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AUV Real-time Dynamic Obstacle Avoidance
Strategy Based on Relative Motion

Chongyang Lv, Fei Yu*, Minghong Zhu*, and Shu Xiao

Abstract—Based on the background of AUV path planning, robot dynamic environment space is implemented through
the trajectory of dynamic obstacle is predicted according to the calculating the speed solution of the optimal sector. Most of
complex and changeable underwater environment and the mo- yhage methods are applied to the dynamic obstacle avoidance
tion characteristic of underwater vehicle which is different from . .
mobile robot. AUV real-time obstacle avoidance strategy of the of mobile robot. However, therg are great dlﬁerences_between
relative motion model is proposed in this paper. To achieve safe the real-World UnderWater environment a.nd the mOblle rObOt
obstacle avoidance, we determine the probability of collision environment. Moreover, the motion characteristics of under-
by analyzing the current location and movement condition of \water vehicles are different from those of mobile robots.
the vehicle and obstacles. We also adjust relative motion by \jngerwater vehicles cannot take sharp turns and abrupt stops
changing the speed and direction of the vehicle. Finally, it can . S .
be proved by computer simulation experiment that this method like Ian(_j rot_)ot, so the r_eactl(_)n is delayed. In V'_eW of th_e
can predict the trajectory of obstacles accurately, and make the @bove situation, the relationship between the relative velocity
vehicle avoid moving obstacles effectively so that to complete and position was used to evaluate the possibility of collision
the planning of collision avoidance. in this article. Then the relative speed can be adjusted to

Index Terms—autonomous underwater vehicles (AUV), rel- avoid the obstacle by Changing the size and direction of the

ative motion, avoidance strategy, dynamic obstacle, EK- submersible speed[5].
F(Extended Kalman Filter), autonomous underwater vehicle
navigation.

Il. M ODELING OF DYNAMIC OBSTACLES
In order to predict the motion of obstacles more accurately,
it is necessary to select a motion model that is best suited
T HE real-time obstacle avoidance of autonomous undesy the target obstacles. The appropriate obstacle motion
water vehicle (AUV) is the key to the safe navigationmodel is an important presumption to improve the prediction
The intelligent navigation is not only crucial for the AUV togccuracy. The most common model used to match the motion
successfully complete the scheduled task, but also importgftan underwater obstacle is the constant velocity model

for AUV's own safety. In order to realize intelligent navigayCv model)[6] and the constant acceleration model (CA
tion, AUV should be able to avoid obstacles in the complaxodel)|6].

underwater environment with dynamic and static obstacles,
?;Scli(;awgate safely through the target area to accomplish mes)/stem modelling
Many research groups have studied the dynamic pathln order to estimate the relative position and dynamics of
planning of AUV in dynamic obstacle environment, and prdhe moving obstacle relative to AUV, we try to establish the
posed various solutions. The artificial potential field methaggktended Kalman filter.
is one of the most common methods for robot dynamic The dynamic model of AUV is shown as
path planning. S. S.GE et al. [1]. suggested adding relative -
rate parameters to improve the algorithm in the traditional Xvov (k +1) = f(xvuv (), n(k)) (1)
artificial potential field algorithm and achieved fairly good Its discrete description can be shown as
results. For robot obstacle avoidance in complex dynamic F
environment, Shiller et al. [2]. proposed a speed obstacle
method through the combination of graphics technology and
optimal method. Borenstein et al. [3] applied the vector field
histogram method (VFH*, VFH+) for the real-time dynamic
robot path planning problem. Fernandez[4] proposed a beam
curvature method (BCM). The motion space of the robot is
divided into several sectors. The obstacle avoidance in the
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where T' represents the sampling timéy, y, z,¢] repre- The smaller the variance afb(¢) is, the more stable the
sents the position and heading angle of AUW, v, w,r] acceleration is. The state vector corresponding to Eg. (8)
represents the velocity and heading angle rate of AUY4 given in Eg. (9):

n = [Ny, Ny, Ny, n,] represents the Gaussian noise of the (t)
velocity and heading angle rate. X6 = | @) (12)
i(t)

