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Abstract: This paper proposes an omnidirectional drift control on an underwater biomimetic vehicle-manipulator system (UB-
VMS). The UBVMS has two biomimetic propellers, they obtain propulsive force by actuating their undulating fins. A configura-
tion of the system, the dynamics of the UBVMS and the kinematics of the fins are given respectively. Then the control problem
is designed as a Markov decision process (MDP). A reinforcement learning method based on the twin delayed deep deterministic
policy gradient (TD3) is proposed for this MDP. A control policy is well trained by the reinforcement learning method and tested
in eight different simulations. An analysis of the simulation results is also given.
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1 Introduction

Exploration of the ocean is a popular topic in recent year.

Complex environment is a major challenge for underwa-

ter vehicles. The vehicles may face narrow spaces sur-

rounded by reef and exuberant sea-plants may enwind their

screw propellers. However aquatic animal swimmers are

well adapted to this environment and are skilled at moving

through complex spaces[1]. Therefore, many biomimetic

underwater vehicles (BUVs) are designed and built to imi-

tate underwater creatures[2].

As for exploitation of the ocean, the underwater vehicle-

manipulator system (UVMS) is proposed [3]. A UVMS is

usually equipped with a robotic arm with a grasping hand or

other equipments for certain tasks.

In our laboratory, we combined the low-speed maneuver-

ability of BUV and the operating ability of UVMS and came

up with the underwater biomimetic vehicle-manipulator sys-

tem (UBVMS)[4] and have implemented many experiments

to explore its potentials[5–8].

In this paper, an omnidirectional drift control method for

the UBVMS is proposed. Omnidirectional drift means that

the robot travels to all directions among horizontal plane

while holding its yaw angle still. This control method

contains the use of counter-propagating waves[9] generated

from undulating fins to gain the driving force for lateral

movement. As the control system of undulating fins is

strongly coupling, we use a reinforcement learning method

based on the twin delayed deep deterministic policy gradient

(TD3)[10] to train a control policy for this omnidirectional

drift control.

This paper is organized as follows: In section 2, the con-

figuration of the system, the dynamics of the UBVMS and
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the kinematics of the undulating fins are introduced. In sec-

tion 3, the omnidirectional drift control problem is designed

and formed into a Markov decision process (MDP). In sec-

tion 4, a reinforcement learning method based on TD3 is

proposed to slove the MDP, and the control policy of omni-

directional drift is well trained. In section 5, the policy is

applied to control the UBVMS in eight simulations to test its

performance, and the results are analyzed.

2 System Description

In this section, the configuration of the UBVMS, the dy-

namic model of the UBVMS and the kinematics of the un-

dulating fins are introduced.

2.1 Configuration Overview

Fig. 1: The configuration of the UBVMS

The UBVMS is driven by two biomimetic propellers, con-

sists of two binocular cameras and a 5-DoF (degree of free-

dom) gripper. Some related parameters are listed in Table 1.

Table 1: Parameters of the UBVMS
Parameters Values Parameters Values

Width 1210mm Buoyancy 1183.20N

Length 1200mm Fin Length 550mm

Height 950mm Fin Width 175mm

Mass 120.6kg Fin Thickness 4mm
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2.2 Dynamics of the UBVMS
The whole system is carried out and analyzed in a simula-

tion environment, therefore the dynamic model of the robot

is required. The model is based on a previously built model

in [11], but establishes different coordinate systems and uses

more control variables to drive the undulating fins.

Fig. 2: The coordinate systems

The coordinate systems E-xy and O-uv are shown in

Fig. 2. E-xy represents the world coordinate system. O-

uv is the inertial coordinate system of the robot, the origin

of O-uv is the geometric center of the robot. The pose of the

robot in E-xy can be defined as a vector:

χ = [x, y, ψ ]
T

(1)

The velocity of the robot in O-uv is defined as:

v = [u, v, r ]
T

(2)

The force and torque exerted on the robot is:

τ = [X,Y,N ]
T

(3)

The dynamic equation of the UBVMS can be described

as:

Mv̇ +C(v)v = τ (4)

where M is the generalized mass matrix of the robot, C(v)
is the matrix of Coriolis and centripetal force. The descrip-

tion of M and C(v) are introduced in [11]. The force and

torque τ consists of three parts: the driving power of pro-

pellers, the hydrodynamic effect and the disturbances, they

are all introduced in [11].

