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Abstract

In our industrial material defect detecting processes, the multi criteria is con-
sidered in two-level motion planning structure.Firstly, the feed speed of the
end-effector should be programmed in optimal time for satisfying the require-
ment of high efficiency.Secondly, the planned joint velocities and accelaration are
characterized by high-order derivatives to guarantee smooth motion, taking into
account the kinematic constraints.Last but not least,energy consumption of the
robot’s movement is a focus during designing trajectories. The Pareto optimal
method is applied to solve the trajectory planning problem.The results of the
experiments suggest that the Pareto approach can realize effective multi-objective
optimization and deliver a group of Pareto solutions for decision makers. Based
on the actual requirements, suitable Pareto-optimal trajectory can be achieved
and the practical operation of the industrial robot is good.

Keywords: Trajectory planning, Multi-objective optimization, B-spline interpolation,
Industrial robots, Kinematic constraints4

1 Introduction

In recent years, robots are widely used in automobil industrial manufacturing such as
palletzing, hangding, welding and defect detection. Defects detection for machined part
surface texture image can obviously enhance the entire efficiency for the automatic



manufacturing. Due to the impact of mass production, the detection time of a single
product in the field of automobile manufacturing has strict requirements.In order to
compress the inspection time of complex products, the implementation of automated
inspection solutions has become more urgent.One of the methods is to install the
scanning probe at the end of the robot to make it a robotic system, using the industrial
robot to drive the scanner to reach the corresponding position according to the data
determined by online or offline programming.

When robots execute feasible trajectories in these production environment, it is
necessary to guarantee high accuracy and reatability and safety. As shown in Fig.1,
for the 6-Dof manipulator, the robot achieve a fast, collision-free path point accord-
ing to known environmental information. Then, according to the planned path, the
optimal trajectory suitable for the robot handing tasks is planned. The scanning task
means that the manipulator should move its end-effector from the initial position
to the target position (material toolbox).The characteristics of the industrial manip-
ulator are analyzed as follows in the planning process. 1)Collision-free and smooth
trajectories. 2) Various constraints: in addition to task constraints, the manipulator
also has joint physical constraints. 3)Different critrion such as jerk-bound.Specifically,
in the process of handing operation, industrial robot needs to find the appropriate
position to meet the task requirements of production environments such as minimiz-
ing operating time[1-3], energy optimization[4], obstacle avoidance planning[5], and
jerk elimination[6]. Once the planning is not reasonable, it will not only bring low
efficiency energy consumption and other results, but also may occur in the process
of working collision wear, damage the dynamic performance of the manipulator.It is
worth discussed how to find the relative position relationship bbetween the task and
the manipulator in accordance with the set task.

Trajectory planning of
the 6-DoF

roboti
manipulator

Fig. 1: Motion planning of industrial robot for material hanging scenarios

The trajectory planning of 6-DOF manipulator with multi criteria is a challenging
research topic. Since the manipulator is a highly nonlinear and multivariable coupled
dynamical system. Trajectory planning is generally transformed into a multi-constraint
multi-objective nonlinear trajectory optimization problem. At present, trajectory
optimization algorithms fulfill two essential roles in robot motion planning.

Firstly, as a trajectory replanning algorithm, an intuitive trajectory with col-
lisions (such as a simple point-to-point straight path) can be transformed into a
local optimal path without collisions and with low-cost. In such methods, trajectroy
optimization is invariant to reparametrization and these parameters are optimized
in ways that include covariant Hamiltonian optimization[5, 7, 8] and derivative-free
stochastic optimization[9]. The most important characteristic of optimization-based
methods is that they take advantage of the fact that the physical (or simulation)
environment changes are always continuous in actual production (or design) scenar-
ios. Secondly,facing on complex industrial environment,optimal trajectory planning



mainly concentrates on the production of offline motions to execute a previously
known task and a determined environment. Such methods is decoupled into two more
tractable and simpler subproblems : 1) generate a sequence of points in robot config-
uration space, and 2) optimized trajectory operation parameters. Within a scientific
literature on trajectory planning problems, it is potential to identify various opti-
mization criteria; the most critical are the minimal execution time[10-12],the minimal
energy[13] (or actuator effort) as well as minimal jbumps|[14]. In this paper,we adopted
decoupled trajectory optimization method and consider multi criteria for our robotic
manipulators.