B. Constant Velocity Model

. . . . The discrete-time state equations with sampling intervals
When simulating obstacles, the simplest state of mMotif)s the same as Eq. (5), wherein

is a uniform linear motion. Constant velocity model (CV ’
model)[6] is used in this case. Acceleration is zero when a LT 172
body moves in a uniform linear motion, nameiyt) = 0. F=e=]0 1 T
However, objects with uniform rectilinear motion are not 00 1
possible in real world environments. lts motion must bene covariance matrix of discrete process noigk) can be
subject to environmental disturbance, and its speed Wjiliaq in Eq. (11):
change slightly. In this scenario, the change of acceleration

(13)

is described as stochastic disturbance input. Simulations are Q= E[W(Sk)wT(k)l 5

performed using continuous white noisét) in the model, T°/20 T%/8 T°/6 14
. . . . . _ T4 8 T3 3 T2 2 ( )

supposing that the obstacle acceleration disturbance input is = 3/ 2/ / q

a Gauss distribution with zero mean, i.e. °/6 T%/2 T

We consider the obstacle moves with a constant speed\ighin the sample intervall’, the jerk is approximately

dynamic model will be shown as represented by/Qs3 = \/qf, Which is the standard for a
Ty Lo + Vo T selectedy.
Yo Yo + Voy T
Zo | 2o+ ve.T 3) D. Observation modelling
Vo Vo If the obstacle appears in the field-of-view of AUV, the rel-
Voy Yoy ative range and bearing angle be measured. The observation
Yoz | (k41) oz (k) model is shown as

where [z,, y,, 2o] represents the position of the obstacle; ,_ L] [ V@ =202+ —v0)2+ (2 — 20)2
[Voz, Voy, Vo-] Fepresents the velocity of the obstacle. e arctan(Z=e)

. : ’ (15)
B(t) = w(t) (4)

where E. EKF establishment

E@(®)]=0 (5) The extended kalman filtering is the most typical method
BT (1)] = q(t)é(t — ) (6) to solve the optimal nonlinear filtering problem. As it is
well known, the algorithm is based on the linearization of
Fonlinear system around the state estimate using the first-
follows: a(t) order Taylor expansion. The EKF implementation includes

X(t) = { i(t) ] (7) two steps: prediction and correction. Assuming that the
) o initial state estimation is(0) and covariance i®(0), the
The state equation of the obstacle is given as f°"°"¥§ediction from timet,_; to ¢ can be conducted according

The state vector corresponding to Eqg. (1) is given

(sample interval isl): to
X(k+1) = FX(k) + w(k) (8) X" (k) = f(x(k = 1),u(k —1),0) (16)
wherein P~ (k) =F(k - )P(k - )F"(k - 1)
AT IA T a7)
Foe :[0 1} ©) +G(k - 1)Q(k — )G (k- 1)

where the superscript denotes the prediction of estimated
state and covariance at timg, and the Jacobian matrix
F(k — 1) andG(k — 1) can be obtained by:

of (x(t),u(k —1),0
_ ) 85( ) )lfc(kfl) (18)
C. Constant Acceleration Model OF(%(k — 1), u(k — 1), w(?))

Another simple model for describing the motion of ob- G(k—1)= ow | (t) (19)

stacles is constant acceleration model[6] (CA model). WhenWhen the prediction step is finished, the estimated state
the obstacle is uniformly accelerated, its jerk is zero, that(ji ’

) — 0. H th lerati f the obstacl hd covariance at time, can be corrected based on the
Z'(t) = 0. However, the acceleration of the obstacle can nmeasuremenz(k) using

be constant in practice. Therefore, the zero mean white noise
can be used to describe jerks of the obstacle in the model. x(k) = x7 (k) + K(k)(z(k) — h(x™ (k))) (20)

#(t) = o(t) (11) P(k) = (I - K(k)H(k)P (k) (21)

The process noise is described as follows:

w(kz):/oT A=) [ (1) ]J)(k’T-l—T)dT (10)

