

Fig. 1. Illustration of a Mars Exploration Rover.

2. VELOCITY OBSTACLE (VO)
METHOD FOR COLLISION
AVOIDANCE

The velocity obstacle (VO) method identifies a set of
velocities that would lead to a future collision between
a MR and an obstacle. By ensuring the MR’s velocity
remains outside this set, it can effectively avoid collisions
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[29]. While the obstacle can have any shape, for
simplicity, it is assumed to be circular with radius R,.
The dynamics of a moving obstacle are defined as:

Xm(t) = v, cos(W),
ym(t) =V Sin(l//m)a 2)
Yin =17,

where (X, Vi, W) € R? x S! represents the obstacle’s
position and heading, and 7 is a constant heading angle.
The instantaneous position of the moving obstacle is given
by pm(t) = [Xu(t),ym(t)]", W, is its constant heading
angle, and v, is its constant velocity.

The velocity cone, which geometrically represents the
collision region between the MR and a moving obstacle
with radius R,,, is illustrated in Figure 2. The edges of the
velocity cone are defined by the angles:

v =VuEp, 3

where W, is the desired heading angle towards the
waypoint, and f3 is the avoidance angle from the obstacle.
For a starboard maneuver, ¥, = Y, + 3, and for a port-side
maneuver, ¥, = Y, — 3.

Obstacle .
B Waypoint LOS R,

‘Vi’.‘fﬂc“}, Con;-_
S

Fig. 2. Velocity cone from the MR to the obstacle.

2. 1. DCPA and TCPA Calculations ( [13])

The Distance at Closest Point of Approach (DCPA) is
the minimum distance between the MR and the obstacle
at their Closest Point of Approach (CPA). The Time to
Closest Point of Approach (TCPA) is the time taken for
either the MR or the obstacle to reach this CPA, where
they are at their minimum distance from each other.

Mathematically, the DCPA and TCPA are given as:

DCPA = ||D||sin(¢), 4
vID
TCPA= —— " —— (5
[[vr[[*cos(9)]
where:

)
-1 v, D
. = COS TR
¢ (HWHHDH)’
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* V= [ —%kn,y—Ym]' is the relative velocity,

* D= [x—Xu,y—yn| " is the relative position vector.

3. ADAPTIVE VELOCITY
OBSTACLE AVOIDANCE

The Adaptive Velocity Obstacle (AVO) collision
avoidance method is integrated with the Line of Sight
(LOS) based goal-reaching guidance law. Consequently,
the control system for the MR operates in two modes: 1)
Target Reaching Mode and 2) Collision Avoidance Mode.
The transitions between these modes are determined by
decision-making processes based on risk assessment, as
discussed in Section 3. 3. We assume that a sequence of
waypoints is provided by the mission planner.

3. 1. Target Reaching Mode

In this subsection, the guidance law for waypoint
reaching is described.

Target Reaching Guidance Law

To reach the waypoint p; := (x;,y;), we define the desired
guidance law (heading angle) for equation (3) as:

va(t) = atan2 ((y, —y), (x — x)) . (©)

We define the heading track error as e(r) = y(t) — y,(1).
Thus, the error dynamics become:

é(t) = —cy(t)+ct(t) — yu(t). (7

We propose the control law:

(0 = Sylt) + vale), ®

to ensure the asymptotic stability of the heading track
error dynamics (7).

3. 2. Obstacle Avoidance Mode

In this mode, the MR avoids multiple dynamic obstacles
as follows.
We consider M dynamic obstacles, where the i-th obstacle
is represented by the obstacle dynamics in equation (2),
with subscripts such as (X,ui, Ymis Wi, Pmi) fori=1,..., M.
The minimum allowable distance around the obstacle p,,;
is denoted as Cs, representing the smallest acceptable
bound on the DCPA.

We observe that there always exists a change of
variables that aligns the waypoint LOS with the x-axis.
We now define a criterion for constructing a circle C(¢),
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shown in Figure 3, as follows. Initially, we assume that
the circle C(¢) with radius R(¢) encompasses all dynamic
obstacles.

(1) Compute dyi(t) = [|ps(t) = pmi()]. I dui(t) <
dsae = Cy, the i-th obstacle p,, (1) is inside C(t);

2) Compute duis(t) = lpuilt) — pui(Oll i # . 1f
dyij(t) < 2dsape, the j-th obstacle p,;(f) is inside
C(0);

(3) Calculate (TCPA;,CPA) according to equation (4)
for all k = 1,....M. If ||py(t) — CPAY|| < dyase. the
k-th obstacle p(¢) is inside C(r);

(4) If the minimum k exists such that ||ps(¢) —
CPA;|| is minimized at (CPA;,TCPA;), compute
the new future position of the k-th obstacle pu :
(ka(TCPAd),ymk(TCPAd)) at TCPA,;. If ||ps(t) —
Pmiit|| < dsafe, then the [-th obstacle p,,(r) is inside
C(t).