Various optimization algorithms and parametric curves have been thoroughly
developed and employed in the relevant fields of industrial manipulators.For
instance,in[15] a classification method was presented that classifies optimization
strategies for yielding time-optimal trajectories in the position-velocity phase plane
into three families:Dynamic programming [16],Numerical integration[17, 18],convex
optimization[19]. In[20, 21],an energy minimized point-to-point trajectory is taken into
account with upper limits set on the joint velocity and the amplitude of the control
signal.

Taking into account only a single-objective function may not be appropriate to
satisfy the diverse requirements of real-world applications. Numerous diverse technical
criteria are defined to fulfil the requirements of task. It then becomes a constrained
multi-objective optimization (CMOP) problem. CMOP for robot manipulators [22]is
typically transformed into the unconstrained problem through the addition of a
penalty function associated with constraints in the aforementioned research or the
addition of linear weighting to objective function[23]. However, there exists internal
conflicts among objectives,any modification of the Pareto optimum in an objective
must result in a deterioration of a minimum of one of the other objectives. The optimal
trade-off between such objectives can be described in terms of Pareto optimality|[24].

At present, in the research methods of multi-objective optimization, the multi-
objective evolutionary algorithms (MOEA)[25] generally exploit non-dominated rank-
ing to give the decision maker some Pareto solution, instead of converting all the
objectives into a mono-objective function. NSGA-II[26] ranks the solutions through
non-dominated evaluation. MOEA /D[27] disaggregates a multi-objective optimization
problem into a group of problems with various sampling weights as the sub-problems.
As a result, this optimization technology is more preferred by researchers[28].

Our primary contribution is to exploit non-dominance ranking to give decision
makers some trajectories of Pareto solutions for their selection of problem-specific
solutions. In the present paper, the torque rate has been included as another target
function, together with time and jerk, in order to realize a higher localization accuracy.
We demonstrated the performance of NSGA-II and the Linear weighted methods in
generating trajectories in our problems.

The rest of paper is structured as described below. Section 2 presents a descrip-
tion of multi-objective trajectory planning problem. Section 3 describes in detail
the dynamical and kinematic analysis of a 6-DoF industrial robot and discusses the
generic formulation of multi-degree B-splines. In Section 4, a mathematical model
for time-energy jerk optimization is built, joint trajectory interpolation is carried out



with fifth-order B-spline functions, and two multi-objective optimization algorithms
are employed for trajectory optimization. In Section 5, results of experiments and
result analysis are presented for a 6DoF serial robot with involute joints in EC66
configuration. Lastly, in Section 6, some conclusions are presented.

2 Problem formulation

In the present paper, a 6-DoF manipulator was devised as a workpiece defect detecting
platform to complete the task of material scanning as is shown in Fig.2.The end effector
of the robot is a 3D laser scanner,a beam of laser light emitted from the side head
irradiates the workpiece, and after being diffusely reflected by the surface of the object,
it receives the optical fiber back-transmitted by the object to obtain the geometric
information of the measured object. In the precess of moving 3D Laser scanner driven
by the manipulator, the workpiece is fixed on operating table. The task demands that
the manipulator passes through these specified trajectories. The application of a 6-DoF
manipulator guarantees that the end-effector can achieve an arbitrary posture and
complete the task. During this process, the manipulator should satisfy task constraints
of the initial position Py = (pos,Poy,Po-) and target position P = (ps,py,p.).The
motion planning of our industrial manipulator includes two stages.The first stage
is the no-collision path planning.The second stage is the multiobjective trajectory
optimization.

Poistion

o

Fig. 2: Feasible Trjectories for a robotic munipulator

We consider the problem of generating a optimal trajectoryi.e. a time-
parameterized function 7(t) : [to,tf] € x. Let II(x,T) € R denote the set of all
continuous functions [to,tf] — x and zinit € x be the initial configuration of tra-
jectory. The goal region is zgoa1 C X.All trajectory at time ¢ € [to, ] is denoted as
Zreo(t). Trajectory constraints are expressed as D(q, 4, {,...). Under these assump-
tions, the optimal trajectory planning problems generally expressed as: given a 6 tuple
(Xfree, Tinit, Xgoal, D, F, T), find a trajevtory satisfied task requirments.