F(k—1)
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AV

Fig. 1. Relative velocity diagram

where the kalman filter gaifK (k) is computed by
K(k) =P~ (k)H" (k)(H(K)P~(k)H” (k) + R)™" (22)

The sensitivity matrixH (k) can be calculated by

8h(x(t)) Fig. 3. Relation model between AUV and obstacle
H(k) = ~ox |5 (%) (23) 9
X
I1l. COLLISION PREDICTION AND COLLISION When perfqrming collision prediction analysis of the un-
AVOIDANCE STRATEGIES plerwgter yeh|cle and th.e.obstacle, we can d(_) the corr.e_qund-
- o ing direction decomposition for their respective velocities in
A. Collision Prediction the direction of AB and in the direction perpendicular of

The cruising velocity of an underwater vehicle at a fixed B-
coordinate isV 4. The position data of an obstacle returned Vg =Vcos(a—0)—Vpgcos(f—0)
by sonar is analyzed. And the Kalman filter is used to Vg =V sin(a—0) — Vgsin(f — 0)
calcul_ate the veIocﬂWB of the obstaclel3 in the fixed Vs is the relative velocity component in theB direction.
coordinate system. Using the obstacle as a reference, {};lée

locity of und ¢ hicle relative to th ) bstacl is the relative velocity component in the vertical direction
velocily oruncerwater vehicle refative to the moving obstacss 4 as shown in Fig. 3, AV is the relative velocity of
is given as follows:

the underwater vehicled relative to the obstaclé3. « is
AV =VA—Vg (24 the angle between the sailing velochy, of the underwater
vehicle and ther coordinate axiss is the angle between
As shown in Fig. 10 represents an underwater vehicle, anthe velocityVg of the obstacle and the coordinate axist
B represents a moving obstacle in spa¥e, is the crusing is the angle between the linéB connecting the underwater
velocity of the underwater vehicld/g is the velocity of the vehicle and the moving obstacle and theoordinate axis.
obstacle AV is the relative velocityy is the angle between
the relative velocity direction and the line connecting thg, AUV Collision Avoidance Strategy

underwater vehicle and the moving obstagiéis the angle When there is a possibility of a collision between the

between the sailing velocity vector of the underwater Vehic{f‘hderwater vehicle and the moving obstacle, the underwater
and the relative velocityA'V vector. '

(25)

As sh i Fia. 2.4 q hi Ivehicle needs urgent avoidance adjustment. The adjustment
dS shown In Fg. =, repreks)entsl an ur;] erwater \19 IC19¢ collision avoidance is mainly performed by adjusting the
and B represents a moving obstacle in the space. In or locity of the underwater vehicle. The angldetween the

to better a_nalyze the motion relat|onsh!p between the undgty, e velocity and the linel B is greater than safety angle
water vehicle and the obstacle, the size of the underwa erthrough the emergency collision avoidance adjustment.
vehicle is superimposed on the size of the moving obstac tcording to Eq. (13):

sd is used to represent the radius of the moving obstacle that ' .
has been processeflis the distance between the underwater Vy _ Vasin(a —0) — Vpsin(B - 0) (26)

vehicle and the moving obstacle at current time. The angle Vs Vi cos(a —0) — Vg cos(B —0)

between the segmentB and the tangent of the expanding A function of velocity between the underwater vehicle and

circle is called the collision angle, . = arcsin(sd/S), vis  the moving obstacle is constructed below.
the angle between the current relative velocity and the current

position line. Wheny is greater thary , the underwater f(Va,a,Vp, ) =tany (27)
vehicle is safe in the current state of motion, as long as tfan
motion state does not change. Otherwise, there is a possibility v =arctan f(Va,a, Vg, ) (28)

of collisions between the underwater vehicle and the moving
obstacle. Take the underwater vehicleas the center of the

— 1
circle, the sectorial regions consisted of tangeatand B dy = [Wii{me)fv cos(a—0)]? (29)
are defined as “collision zones”, which may be dangerous. = V§+V2B_2VAVAB cos(a—p) df
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Fig. 4. Velocity relation diagram
/
of of of of
df = oV 4 dVa + 8_ada + mde + 8_5d6 (30) Fig. 5. Acceleration space coordinates

