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Abstract— This paper presents a novel risk vector-based near
miss prediction and obstacle avoidance method. The proposed
method uses the sensor readings about the pose of the other
obstacles to infer their motion model (velocity and heading)
and, accordingly, adapt the risk assessment and take corrective
actions if necessary. Relative vector calculations allow the
method to perform in real-time. The algorithm has 1.68 times
faster computation performance with less change of motion
than other methods and it enables a robot to avoid 25 obstacles
in a congested area. Fallback behaviors are also proposed
in case of faulty sensors or situation changes. Simulation
experiments with parameters inferred from experiments in the
ocean with our custom-made robotic boat show the flexibility
and adaptability of the proposed method to many obstacles
present in the environment. Results highlight more efficient
trajectories and comparable safety as other state-of-the-art
methods, as well as robustness to failures.

I. INTRODUCTION

The goal of this paper is to enable safe navigation of
marine autonomous surface vehicles (ASVs) via an adaptive
real-time static and dynamic obstacle avoidance method. The
proposed method presents more flexibility compared to other
methods — see Fig. 1 for an illustration of trajectories fol-
lowed by an ASV using a state-of-the-art method compared
to the one followed using our proposed method.

Current methods for marine vessel obstacle avoidance
(e.g., [1]-[3]) have shown safe behavior and ability to avoid
static and dynamic obstacles, following COLREGs, Conven-
tion on the International Rules for Preventing Collisions at
Sea [4]. One of the main criteria taken into account includes
the Closest Point of Approach (CPA) — the positions at
which two dynamically moving objects get to their closest
possible distance. Such a factor does not encode velocity
or direction of the controlled or other vehicles, resulting in
the algorithm working in a conservative manner that requires
increased computational and operational time. Some methods
have been developed to address this problem by taking into
account velocity and direction of other obstacles [5]-[7]. By
analyzing the Velocity Obstacle (VO) cone and choosing an
action, the corresponding vector is determined to lie outside
of that cone. The velocity relationship between the controlled
ASV and an obstacle is not explicitly considered, resulting
in potentially ineffective trajectories, e.g., passing ahead of
the obstacle.

To address the above mentioned problems, in this paper,
we propose a novel risk vector-based near miss prediction
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Fig. 1: Obstacle avoidance behaviors from a state-of-the-art
COLREG-constrained method keeping a fixed CPA (left) vs.
our adaptive method (right) able to achieve the same CPA
but with less traveled distance, under head-on and crossing
scenarios. Red vehicle: obstacle. Blue: controlled ASV.

and obstacle avoidance method. The proposed methodol-
ogy is based on calculating the risk according to, in ad-
dition to the CPA, the encountering angle and velocities
of the vehicles to foster an adaptive avoidance behavior.
The methodology is based on relative vector calculations
to make the proposed method perform in real-time for risk
assessment and action decision. We also include a sequence
of fallback algorithms to account for noise in the sensors and
ensure the safety of the vehicles. This allows the trajectory
to be as safe as the previous methods but with improved
performance in terms of traveled distance and computation
time. After calibrating parameters of a simulated ASV with
experiments with a real ASV, numerous simulations under
different encountering scenarios, number of obstacles, and
failures validate the proposed approach.

This paper provides the following main contributions:

o« A flexible risk vector-based near miss prediction
method!, which evaluates dynamic encounters (e.g.,
head-on, overtaking, and crossing) adapting to the spe-
cific condition based on different size, velocity, and
compliance with COLREGs;

« Relative vector-based predictions for real-time control,
resulting in assessment of situation and corresponding
action that can be computed in a few milliseconds;

« Fallback behaviors to react to unexpected behaviours

IThe code will be made opensource on our lab website https://
rlab.cs.dartmouth.edu
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of obstacles, such as close-quarter situations after an
action, or sensor failure; and

o Experimental evaluation and comparison with CPA- or
VO-based methods that highlights the feasibility of our
approach in avoiding multiple obstacles.

This work represents a first effort towards a context-
aware collision avoidance method that can be applicable to
ASVs and Maritime Autonomous Surface Ships (MASS), to
ensure safer navigation. This will result in the advancement
of many important applications, including environmental
monitoring, military missions, search and rescue, and oil spill
response [8].

This paper is structured as follows: the next section shows
the related work in maritime obstacle avoidance. Section III
describes the proposed approach including the framework
of risk vector-based concept and near miss computation.
Section IV presents results and demonstrations of the pro-
posed method with different encounter situations and the
number of obstacles. Finally, Section V highlights strengths
and potential extensions.