argmin  F(m(t)) = Fi(7(¢)), -+, Fm(7(2))

7(to) = Tinit and 7w(ty) € Tgom VYt € [0,T]
sit. m(t) € Xtree VtE€[0,T]

D(r(t), 7 (t), 7 (t) - -)



trajectory of the robot is planned in the joint space, the joint angle vector of the
initial configuration is denoted by qo = [610, 620, ---, 860],the joint angle angle vector of
the target configuration is denoted by g5 = [01f, 02y, ..., g6 £, and the joint speed vector
of the target configuration at moment ¢y is defined by ¢y = [élf,égf, ...,égf], time-
parameterized function can be represented by ¢(t).Then the multi-objective trajecory
planning problem for the 3D Laser scanners robot of equation (1) can be stated as
follows:

argmin  F(q(t)) = Fi(q(t)), -, Fn(q(?))
q(to) =qo and q(ty) = (2)
¢(0) =0 and q¢(tf) =gy

3 Preliminary

3.1 Kinematics and dynamics modeling

The application of trajectory planning begins with the creation of a mathematical
model of robot to address dynamics and kinematics and to compute a viable joint
configuration for the robot. The design structure of trajectory planning subsequently
optimizes the robot joint configuration to identify the optimal configuration in terms
of minimum jerk, energy consumption and time. The robot dynamics and kinematics
model has been produced to allow analysis of the torques and forces on robot joints
during robot movement. As an illustration, we have selected the EC66 industrial robot.
EC66 is a lightweight collaborative robot having six rotating joints comprising three
wrist joints, elbow, shoulder, base. The robot’s dimensions and structure are presented
in Fig. 3(a). Kinematic modelling first needs to build the robot’s kinematic parameters
and allocate joint frames. The Denavit-Hartenberg (D-H) approach[29] with modifi-
cations was employed to model the robot’s kinematic parameters.From link base to
link wrist, the frames have been assigned as shown in Fig.3(b).EC66 robot can be
described by for quantitiesc;, a;, 6;, d; for each link.
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Fig. 3: (a)Physical packing -robot platform (b)Joint structure model of the 6-DoF
manipulator
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According to the Standard D-H parameters, a transformation matrix depicting the
orientation together with position of the robot’s end-effector relative to its base is
shown in equation(2).

0T (01 ... 06) =3 T(61)5T(62) - - & T(06) (3)
This transformation matrix depens on D-H parameters and is defined as follows:

cos(8;) —sin(6;) cos(e;) sin(6;)sin(cy;) L; cos(6;)

Tie1_ sin(6;) cos(6;) cos(a;) —cos(6;)sin(ey;) L;sin(6;)
- 0 sin(ay;) cos(a;) d;
0 0 0 1

(4)

Supposing that the poseture of the end-effector relative to the base is [R P,
where P denotes as the position coordinates [P, P, P,]7 and R is defined from
a group of Euler angles [n o a]? designating the orientation.Then the kinematic
equation of the manipulator is

Ng O Gz Px
A B RA U A AR RACH) (5)
0 001

The methods of solving inverse kinematic equation is often used closed-form
solution called algebraic[30].

For the majority of robots, the maximal available acceleration and velocity varies
along the path due to the state-dependent dynamics and joint actuator limitations. For
the robot manipulator, the dynamic equations can be derived through the application
of the Natton-Euler or Langerand-Euler formulas in the joint space, in the following
general form:

7(6,6,0) = M(0)0 + C(0,0)0 + G(0) (6)
in which 7 € R™ represents the joint force vector; M(6) € R™ ™ denotes inertia
matrix;C(6,8) € R"™ ™ represents the Coriolis and centripetal force matrix;G(0) € R™
denotes the gravity term vector.Given a trajectory point, 6,6 and 6, we can find the
required vector of joint torques, by Newton-Euler algorithm.The algorlthm presented
is based upon the method published by Luh, Walker, and Paul in [31].