Because of the fact that only the speed of the under-
water vehicle can be controlled by man during the course order to adjust the velocity of the AUV, a force will
of movement, the movement state of the moving obstadie exerted on it so as to get an acceleration. Suppose that
cannot be adjusted artificially. While the underwater vehictie regulation of acceleration can be divided into five stalls:
adjusting the velocity, it is assumed that the moving obstacle).1m/s?, —0.2m/s?, —0.3m/s?, —0.4m/s?, —0.5m/s>.
still maintains the original motion modewhich means th&ccordingly, give the acceleration control weightso the
the velocity of the obstacle doesn’t change in this timéive stalls, they are 1, 2, 3, 4 and 5, respectively. In terms of
According to Eq. (18): AUV heading adjustment, the angular acceleration obtained
_of 9f 1 o by applying an external force is also divided into five
df = mdvf\;; g_ﬁici[; dVa stalls: 0.1rand/s?, 0.2rand/s?, 0.3rand/s?, 0.4rand/s?,
= Vs cos(B—6)—Va cos(a—e)]2dVA (31) 0.5rand/s?. Accordingly, the angular acceleration control
ValVa-Vpcos(azBll __ 4, weight is also assigned to each stall, which are 1, 2, 3,
[V cos(B—0)—V 4 cos(a—0)] . . .
4 and 5, respectively. In this way, the control problem is
transformed into an integer linear programming problem.

So the Eq. (17) can be written as follows:

dy = ;\Ygii;\(/a_\f)dcgs?;ﬁ) Let the contrpl time be 15, then_ for each weight, t_here is
VAV NV cos(aB)da (32) a corresponding change in velocity or angular velocity.
+Vi+VfE—2VAVB cos(a—B) Whenever obstacle avoidance control is required, under the
The approximate solution of the above formula is obtainégiNimum weight, thel” = p+¢ can be minimized, so that the
using the difference method: angley is greater than the securl_ty angle Whe_n multiple
—Vpsin(a—f)AV 4 processing methpds are used ymh equal weight, ;elect the
Ay = V2, 3V AVp cos(a ) (33) cont.rol comblnatlons. th_at maximize after processing. If
4 VA VgivB COs(a—B)}fa multiple obstacles exist in the planning space, computing the
VatVp—2VaVs cos(a—f) minimum weight control combinations that can successfully
As we can seen from Fig. 4 avoid all obstacles. Thus, the obstacle avoidance strategy

. . selection process is transformed into solving an integer linear
Vi sin(a — f)=AVsing (34) programming problem. The obstacle avoidance strategy can
V4 — Vpcos(a— ) = —AVcosyp (35) accomplish the obstacle avoidance process with minimal
) ) ) changes to the AUV.
V4 + V5 =2V Vpcos(a— ) = AV (36)
then IV. OBSTACLE AVOIDANCE SIMULATION EXPERIMENT
FORAUV

Extended Kalman filter is used to predict the trajectory of
dynamic obstacle. As shown in Fig. 6, the position error is
VaAa = —(tan pAVs + AV A~/ cos o) (38) relaj[ively gtable, gnd it i§ contro_lled within 0.5 meters. The
motion trajectory is consistent with the real trajectory, which
As shown in Fig. 5, the acceleration space coordinatespsoves the validity and accuracy of the mathematical model
obtained according to Eq.(26). From Fig. 2 and Figl & in Fig. 7.
the line of relative velocity of the underwater vehicle relative In the simulation of collision avoidance, the initial position
to the obstacle. The adjustable rangefof is a band with of the underwater vehicle is at (0,0) point. The heading
a width of 2u, i.e., Ay = v — v andAvy = u — . This zone moves at a speed @in /s along theX axis. No.1 obstacle is
is a collision zone, so we need to adjust the velocity and thecircular area with a radius of 10m, and the initial position is
course of the underwater vehicle so that leaving the collisiat (40,100) point. The obstacle moves at a constant velocity
zone as soon as possible. along X andY directions. The velocity id.5m/s along X
Suppose that the control regulation of the underwatdirection, and—2m/s alongY direction. No.2 obstacle is
vehicle is fixed. For the AUV velocity control, obstacles castatic and located at point (150,0) in the coordinate system.
only be treated at reduced speed in the full speed navigatidin.2 obstacle is also a circular area with a radius of 10m.