2.3 Kinematics of the Undulating Fins
The inward counter-propagating sinusoidal waves de-

scribed in [12] is used as the basic wave pattern to apply

on the undulating fins. At actual usage, the wavelength λ is

half of the fin length l, initial phase 2πφ is considered as zero

and the maximum angular deflection Θ is set as π
6 . Thus the

kinematics of the pattern used in this paper is defined as:⎧⎪⎪⎨⎪⎪⎩
θ1(s, t) =

π
6 sin 2π(

2s

l
+ ft), s ≤ d

θ2(s, t) =
π
6 sin 2π(4η − 2s

l
− ft), s > d

(5)

θi(s, t) (i = 1, 2) is the angular deflection of a fin ray at

distance s in time t. f is the frequency of wave. d is the

propagating distance of the first wave. η is the position ratio,

defined as η = d
l .

3 Markov Decision Process Modeling

A MDP consists of four parts: a state space, an ac-

tion space, a one-step cost function and an one-step tran-

sition probability. The omnidirectional drift control prob-

lem should be designed as a MDP, so that the reinforcement

learning methods can be applied.

3.1 Description of the Omnidirectional Drift Control

Fig. 3: The coordinate systems for drift control

As shown in Fig. 3, AB is the trajectory line tracked by

the robot from starting point A to terminus B, M is a point

in AB that is the nearest to the robot. ρ is the remaining

distance which is the length of line MB. σ is the tracking

error which is the length of line MO.

Vector νt is the target yaw angle, vector νr is the yaw

angle of the robot. γt is the angular deflection from νt to

line AB. γr is the angular deflection from νr to line AB.

γ is the angular deflection from νr to line OB. Δγ is the

angular error, defined as: Δγ = γt − γr.

To achieve the omnidirectional drift, the robot should be

controlled to fulfill three tasks simultaneously: 1) Reach the

terminus, therefore reduce the remaining distance ρ to zero.

2) Minimize the tracking error σ. 3) Minimize the absolute

value of the angular error Δγ.

3.2 MDP for the Omnidirectional Drift Control
The whole control process is modeled as a MDP:

First, the state of the omnidirectional drift control is de-

signed as:

s = [ ρ, σ, γt, γr, γ,v, ξ]
T

(6)

all these state parameters are necessary, they describe how

the robot perceives the environment. ξ is the error indicator,

defined as:

ξ =

{
1, σ < σsafe and |Δγ| < γsafe
0, otherwise

(7)

where σsafe and γsafe are desired error ranges, thus ξ shows

whether the errors are acceptable.

Second, the action of the drift control is based on the con-

trol variables in Eq. 5:

a = [η∗1 , f
∗
1 , η

∗
2 , f

∗
2 ]

T (8)

where subscripts 1 and 2 indicate left and right fins, the as-

terisk superscript means the variable is uniformed its range

to [−1, 1].
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Third, the cost function is used to lead the robot to accom-

plish the task, therefore is designed as:

c = p1ρ+ p2σ + p3|Δγ|+ p4k(v)− p5ξ (9)

where pi(i = 1, · · · , 5) is the weight of each part. k(v) is the

kinetic energy, defined as: k(v) = vTMv. It’s noteworthy

that −p5ξ is subtractive, it is used as an extra reward if the

robot keeps itself in the desired error range.

Last, as for the transition probability, a deterministic state

transition algorithm is designed to simulate this process[11].

4 Markov Decision Process Solving

To solve the MDP, a reinforcement learning algorithm

based on the twin delayed deep deterministic policy gradi-

ent [10] method is proposed.

4.1 Background
Q-value function is often used to evaluate the performance

of a policy in reinforcement learning processes, which is de-

fined as:

Qπ (st,at) = E

[
T∑
i=t

γi−tc(si,ai)|st,at

]
(10)

which works as a long-term cost function with state st and

action at at time step t, under a policy π.