3.2 Trajectort planning in joint space utilizing fifth-order
B-splines

We recall here that a B-spline p(u) of order p = k + 1 and degree k is represented in
the so-called B-form.That is, as a linear combination of polynomials N; j(¢) of degree
p, called base or blending functions, which is weighted by some coefficients d; called
control points. The curve is founded on a serious of nodes u; and the basis function is
recursively defined through the De Boor formula[32].

u) = diNi k(u) (7)
i=0



The r-th order derivatives of the k-th degreeo B-spline in relation to u is

d'q(u) _ <~
dur - Zk dj, 7 Nig—r (), 0 € [ui; ti]
j=i-
dj, 1 =0 (®)
djvl: (k_l_’_l)wl:lQ...T

Uj+k+1 — Uj+1
When r = 1,2 and 3, the derivatives stands for the vectors of the velocity ¢(¢),
acceleration ¢(t) and jerk §'(t) of the robot joints, separetely, namely

) dq(u) 1—T
Q) = =g = D2 dis1Nip—r(w)
j=i—k
) d2q(u) i—r
q(t) = . Z dj, 2N j—r(u),u € [u;, Ujt1] (9)

j=i—k

o dg(u) A
q(t) = s Z dj, 3Ni j—r(u), u € [, uit1]
j=i—k
In the present paper, we utilize £ = 5. Thus,each of the interval will be a polynomial
of degree 5, and it is ensured to be located in the convex hull of its 4 control point 6
control points {dj, dj+1, dj+2, dj+3, dj+4, dj+5}.

4 Multiobjective optimal trajectory planning

The problem shown as eqution(1) is transformed to a problem that producing an
energy-,jerk- and time- optimal path via a given set of waypoints for robot con-
figurations,including constraints on joint positions,jerks,torques and velocities, while
fulfilling the variious dynamical and kinematic constraints relevant the robot as is
shown in table 1.

According to task requirements, a no-collision path-time nodes of each joint (¢, ¢x)
is generated by RRT* algorithm. Given the set points ¢,k = 0,1,...,n to be approx-
imated for time instants w; within a specified tolerance, it is possible to employ a
quintic spline within minimum energy,smoothing and minimum time of equation (7),
its control points are computed as a tradeoff between two or more suitable targets:
1.To find a well-fitted method for a specific via-points. 2.To achieve a trajectory that
is as smooth as possible (acceleration/curvature as small as possible). 3.To acquire a
trajectory with as short an excution time as possible . 4.To get a trajectory with as
little energy as possible.

we have designed a motion trajectory for these six joints, utilizing a fifth-order
B-spline curve as equation (8).Initial and final state control points for the packaging
process are premised on the hypothesis that the robot is at a standstill initially and
stops completely at the end of trajectory. The selection of control points can be carried
out via solving the multi-objective optimization problem,aimed to make each sub-
objective function as optimal as possible:



gi(x) <0,j=1,...,J (10)
sit. hip(x)=0,k=1,...,. K
reQCR”
where x = (21,9, ..., x,)is an n-dimentional decision vector in the decision space €2,

and f: ) — © C R” represents an objective vector comprising m objective functions,
mapping € to the relizable objective space ©, and g,(x) and J, separately, stand for
the J-th inequality constraint together with the number of inequality constraint;and
hi(xz) = 0 and K, separately denoteing the K-th equality constraint together with the
number of equality constraint. A solution is considered to be a viable solution when
it meets all the constraints; otherwise, it is an unviable solution.

The total structure of trajectory planning method consists of 5 modules as shown
in Fig.4:1.The geometric path that is created by the upper path planner is presented as
a series of waypoints in Cartesian space, which stand for the continuous directions and
positions of the manipulator’s end effectors; 2. Quintic B-splines curves are employed
for fitting the trajectory, where the trajectory is re-parameterized relative to time in
order to create movement patterns and geometric paths designed to achieve robot
jerk, acceleration and velocity of continuity; 3. Multi-objective optimization algorithm
produces certain Pareto-optimal trajectories for the robot, through linking temporal
information to geometric paths, considering several optimality criterions and some
kinematic limitations; 4.The decision-makers choose a solution for the specific problem
according to the Pereto solutions.
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4.1 Mathematical modeling for multi-objective optimal
trajectory planning

Firstly, minimum-time is an important trajectory planning techniques since they were
closely connected to the requirements to raise productivity in industrial sector.

m—1 m—1
=Y hi= Y (tig1—t:) (11)
1=0 1=0

where T is execution time to fulfill the assigned task.