A~y —AV  sinp — V 4Aacos p) (37)

= av!
and
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Fig. 9. AUV avoidance control diagram

Fig. 6. The positioning error
g P g TABLE |

COLLISION AVOIDANCE RESULTS OFOBSTACLEB

True Trajectory

100] 17 Estimated Trajectory Colision L L L L L L R R R R R R
Avoidance 0 1 2 3 4 5 0 1 2 3 4 5
140 Processing
120 Retard 0 O 0 O 1 1 1 0 0 0 0 0 0
5 Realdl 0 O 1 1 1 1 0 O O 0O 0 O
g 100 Retaad2 1 1 1 1 1 1 0 O O O 0 O
3 Retard 3 1 1 1 1 1 1 0 0 0 0 0 0
£ ™ Retard4 1 1 1 1 1 1 0 0 0 0 0 0
S sl Retad5 12 1 1 1 1 1 0 0 O O O O
40+
TABLE Il
20 COLLISIONAVOIDANCE RESULTS OFOBSTACLEC
o ‘ ‘ ‘ ‘
-100 50 East Pogmon ™ 50 100 Collision L L L L L L R R R R R R
Avoidance 0 1 2 3 4 5 0 1 2 3 4 5
Processing
Fig. 7. Trajectory of dynamic obstacles Retad0 O O 0 1 1 1 o0 o o 1 1 1
Reard1 O 0O O 1 1 1 0 0 0 1 1 1
Retard2 0 0 0 1 1 1 0 O O 1 1 1
Retard 3 0 0 O 1 1 1 0 0 0 1 1 1
Retard4 O 0 O 1 1 1 0 O O 1 1 1
Retard 5 0 0 O 1 1 1 0 0 0 1 1 1

out for the AUV. For the obstacl®, AV ap must deviate
from the collision zone of the obstaclg, and AV o« must
also deviate from the collision zone of the obstaCleAUV
avoidance control diagram is shown in Fig. 9.

According to the weight control defined in the previous
section, the control results of collision avoidance for two
obstacles can be obtained, which are shown in Table | and
Table II, respectively, where in L stands for left, and R
Fig. 8. Initial state diagram of motion space stands for right. In order to verify the effectiveness of the

method, we increase another experiment, the initial position

of underwater vehicle is at (10,6). The heading move at a
Let the safety distance of the AUV be 10 meters. First, trepeed of3m/s along the X axis. No.1 obstacle is a circular
security distance is superposed on the moving obstacle, amda with a radius oR0m, and the initial position is at
the initial state as shown in Fig. 8 is obtained. In Fig.48, (140,200) point. The obstacle moves at a constant velocity
stands for the AUV stands for No.1 obstacl€; stands for along X and Y directions. The velocity &5m /s along X
No.2 obstacleV 4 is the sailing velocity of the AUVVg direction, and-2.8m/s along Y direction. No.2 obstacle was
is the velocity of No.1 obstacledV is the relative velocity static and located at point (190,0) in the coordinate system
between the AUV and No.1 obstacle. . the control results of collision avoidance for two obstacles

From the initial state, if the underwater vehicle travels awould be obtained, which were shown in Table Il and Table
its original course and speed, it will collide with obstacle 1V, respectively.

The underwater vehicle will also collide with the obstacles Left and right in the table represent the yaw control
B, because the relative velocity is in the collision zone of thdirection, i.e., the angular acceleration direction. 0 indicates
obstaclesB. Therefore, collision avoidance must be carriethat combination obstacle avoidance control is unsuccessful.