The Q-value function satisfies the Bellman optimality

principle, therefore Eq. 10 is reformed as:

Qπ (st,at) = E [c(st,at) + γQπ(st+1,at+1)|st,at]
(11)

A generally used greedy policy μ(s) = argmax
a
Q(s,a)

is applied in reinforcement learning algorithm. It can be op-

timized by minimizing the loss:

lt = yt −Qπ (st,at|β) (12)

where β is the approximation parameter and

yt = c(st,at) + γQπ(st+1, μ(st+1)|β) (13)

is the target action-value function.

An iteration method, temporal difference (TD) is applied

to update the parameter β, :

βt+1 = βt + αβlt∇βQ
π(st,at|β) (14)

where αβ is the updating rate.

To change the Q-value function to adapt continuous ac-

tion space, deterministic policy gradient (DPG) is applied. In

DPG, a deterministic parameterized policy function μ(s|θ)
is designed, where θ is the approximation parameter and it

can be updated by:

θt+1
.
= θt − αθ

̂∇θJ(θ) (15)

where αθ is the rate of updating, the true gradient is approx-

imated by ̂∇θJ(θ). Combined with the Q-value function

under policy π = μ and time t = i, the approximation of the

true gradient is defined as:

̂∇θJ(θ) =
1

N

N∑
i=1

∇θμ(si|θ)∇ai
Qμ(si,ai|β) (16)

4.2 Double Q-learning and Target Policy Smoothing
Double Q-Learning method is used by TD3, therefore two

target Q-value functions in Eq. 13 are constructed:{
y1t = c(st,at) + γQπ

1 (st+1, μ(st+1)|β1)
y2t = c(st,at) + γQπ

2 (st+1, μ(st+1)|β2)
(17)

To avoid over approximation, a new target Q-value func-

tion based on Eq. 17 is designed:

yt = c(st,at) + γ min
i=1,2

Qπ
i (st+1, μ(st+1)|βi) (18)

To eliminate the estimated deviation in reinforcement learn-

ing. A reqularization is added to actors, therefore Eq. 18 is

changed into:

yt = c(st,at) + γ min
i=1,2

Qπ
i (st+1, μ(st+1)|βi + ε) (19)

where ε ∼ clip(N(0, σ̃),−c, c) is also referred as noise.

4.3 Neural Network Approximators
Two critic networks Q1(s,a|β1), Q2(s,a|β2) and an ac-

tor network μ(s|θ) are designed. Two critic networks share

a same structure of four layers: State s is the input of the first

layer. Action a is the input of the second layer. A scalar Q-

value is generated from the output layer. The actor network

has three layers: State s is the input of the first layer. The

output layer generate the action a in range [−1, 1] according

to Eq. 8 using the Tanh function. All the hidden layers of the

three networks use the ReLu function as transfer function.

4.4 Reinforcement Learning Algorithm
A procedure of the algorithm based on TD3 is given in

Algorithm 1. The involved parameters are listed in Table 2.

Table 2: Input parameters in Algorithm 1

M T N γ αβ αθ τ R d

20000 500 32 0.99 0.001 0.001 0.995 10000 2

4.5 Training Results of the Algorithm

Fig. 4: Cumulated costs of training episodes

The cost function in Eq. 9 shows an instant cost of one

simulation step. By adding up T numbers of costs c in one

episode, a cumulated cost is acquired. Fig. 4 shows the cu-

mulated costs of allM episodes. The training reaches a con-

vergence around 5000 episodes and then the control policy

becomes steady.
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Algorithm 1 Reinforcement Learning Algorithm Based on

TD3
Input:

Number of episodes M , steps in each episode T , batch size

N , reward discount γ, updating rate of the two critic networks

αβ , updating rate of the actor network αθ , replacing rate of the

three corresponding target networks τ , capacity of the replay

buffer R, update delay steps d.

Output:
Trained control policy a = μ(s|θ)

1: Initialize two critic network Q1(s,a|β1), Q2(s,a|β2) and ac-

tor network μ(s|θ)
2: Initialize target network Q′

1, Q′
2 and μ′ using wights β′

1 → β1,

β′
2 → β2 and θ′ → θ,

3: Initialize the reply buffer with capacity of R .

4: for eposode = 1 to M do
5: Generate an initial state s0 randomly

6: for t = 0 to T do
7: Generate an action at = μ(st|θ)+ε according to Eq. 19.