The trajectory planner must produce a law of motion that satisfies the kinematic
and dynamic constraints and it must be the case that none of the mechanical resonance
patterns are excited.This can be accomplished through the manipulator produceing a
smooth trajectory,that is, the one with good continuity. Specifically, in order to keep
the absolute value of the acceleration with a certain range, it is better to obtain a
continuous trajectory of the joint jerk. High values of jerk means high change rate
of acceleration. Frequent change of robots’s acceleration requires the torque of joint
motor as driving torque, which may wear out the robot structure and reducing of
trajectory accuracy.Vibration created by a non-smooth trajectory damages the robot
actuator and induces large errors when robot performs tasks for example material
handing. In addition, trajectories with low jerk can be implemented more precisely
and faster. The criteria for smooth trajectories are listed below:

m—1

T
Fy(t) = 4 ;/0 q 5;(t)2dt (12)

~
Il
=]

where i =0,1....m — 1.

The power consumption is computed by a two-step process. Firstly, the power
consumed by each joint in a given time interval i is located, and subsequently the
total power consumption for that time interval is computed by summing up the power
consumption of all joints, as illustrated in equation (14).

F3(t) =W; = Z|/ |754(t)|0:dt| E = ZE (13)

j=1

where j = 1 6,7 is torque of actuators.For the short time intervals, it can be presumed
that the angular velocity together with torque are constant.
Thus, the problem of optimal trajectory planning can be expressed as



in which ¢« = 1,2,...,n, q(t),4(t), §(), ¢ (t) denote the displace-
ment,velocity,acceleration and jerk of the jth joint. Qjmaz;VimazsAjmaz,Jjmas denote
the maximal value of displacement,velocity,acceleration as well as jerk.

The system is devised to select joint configurations that need the lowest consump-
tion of energy, the smallest bumps and the shortest time. As the number of potential
configurations is restricted to a few solutions; the performance of each configuration
is investigated with multi-objective optimization algorithm in an iterative manner via
the entire target path and a Pareto non-inferiority is selected.

4.2 Trajectory Optimization algorithm

The developed algorithm utilizes the NSGA-IT and weighting method. The weighting
method is one of the first basic methods that one thinks of if multiple objectives require
optimization at the same time.In the weighting method,the problem (1) is transformed
into problem

k
min Z Wy fl (l‘)
i=1

st. z€8

(15)

where w; > 0 for alli =1,--- |k and typically,Zle w; = 1.The solution of (12) can
be proven to be weakly Pareto optimal and, furthermore, Pareto optimal if we have
w; >0 for all : =1, ..., k or if the solution is unique.

For our problem, we would like to find out how the weights can be employed to
control the solution process when the weights change at various values. AS a result,
the optimal trajectory planning of robotic manipulator can be expressed as

min w1F1 (t) + (.OQFQ(t) + W3F3(t)
145i()] < Vimax
s.t. |qﬂ(t)| S Ajmaac
| qj'L(t)l < ija:c
where F(t), Fa(t), F5(t) is defined in equation (12),(13),(14).The trajectory to address
this optimization problem have to satisfy the conditions for interpolation of all channel
points, together with the original and ultimate conditions for torque, acceleration jerk
as well as velocity.In this method,we use GWO algorithm|[33] to slove problem(17).
In addition to th weighting mehods, The genetic algorithm based on non-
domination for multiobjective optimization was presented by Deb et al[26].NSGA-II
algorithm is attend to find numerous Pareto optimal solutions in a multi-objective opti-
mization problem with these characteristics: it utilizes the elite principle, it employs
an explicit diversity preservation mechanism, and it stresses nondominated solutions.

(16)
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5 Application of the 3D areal scanner robotic
manipulator

5.1 Simulation environment

To confirm the validity of our framework, two experiments were performed in the
environment of MATLAB 2021a operated in a computer with Intel (R) core (TM)
i7-10510U CPU @ 1.80GHz, 16.00GB RAM (15.8GB available) and 64 bit operating
system.The robot trajectory planning on the basis of NSGA-II and the weighting
methods. A simulation environment for the EC66 robot can then be operated with
the trajectory planning algorithm mentioned in above section. In this section,Elite
EC66 robot is considered. The standard D-H method was employed to model the
robot’s kinematics and the constraint conditions have been illustrated in Table 1.The
parameters from below that are useful for the kinematics analysis were taken into
account.