II. RELATED WORK

Collision avoidance and planning for robots have been
studied for decades in literature, with methods that use
techniques spanning from control theory to algorithms, and
that search a collision-free path in a global domain vs.
a local domain [9]. In the robotics literature, example of
methods include RRT-based [10], PRM-based [11] for global
methods; and Vector Field Histogram [12], Dynamic Window
Approach [13], velocity based [5] for local methods.

For maritime navigation, the literature has focused on
the collision avoidance from obstacles happening in the
local domain [14], as many of the obstacles are not known
until discovered with the on-board sensors. Recently, [15]
proposed metrics to evaluate how compliant an algorithm is
to COLREGs. Most of the research on maritime collision
avoidance for autonomous vessels assess the situation and
accordingly decide on the actions considering different cri-
teria: operability in diverse encounter situations and mobility
(static or dynamic obstacle) [2], [16], complexity of decision-
making on an evasive action [17]-[19], safety metric repre-
sented by Closest Point of Approach (CPA) (or variations of
CPA) [3], [20], compliance with COLREG [4], [21], vector-
based velocity obstacle [6], [22], the number of obstacles in
the corresponding circumstances [1], [21], and feasibility of
contingency maneuver in case of unexpected close-quarter
situations [18], [23]. An important concept is the concept of
near miss, defined as a situation where a collision did not
happen, but a slight change in motion could have resulted
into collision, typically based on Distance to CPA or Time
to CPA [24].

Such metrics do not account for the specific encountering
situation, such as the current velocity of the obstacles, the
vector’s encounter relationship with the controlled vehicle, or
obstacle size, resulting sometimes in an analysis that does not
reflect the actual near miss. We address the problem of “how
to assess the risk in a more adaptive way, according to the

specific encountering scenario, so that appropriate maneuvers
are taken by the ASV?”.

III. APPROACH

Our approach assesses the risk and determines the actions
to avoid collisions from obstacles that are within the ASV
sensor range. We assume that any obstacle within that
range can be detected. We also relax this assumption in
our experiments, simulating a sensor failure to evaluate the
responsiveness of our algorithm. While obstacle detection
from, e.g., cameras, LIDAR, RADAR, is an interesting
research direction, it is out of the scope of this paper.

In addition, we assume that our ASV is a Give-way vehi-
cle, following the COLREG definition [4]: our vehicle takes
a preemptive action to avoid a collision, while other dynamic
obstacles are considered as Stand-on vehicles, which means
they have the right of way [4]. The reason for this choice is
to robustly consider the worst case for the controlled vehicle,
thus taking a conservative behavior, as in many cases, people
do not follow the rules even if they shall act as a Give-way
vehicle by the rules.

To simplify our presentation, we describe the concept
and method of risk vector and near miss calculation in a
single obstacle situation. The multi-obstacle situation can be
extended and handled by our method as shown in Section I'V.

A. Relative perspective

Computations necessary for algorithms — e.g., motions,
poses, tangents to a boundary of an obstacle — are modeled
in two ways: a relative perspective with respect to the ASV’s
reference frame {R}, and a relative perspective with respect
to the obstacle’s reference frame {O}. For efficiency and
computational loads, the proposed method has a significant
advantage over other methods that reason in the global
reference frame {W}, e.g., [14]. In other words, between
two variables changing simultaneously, the relative approach
reduces complexity by considering only one variable from
the fixed perspective (with respect to {O}) as shown in
Fig. 2. Specifically, the relative motion vector of own ASV

Fig. 2: Conceptual diagram for boundary setup, risk vector,
predicted track, near miss, and evasive action computation
when Case 1 with respect to {O} — 37 NC. Red vehicle:
obstacle. Blue vehicle: own ASV.



with respect to the obstacle can be represented by
relpjo = T (Xr — %0) ()

where T?V is the homogeneous transformation matrix of
{O} with respect to {W}. In addition, own ASV’s pose with
respect to the obstacle is defined as

xpjo = TH Xr 2)

where xp|o is a relative pose of the ASV with respect to
{0}, and xp is a relative pose of the ASV with respect to
{W}. In the same way, relp|r and xor are derived.

B. Boundary and Risk vector

The concept of risk vector for collision assessment is
based on a virtual boundary — so called ship domain — of an
obstacle [3], [20], where the controlled ASV shouldn’t enter.
The boundary is divided into two areas: risky boundary
(R), where evasive maneuvers can be evaluated “safely”;
and collision boundary (C), when inside, it is regarded as
collision - see Fig. 2. Here, the risky boundary follows
a linear model for the collision risk [14], [20]. When the
obstacle is within the ASV sensible range (L), the method
evaluates the situation depending on whether it will go
through the collision boundary, the risky boundary, or neither
of them. Based on the adaptive modeling of the ship domain
[18], [20], R and C with respect to the obstacle’s reference
frame are derived as:

Co=Lr+ Lo +vo*t, +vgxt, 3)
C, = Cy + ke )

where C, is a semi-major axis of C, C, is semi-minor axis
of C, Lr, Lo is the length of the ASV and the obstacle, vg,
vo is the speed of the ASV and the obstacle (m/s), t,, is a
unit time (s) and k¢ is ratio between major and minor axis
of the domain [25], and

Ry =Cy xkr (5
'Ry = Cy * kR (6)

where R, is a semi-major axis of R, R, is semi-minor axis
of R, and kg is abort distance coefficient from C based on a
requirement of a tactical diameter: the diameter of a turning
circle requiring the minimum maneuverability [26].