8: Execute at, compute ct based on Eq. 9, compute st+1

using the deterministic state transition algorithm[11].

9: Store transition tuple (st,at, ct, st+1) in the replay

buffer.

10: Sample a minibatch of N transitions (sn,an, cn, sn+1)
(n = 1, . . . , N ) from R.

11: Compute

yn = cn + γmini=1,2 Q
π
i (sn+1, μ(sn+1)|βi + ε)

(n = 1, . . . , N ),(i = 1, 2).

therefore ln = yn −Qπ (sn,an|β′), (n = 1, . . . , N ).

12: Update the critic network:

βi ← βi + αβ
1

N

N∑

n=1

ln∇βQ
π
i (sn,an|βi), (i = 1, 2)

13: Compute∇anQ
μ(sn,an|β), (n = 1, . . . , N ).

14: if t mod d then
15: Update actor network:

θ ← θ − αθ
1

N

N∑

n=1

∇θμ(sn|θ)∇anQ
μ
1 (sn,an|β1)

16: Update target networks:

β′
i ← τβi + (1− τ)β′

i, (i = 1, 2)

θ′ ← τθ + (1− τ)θ′

17: end if
18: end for
19: end for

5 Simulations and Analysis

The trained control policy of omnidirectional drift control

is adapted to the dynamic model of the UBVMS and tested

in several simulations to evaluate its performance.

5.1 Simulations of the Omnidirectional Drift Control
The simulations are carried out in eight situations, the pa-

rameters of each simulation are listed in Table 3. All the sim-

ulations of omnidirectional drift control share a same starting

point but different terminuses. The UBVMS are controlled

by the trained policy and drift from the starting point to each

terminus while holding the yaw angle still.

Table 3: Parameters of simulations

No.
Terminus Starting Point

Position Yaw Angle Position Yaw Angle

1 (0, 2)

π

2
(0, 0)

π

2

2 (
√
2,
√
2)

3 (2, 0)

4 (
√
2,−√2)

5 (0,−2)
6 (−√2,−√2)
7 (−2, 0)
8 (−√2,

√
2)

5.2 Analysis of the Omnidirectional Drift Control
The trajectories of the UBVMS in simulations are shown

in Fig. 5. Each trajectory is colored differently to distinguish

the eight simulations. In all simulations, the tasks can be

finished by the robot, but their performances are divergent.

Fig. 5: Trajectories of the UBVMS during simulations

Simulations are evaluated in three aspects: the remaining

distance ρ in Fig. 6, the tracking error σ in Fig. 7 and the

angular error Δγ in Fig. 8. The line colors in Fig. 6 ∼ Fig. 8

match the colors in Fig. 5. Therefore, the eight simulations

can be distinguished according to the eight colors.

Fig. 6: Remaining distance during simulations

The robot in simulation 1 (black line) travels forward to-

wards terminus and the robot in simulation 2 (green line)

travels backward towards terminus. In these two simula-

tions, the robots spend fewer simulation time steps to reach
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Fig. 7: Tracking error during simulations

Fig. 8: Angular error during simulations

terminuses and their tracking error σ and angular error Δγ
are also relatively small.

The robots in simulation 3 (yellow line) and simulation 7

(brown line) drift laterally towards terminuses on right and

left sides. They spend more time than the robots in other

simulations.

The robots in all eight simulations except simulation 6

(purple line) can keep the tracking error γ and the angular

error Δσ within the desired error range defined in Eq. 7 dur-

ing entire simulations. And in simulation 6, the robot only

break through the desired error range around time steps of

55 to 75 as shown in Fig. 8 which is still acceptable.

6 Conclusion

In this paper, an omnidirectional drift control method is

proposed. The controlled subject is an UBVMS, which pos-

sesses two biomimetic propellers with undulating fins. The

configuration of the system, the dynamics of the UBVMS

and the kinematics of the fins are introduced. The omnidi-

rectional drift control problem is designed as a MDP. The

control policy is acquired by training the MDP using a TD3-

based reinforcement learning method. In the end, the trained

control policy is implemented on the UBVMS in eight simu-

lations to test its performance and the simulation results are

analyzed.
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