Table 1: Standard DH parameters.

. . o ) ) oy Displacement Velocity Acclerationt Jerk
Link i (%) ai(m) di(m) 6:(°) "'y5ni6(°)  Limit(o/s) Limit(o/s®) Limit(o/s®)
1 -90 0 0.0955 61 360 100 800 60
2 0 -0.418 0 02 270 100 800 60
3 180 -0.398 0 03 270 100 800 60
4 90 0 -0.122 64 270 100 800 60
5 -90 0 0.098 65 270 100 800 60
6 0 0 0.089 66 360 100 800 60
6 Tables

There are four steps to run the MOP algorithm,which are: 1. Beginning with a specific
path in the manipulator space, perform a kinematic inversion for acquiring a series of
via-points in robotic joint space.2. Set the values of kinematic constraints and start
the algorithm for iterative optimization by selecting a proper initial solution taking
into account the design considerations and structural constraints of the manipulator.3.
Input the expressions for the kinematic constraints and the objective function into the
optimization algorithm.4. The MOP solution is subsequently acquired employing the
weighting methods and NSGA-II. The parameters of the GWO algorithms to slove
problem (15) are as follows:searchAgents number is 10, max number of interations is
10. The parameters of the NSGA-II algorithms to slove problem (13) are as follows:
population size is 50, mating pool size is 12, tournament scale is 2, crossover probability
is 0.8, mutation probability is 0.05, iteration number is 180,200, short distance ratio
is 0.1.

The process is discussed in detail below.Firstly, the desired trajectort is obtainted
by RRT* algorithm in Fig.5(a) and inverse kinematics is employed to get the joint
space motion trajectories in Table 2.After the robot trajectories in Table 2 have
been acquired, an interpolation function is applied to build the time-joint sequence

11



in Fig.5(b). Figure.5(c)shows the trajectory of end-effector in the tridimentional
space.The disadvantage of this approach, nevertheless, is that the jerk values at the
start and end are not specified. Unsmooth jerk value for the industrial robot may lead
to abrupt variations in torque, which may threaten the collaborator’s safety.

robot move follow the trajectory

Cartesian space trajectory

0
05 02 xim

()

Fig. 5: (a)The given path points in Cartesian space . (b)quintic B-spline curves pass-
ing through all path points. (¢)ELT EC66robot passes through the Cartesian space
trajector.

Table 2: Robot joint space trajectory

Node Joint 1(rad) Joint 2(rad) Joint 3(rad) Joint 4(rad) Joint 5(rad) Joint 6(rad)

1 1.3840 -1.0507 0.6405 -1.2793 1.6493 0.0506
2 1.1118 -1.0331 0.6417 -1.3247 1.7313 0.1993
3 1.0132 -1.1058 0.5884 -1.1677 1.9146 0.0352
4 0.8016 -1.2078 0.5614 -1.0210 1.9729 0.1052
5 0.7102 -1.1540 0.6475 -0.8477 2.1802 0.1698
6 0.49035 -1.2337 0.4708 -0.6496 2.1555 0.0064
7 0.1477 -1.4881 0.3355 -0.5948 2.0083 -0.1353
8 0.0544 -1.4903 0.2705 -0.5592 1.7672 0.0276
9 -0.0405 -1.5492 0.0876 -0.5059 1.6770 0.1031
10 -0.1625 -1.4811 0.3320 -0.7340 1.7123 0.0868
11 -0.1903 -1.3265 0.5831 -0.9949 1.6491 0.0730
12 -0.2333 -1.1043 0.9517 -1.3523 1.5455 0.0625
13 -0.2356 -1.0751 0.9913 -1.4190 1.5463 0.0506

6.1 Analysis of results

The time interval of trajectory is taken as a decision variable and the best variable
value is chosen via two multi-objective optimization algorithms.The weight parame-
ters w; of the weighting method is wy = 0.1,wy = 0.6,w3 = 0.3, w1 = 0.7,wy = 0.2,w3 =
0.1,w1; = 0.2,ws = 0.3,ws = 0.5.The result of weighting method is displayed as Table 4
and Table 5. This priori method assign weight according to expert knowledge before
optimization. When weight wyis lager,the pareto optimal solution tend to generate
shorter execution time trajectory. However, since the behavior of weights is indirect,
the resolution process cannot be easily controlled.For example,we cannot know which

12



solution can generate trajectory that consume less energy.Especially for MOP prob-
lems, the weights that generate some solutions are often not unique, so that remarkably
different weights may yield similar solutions. On the other hand, small variations in
the weights may also lead to large differences in the objective values.