While the ASV passes the risky boundary, the risk vector
is defined as:

risk(xgjo) = urjo(Vf(Xrj0) - urj0) (7)
Vf(xgrjo) - urjo = Atane) ®)
where vum o, 1s directional derivative based on a unit vector

uR|0» UR|o is a vector with a direction from the controlled
ASV position to the center position of the obstacle on the
obstacle reference frame, f(xpg|o) is a linear cost function
determining the risk vector toward the center position of the
obstacle [14] on ASV position xg|0, A is a level of danger
based on types of vehicles [3], and v is slope angle with
direction to the center of the obstacle in 3D.
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Fig. 3: System architecture.

C. Near miss definition

Assume that the vehicles — obstacles and controlled
robots — are following the set course at a constant speed.
The state vector for the pose is expressed in xp =
[IR yR]T and X0 = [.730 yo}T where TRyYR, O, YO
are global GPS coordinates of an ASV and obstacle
on a Cartesian coordinate system. Hence, the true mo-
tion vectors on the global frame can be expressed in
).(R = [J'}R yR]T = [URCOSHR vRsinﬁR]T and )'(o =
[70 90]T = [vocosfp vosinfp]T where vg and vo is
the velocity of the speed for the robot and obstacle, and 6r
and O is the heading angle based on clock-wise direction
from 0° as North.

We propose a novel near miss calculation considering
factors such as movements of vehicles, encounter situations,
and time and distance during encounters. For an expected
trajectory 7 followed by the ASV, which enters the risky
boundary R of an obstacle at time ¢;, and gets to the CPA
at time tcp,, , the near miss T(T) is defined as:

0(T) = / relpo - risk(xz/0) dsr|o ©)
Tr

where 7 is the expected trajectory of the ASV, relgo
and sgjo are a relative motion vector and the trajectory
of the robot with respect to the obstacle reference frame.
The computation indicates that, intuitively, the higher relative
velocity, the higher collision near miss.
Considering the sensor data coming at discrete time inter-
vals, the near miss computation becomes [27], [28]:
(T = Zrelimo -risk;(xg|0) Asgjo (10)
i=1
where n is the number of sensing data points that depends
on the sensor frequency.

D. Near miss-based obstacle avoidance

An action prediction step in Fig. 3 is based on predictions
starting at time ¢y when an ASV detects/tracks an obstacle
— see pose of own ASV in Fig. 2.

The proposed method outputs an evasive action depending
on a relationship between 7 and R, C.

T =xpjo+s s.tVsecS(relgo) (11)



S(relgjo) = trelgjo jt2F\ [to;tmax] (12) not required to change the current track to avoid the

) . obstacle.
where S(rel jo) is the linear SIF_’TJ“_1 of VEE’?IU‘E| RjO" ftmax (( I %)) > where the heading should be changed from
IS a maX|mumdrnon|torlr]ng time |rr;|t, ang 1S e}set of time 0. In such a case, is found based on the upper bound
stamps according to the sensor frequency. In gengsal, (T o) in the same way aSase 1to make-)

can be determined by the time that can be derived from
maximum sensor rangde divided by relgjo .

1) Case 19T \C: The ASV is expected to collide with ) . :
the obstacle by enterinG as shown in Fig. 2. The proposedthe obstap!e without changmg action.
method makes the ASV take an action in comparison with 4.) Additional case - velocityBased on the same mgthod
tangent lines tcC by changingrel gjo, a relative motion we mtroc_juced above,_ the robot can also change velqchy only
vector of the ASV with respect t6Og when the ASV's ©' velocity and heading together for a neel gjo. This is
heading is changed to. According to Equations (1) and mostly done in case of restricted visibility or requirement of

_ . : . ituational awareness. The velocity and the heading change
f%’\;ilromom??; Zidﬂ,'i\fgd)gyighfggmg the heading of c)Wription will be effective considering advantages of heading

As shown in Fig. 2, there exist two tangent lines excep?hang;3 _ang vslomlt\); ;hange. The comparison will be dis-
for a case that ASV is on the edge ©f The ASV's vector cussed in section 1V-A.

