






S(relR|O) =
{

t relR|O | t ∈ F ∩ [t0, tmax]
}

(12)

where S(relR|O) is the linear span of vector relR|O, tmax

is a maximum monitoring time limit, and F is a set of time

stamps according to the sensor frequency. In general, tmax

can be determined by the time that can be derived from

maximum sensor range L divided by
∥

∥relR|O

∥

∥.

1) Case 1 – ∃ T ∩C: The ASV is expected to collide with

the obstacle by entering C as shown in Fig. 2. The proposed

method makes the ASV take an action in comparison with

tangent lines to C by changing relθR|O, a relative motion

vector of the ASV with respect to {O} when the ASV’s

heading is changed to θ. According to Equations (1) and

(2), relθR|O can be derived by changing the heading of own

ASV from initial ẋR while ẋO is fixed.

As shown in Fig. 2, there exist two tangent lines except

for a case that ASV is on the edge of C. The ASV’s vector

matching the tangent line can be derived by the following

system of linear equations:
{

rel
θ
R|O × p(θ) = 0

∥

∥ẋθ
R

∥

∥ =
∥

∥

∥
ẋθ0
R

∥

∥

∥

(13)

where p(θ) is tangent point on C when the heading is θ,

ẋθ
R|O and ẋθ0

R|O is velocity of ASV when the heading is θ

and the initial heading θ0, respectively.

In such a case, Equation (13) returns two heading angles.

Let θα and θβ be the headings corresponding to the tangent

lines. The algorithm compares values between Γ(Tθα ) and

Γ(Tθβ ) and takes an action based on a safety threshold:

Γ(Tθ)

min(Γ(Tθα),Γ(Tθβ ))
≤ ρ (14)

where Γ(Tθ) is the near miss as per the changed heading,

Γ(Tθα ) and Γ(Tθβ ) are defined as the upper-bound near miss

as per the heading θα, θβ , and ρ is the safety threshold for

the evasive action depending on operator’s preference.

Since ρ is determined adaptively in a same way as pre-

ferred CPA [3], [20] by an operator, the proposed method can

react on the encounter situation in a more flexible way than

other methods [16], [22]. For instance, the lower threshold,

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

with less Γ(Tθ) as well as more safe distance.

Moreover, the final heading is found by a relative rela-

tionship with either θα or θβ . For example, if θα is located

on the left side of θ0, θ can be found by turning the ASV’s

heading more to the left from θα, i.e., the upper-bound angle

in this case. The obstacle avoidance control action is initiated

immediately according to the calculated θ.

2) Case 2 – ∄ T ∩ C and ∃ T ∩R: The ASV is expected

not to collide with the obstacle, but to pass within R. In

this case, from the same method to get aforementioned

tangency, let θ′ be either θα or θβ satisfying the condition

min(|θα − θ0|, |θβ − θ0|). There are two possible scenarios:

•
Γ(Tθ0

)

Γ(Tθ′ )
≤ ρ where the current heading (θ0) already

meets the requirement of the safety threshold based on

the close tangent bound from θ0. Thus, the ASV is

not required to change the current track to avoid the

obstacle.

•
Γ(Tθ0

)

Γ(Tθ′ )
> ρ where the heading should be changed from

θ0. In such a case, θ is found based on the upper bound

Γ(Tθ′) in the same way as Case 1 to make
Γ(Tθ)
Γ(Tθ′ )

≤ ρ.

3) Case 3 - ∄ T ∩ C and ∄ T ∩R: The ASV is expected

to enter neither C nor R. Therefore, the ASV can safely pass

the obstacle without changing action.

4) Additional case - velocity: Based on the same method

we introduced above, the robot can also change velocity only

or velocity and heading together for a new relR|O. This is

mostly done in case of restricted visibility or requirement of

situational awareness. The velocity and the heading change

option will be effective considering advantages of heading

change and velocity change. The comparison will be dis-

cussed in Section IV-A.

E. Abnormality monitoring

In the previous sections, we assumed that the obstacle

keeps the same velocity and heading. In general, this is not

true and we propose a method – detailed in Algorithm 1 – to

detect changes to recalculate the action to avoid the obstacle.

Algorithm 1 Abnormality monitoring

Input: ẋO , ẋ′
O , Ωθ , Ωv , t, tfreq

Output: θ

1: if (t / tfreq) remainder = 0 then
2: if (‖ẋO − ẋ′O‖ ≥ Ωv) or

(arccos
(

ẋO·ẋ′O
‖ẋ′O‖‖ẋO‖

)

≥ Ωθ) then

3: θ ← recalculate near miss-based action
4: ẋO ← ẋ′O
5: return θ

ẋO and ẋ′
O are a current and a previous motion vector, Ωθ

and Ωv are monitoring thresholds for the heading and the

velocity of the obstacle, t is current time, and tfreq is the

monitoring period for the change. For instance, if the obstacle

changes motion over Ωv , Ωθ from the previous monitoring

time, the ASV finds it to be a new risky situation and initiate

calculation. Thus, the algorithm can prevent the obstacle

from approaching the ASV abruptly.

F. Contingency maneuver

The proactive measures described in Sections III-D and

III-E might not be enough when the controlled ASV is

suddenly in a close-quarter situation, e.g., in case of inter-

mittently lost signals from sensors (RADAR, LiDAR, AIS,

GPS), or a suspicious approach for the sake of piracy or

fishing [29], [30]. We propose Algorithm 2 to determine a

contingency maneuver based on the ASV’s abort distance

Ωd, with θext hard-over angle for the change of heading. Ωd

is calculated by max(Cx ∗ kd, LR ∗ kR) as per the literature

[31] where kd is an abort threshold set by an operator.

Typically, θext is considered to be over 35° [15]. Without

iterative finding for θ described in Section III-D and Sec-

tion III-E, the algorithm finds it immediately by reflection

of θext. Thus, the ASV can take a hard-over action to avoid

an imminent collision.









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

V. CONCLUSION AND FUTURE WORK

This paper presented a novel obstacle avoidance method

based on risk vectors and near miss computation in real-time.

The proposed method in simulation complying with actual

robot motion models validates applications to successful

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-art

methods by performing 1.68 times faster computation as

well as more efficient action resulting in similar clearnace,

e.g., 14° heading alteration at same speed by our method

under a crossing situation, while 26° heading alteration with

40% speed reduction by the other methods. In addition, an

ASV based on our algorithm is able to avoid 25 obstacles

in a congested traffic scenario with fast computation time as

0.001 01 s on average. This method can be applied regardless

of the geometric size of the vehicle, including not only small

low-cost vehicles such as ASVs but also large high-cost

vessels such as MASS. In addition to the application in 2D

contexts, potential expansion into 3D space with risk vectors

and fast algorithms is expected to work effectively.

Our future work is to test the proposed algorithm in the

field with a real ASV. In addition, we are investigating

obstacle detection with the sensors to develop a full pipeline.
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