After these steps, if there are Q obstacles inside the circle

C(t), the radius R(r) is given by:

R(r) = max{W (1), H(1)},

where H(f) = max{|y.,()|} + G, and W() =
max{|xug(r) — xmc(t)|} + C5, with ¢ = 1,...,0Q, and
DPime(t) © (Xme(2),yme(2)) is the CPA, of the g-th obstacle

In Figure 3,' we consider QO = 3, and obstacle 3’s
CPA, puc(t), has the minimum distance to the MR
ps(t).  Therefore, puac(t) @ (Xm3e(t),ym3e(t)) is CPAg,
with H (1) = [y ()] + Cys W(t) = it (1) — e (1) |+ Ci,
and d(t) = ||ps(t) — pm3c(t)]] being the distance between
Pmac(t) and the MR p(f). The radius of the circle is
R(t) = max{W(t),H(t)}.

Pmi1(t)
R(t); Obstacle 1

Obstacle 3

D = X

LS T ] R(t) Waypoint LOS
e, : (t) Wayp

1
Most risky obstacle h
1
1

Obstacle 2
t)

Pm2

Cs) :
i Circle C(t)

Fig. 3. Illustration of the adaptive velocity cone with multiple
obstacles present.

Once the construction of circle C(¢) is complete, the
desired heading angle to avoid multiple obstacles is
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calculated from the edges of the circle as follows.

Obstacle Avoidance Guidance Law
To avoid multiple dynamic obstacles, the desired guidance
law (heading angle) for equation (3) is defined as:

Vac(t) = atan2 ((y, — y), (x — x)) L atan2 (R(t),ds(1)).
)
We define the heading track error as e(¢) = y(r) — Wy (t).
Thus, the error dynamics become:
é(t) = —ey(t) +eo(t) — Vi 1). (10)

We propose the control law:

‘L'(l) = %l[./dc(ﬁ + llfdc(t)v

to ensure the asymptotic stability of the heading track
error dynamics (10).

3.3. Decision Making Based on Risk
Assessment

The control switches from target-reaching mode to

obstacle avoidance mode if both of the following
conditions are satisfied:

1. The waypoint LOS intersects with the adaptive
velocity cone, causing the obstruction flag to be raised
to one.

2. The risk index (RI) flag is one. The flag of the risk
index (RlIfy) is determined as:

0,
RIF]ag = 1

where the risk index RI for DCPA, TCPA, and
obstacle distance ||D|| is defined as:

if RI < G,

11
if RI > C,. an

RI:%(F(DCPA)+F(TCPA)+F(HD||))7 (12)

with C; being the threshold value of the risk index,
and F(-) as defined in equation (13).

1, € [0,di],
1-2(50) cewlﬂﬂ
F(C)_ (C*dZ)z Ce(dl+d2d]
dy—d, ’
0, ge(d2a°°)

13)

where { represents DCPA, TCPA, or obstacle
distance (||D||), and d;, d, are tuning parameters for
these metrics.
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We define an additional flag called the “collision
avoidance flag” (Cpae). If the vehicle reaches the
target, the mode switches to target-reaching mode and
the collision avoidance mode is temporarily halted. We
describe the switching logic as follows:

(14)

0, if no collision is detected,
CFIag = . .. .
1, if collision is detected.

4. RESULTS AND DISCUSSION

In this section, we provide an overview of the
simulation outcomes resulting from the implementation of
the proposed algorithm in complex scenarios.

For the scenario, the MR begins at the coordinates
ps(0) = [0,0]", with an initial heading angle of zero
degrees (y(0) = 0°) and a velocity v; = 0.16 kilometers
per hour. The designated waypoint is located at p, =
(50,0) meter (m), and the velocity of all three dynamic
obstacles is v, = 0.1 kilometers per hour. The risk
assessment parameters are set as follows: C; = 0.35
, DCPA € [10,25] meter, TCPA € [2,4] minutes, and
obstacle distance ||D|| € [10,25] m

100 [

50 - 2

¥ (m)

i *  Waypoint

-100 0 100 200 300 400 500 600
X (m)

Fig. 4. Path of the MR and three dynamic obstacles.

4. 1.

Figure 4 illustrates the MR’s trajectory for a specific
scenario, using the proposed AVO algorithms. The results
show that the MR successfully reaches the waypoint.
Figure 5 provides the distances between the MR and
obstacles using AVO methods. It is evident that the AVO
algorithm successfully navigates the MR to the waypoint
while avoiding all three obstacles.

Finally, Figure 6 shows the MR’s heading angle and
the corresponding control commands. These results
demonstrate the effectiveness of the proposed algorithm
in space vechicels collision avoidance.

Discussion
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Fig. 5. Obstacles’ distance.
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Fig. 6. MR heading angle and control command.

S. CONCLUSION

In this paper, we presented an adaptive velocity obstacle
algorithm combined with a LOS guidance law for safe
multi-vessel encounters while reaching a waypoint. We
constructed an adaptive velocity cone from the MR to the
unsafe set (circle) of multiple dynamic obstacles, utilizing
the time to closest point of approach (TCPA) and distance
to closest point of approach (DCPA) of each obstacle
relative to the Mars rover. Future research will focus on
extending the algorithm to account for MR and obstacle
dynamics under disturbances and uncertainties, as well
as formally characterizing the conditions under which the
proposed method can be considered probabilistically safe.
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