(Advance online publication: 1 February 2019)
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TABLE IlI 2
COLLISIONAVOIDANCE RESULTS OFOBSTACLEB 1.995)
2 199}
Colison L L L L L L R R R R R R £
Avoidance 0 1 2 3 4 5 0 1 2 3 4 5 % 1.985¢
Processing 1.98+
RetardO 0 O 1 1 1 0 1 0 0 O 1 O 1975 : : : :
0 0.2 0.4 0.6 0.8 1
Reard1 0 O O O 1 0 1 0 0 O 0 O Time (s)
Retaad2 1 1 1 1 1 0 1 0 0 O 0 O oa
Retad3 1 1 0 1 1 0 1 0 0 0O 1 O -
Retaad4 1 1 1 0 1 0 1 0 O O 0 O o0l
Retasd5 1 1 1 1 1 0 1 0 0 O 0 O %
E 02t
2
TABLE IV 01}
COLLISIONAVOIDANCE RESULTS OFOBSTACLEC R ‘
00 0.2 0.4 ) 0.6 0.8 1
Colision L L L L L L R R R R R R Time (s)
Avoidance 0 1 2 3 4 5 0 1 2 3 4 5 ) . )
Processing Fig. 11. AUV velocity change diagram
RetadO 1 O O 1 0 O O O 1 1 0 1
Reard1 0 O O 1 0 1 0 0O 1 0 0 1
Retaad2 1 0 O 1 1 0 0O 0O 1 1 0 1
Retald3 0 O O 1 0 1 0 0O 1 0 0 1
Retaad4 1 0 O 1 1 1 0 0 0 1 0 1
Retald5 0 O O 1 1 0 0 O 1 0 0 1
>
)
100 g
g
80 e
60
40
E 201
E 0 02 0.4 0.6 0.8 1
-20 Time (s)
-40 . .
Fig. 12. AUV course change diagram
_60,
-80 2
-100 ‘ : : L 1
0 50 100 150 200 o
X axis (m) E 4l |
&
Fig. 10. Location diagram during obstacle avoidance 05f 1
o . . . .
0 0.2 0.4 0.6 0.8 1
Time (s)
1 indicates that combination obstacle avoidance control i 02
successful. The result shows that obstacle avoidance contt ois
combination with minimum weight through overall consider- = ‘
ation, is angular acceleration left yaw control 3, acceleratiol & o
control 0, the weight is 3. After this operation, AUV can 005l
successfully avoid the threat from the obstacle. The spati . ——

distribution of the underwater vehicle and the obstacle varie 0 02 04 0.6 08 1
. . ) . . Time (s)
with time is shown in Fig. 10.
As can be seen from Eq.(26), the velocity and directiong. 13. AUV displacement change diagram
adjustment of the underwater vehiclAV and Aa are
related toA~. In each discrete timé&, the obstacle is avoided
through real-time adjustment adfa and AV 5. A« is the the course change of underwater vehicle in the cycle of
variation of velocity direction AV, is the variation of ve- obstacle avoidance and controls. The underwater vehicle
locity size, i.e., acceleratiomAV is the variation of relative controls the relative velocity by adjusting its velocity to
velocity, i.e., relative acceleration. In other wordSV 4 is achieve the obstacle avoidance effect. Fig. 13 shows the
the acceleration component along W direction.VaAa  displacement change of the underwater vehicle during the
is approximated as an acceleration component perpendicubstacle avoidance period. Fig. 10 shows the trajectory of the
to the velocity direction of the AUV. According to the abovainderwater vehicle and the obstacle in space. As shown in
theory, the simulation results are shown as follows. Fig. 10, through the previous obstacle avoidance processing,
Fig. 11 shows the velocity change in the cycle of AUMhe underwater vehicle could successfully avoid the threat of
performing obstacle avoidance and controls. Fig. 12 showse obstacle.
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V. CONCLUSION

The real-time path planning of underwater vehicle in
dynamic obstacle environment is presented in this paper.
A mathematical model of dynamic obstacle is established
to predict the trajectory of vehicle. To determine whether
there is a collision will occur by evaluating the speed of
relative movement of the vehicle and obstacles. And finally
adopt strategies against for some threatens to avoid collision.
The simulation experiment of the algorithm shows that the
predicted trajectory is accurate and effective, and the reaction
strategy enables the vehicle to successfully avoid moving
obstacles and finally achieve collision avoidance.
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