matching the tangent line can be derived by the following. Abnormality monitoring
system of linear equations:

3) Case 3-@r \C and@r \R : The ASV is expected
to enter neitheC nor R. Therefore, the ASV can safely pass

In the previous sections, we assumed that the obstacle
relgjo P()=0 keeps the same velocity and heading. In general, this is not

_ . (13) true and we propose a method — detailed in Algorithm 1 — to
xR - R detect changes to recalculate the action to avoid the obstacle.

wherep( ) is tangent point orC when the heading is,
Xjo and X3\, is velocity of ASV when the heading is
and the initial headingg, respectively. Input: %o, X3, . v, t, treg

In such a case, Equation (13) returns two heading angl€3utput: _
Let and be the headings corresponding to the tangent: (ﬁ; /(li‘)f;q ) rggsmderv):ghen

lines. The algorithm compares values betwedf ) and

Algorithm 1 Abnormality monitoring

N

. arccos 2o xb _ then
(T ) and takes an action based on a safety threshold: ( ko kkexo k ) _
3: recalculate near miss-based action
(T) 4: X X
(14) 5: return

min(( T ); (T )

where (T ) is the near miss as per the changed headinge, and »2 are a current and a previous motion vector,

(T )and (T )aredened as the upper-bound near misgng , are monitoring thresholds for the heading and the

as per the heading , , and is the safety threshold for yelqcity of the obstaclet is current time, andgeq is the

the evasive action depending on operator's preference.  monjtoring period for the change. For instance, if the obstacle
Since is determined adaptively in a same way as préghanges motion over,,  from the previous monitoring

ferred CPA [3], [20] by an operator, the proposed method cafine, the ASV nds it to be a new risky situation and initiate

react on the encounter situation in a more exible way tha@aculation. Thus, the algorithm can prevent the obstacle
other methods [16], [22]. For instance, the lower thresholdyom approaching the ASV abruptly.

the safer action as the ASV will clear out of the obstacle

with less ( T ') as well as more safe distance. F. Contingency maneuver
Moreover, the nal heading is found by a relative rela- The proactive measures described in Sections IlI-D and
tionship with either or . For example, if is located IlI-E might not be enough when the controlled ASV is

on the left side of 5, can be found by turning the ASV's suddenly in a close-quarter situation, e.g., in case of inter-

heading more to the left from , i.e., the upper-bound angle mittently lost signals from sensors (RADAR, LiDAR, AlS,

in this case. The obstacle avoidance control action is initiate@PS), or a suspicious approach for the sake of piracy or

immediately according to the calculated shing [29], [30]. We propose Algorithm 2 to determine a
2) Case 2 @I \ C and9T \R : The ASV is expected contingency maneuver based on the ASV's abort distance

not to collide with the obstacle, but to pass withi In d,» With ¢y hard-over angle for the change of heading.

this case, from the same method to get aforementionésl calculated bymax(G; kq;Lr kgr) as per the literature

tangency, let © be either or  satisfying the condition [31] whereky is an abort threshold set by an operator.

min(j 0li] oj)- There are two possible scenarios: Typically, ex is considered to be oved5°® [15]. Without

(Ty) where the current heading o) already iterative nding for described in Section IlI-D and Sec-
(To)

meets the requirement of the safety threshold based §Rn !!I-E. the algorithm nds it immediately by re ection
the close tangent bound fromy. Thus, the ASV is of ext. Thus, the ASV can take a hard-over action to avoid

an imminent collision.













which do not cover smooth turning [27], [28]. [11]

V. CONCLUSION AND FUTURE WORK

This paper presented a novel obstacle avoidance meth%é]
based on risk vectors and near miss computation in real-times3]
The proposed method in simulation complying with actual
robot motion models validates applications to successfu,
collision avoidance in robust environments with multiple
number of obstacles and their arbitrary motions. In a single
obstacle scenario, our algorithm outperforms a state-of-e{?tq
methods by performindl:68 times faster computation as
well as more ef cient action resulting in similar clearnace 1€l
e.g., 14° heading alteration at same speed by our method
under a crossing situation, whig6° heading alteration with [17]
40% speed reduction by the other methods. In addition, an
ASV based on our algorithm is able to avd2$ obstacles [g)
in a congested traf ¢ scenario with fast computation time as
0:001 01 son average. This method can be applied regardless
of the geometric size of the vehicle, including not only smalf
low-cost vehicles such as ASVs but also large high-cost
vessels such as MASS. In addition to the application in 2[#°]
contexts, potential expansion into 3D space with risk vectors
and fast algorithms is expected to work effectively. [21]

Our future work is to test the proposed algorithm in the
eld with a real ASV. In addition, we are investigating
obstacle detection with the sensors to develop a full pipeling22]
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