Table 3: The weighting method experimental results

Number weighting combination(s) Decision variable Fitness Value

1 wi = 0.1,ws = 0.6,ws = 0.3 At = [2.8469,2.2046, - - - ,2.6049,3,2.6698]  30.3455
2w =0.7,ws=02w; =0.1 At =[3,1.6078,1.4588,--,2.8231,2.1931]  30.7623
3w =02w=03,w; =05 At =[2.7368,2.1182, - ,2.7263,3,1.9991]  49.4081

Pareto Solution Set Pareto Solution Set

X14.88 / A
60 Y 593.991 :.

7522153
a‘\].' X 14.86

40 Y 674299 £

—~40 %x ~ Z47.9384 X o X 1992
% {x % %0 X, X Y 211.866
2 ¥ — 1 = - % & '\. 7325306

s X X X 20.69 s o J

Z x 20 % X

5 20 Xy b |Y 204475 [} k! £

S ¥ N[ 22362 X 34.13 - X 3479

X — V710950 10 Y 68.8839

X)§x>$°(

Z3.43962

C
Z3.29715
* % Xx X x""/ &(m"'w\ '/

25 25

0 15

Execution Times/(s) 0 10 Execution Times/(s)
Energy Comsuption/(o-sz) Energy Comsu ption/(o-sz)
(a) (b)
Fig. 6: (a)Pareto front of the NSGA-II method with Gen=180 . (b)Pareto front of
the NSGA-II method with Gen=200.

Finding a unique optimal solution for the weighted objective function such as
problem(15) will exclude some potentially valid compromise solutions. Different from
only setting a set of weights,we are more concerned with finding a competitive set of
solutions that do not favor the priori method or the posterior method. In the posterior
method, the expert implicitly applies the weight by selecting a solution from a group of
equally attractive final feasible solutions. The idea of a posteriori method is a typical
Pareto optimization strategy like NSGA-II method. Fig.6(a) presents the result of
NSGA-II algorithm method.The result in condition that the maximal generetion is
200 is shown as Fig.6(b).

When the number of maximal generetion is larger, more Pareto solutions will
be obtained. In Figure 6(b), three characteristic solution can be used to genetate
trajectory as Table 4 and Table 5. The vector obtained by point A for the joint
space with time variable is At = [1.8,1.07,1.35,1.05,1.1,1.3,1,1.1,1.5,1.04, 1.5, 1.05],

13



Cartesian space trajectory Cartesian space trajectory
N N

rrrrr Original path -~ Original path
- — Before - — Before
04 |—— Optimized trajectory A| . - —— Optimized trajectory B

Nz

Cartesian space trajectory Cartesian space trajectory
N

rrrrr Original path —— Opt trajectory A
- - Before Opt trajectory B
04 - —— Optimized trajectory B —— Opt trajectory C

Nazm

(c) (d)
Fig. 7: (a)Optimized trajectory of Pareto solution of point A. (b)Optimized trajec-
tory of Pareto solution of point B.(c)Optimized trajectory of Pareto solution of point
A.(d)Trajectory comparison for different optimal criteria.

and the excution time is 14.86(s), the jerk value is 47.9384(° - s72) and the energy
comsuption is 616.215(J). The vector obtained by point B for the joint space with
time variable isAt = [2.5,1.07,1.35,1.42,1,1.5,1,1.1,1.5,2.93, 3.5, 1.05], and the excu-
tion time is 20.03(s),the jerk value is 30.392(° - s73) and the energy comsuption
is 244.286(J).The vector obtained by point C for the joint space with time vari-
able isAt = [3,3,2.55,2.81,2.7,2.5,2,2.6,4,2.93,4,2.7], and the excution time is
34.79(s),the jerk value is 3.29715(° - s73) and the energy comsuption is 68.8839(.J).
From Fig.6(b), a series of solution approaching is obtained by using NSGA-II
algorithm. The solution approaching A has poorer energy and smoothing performance
and better temporal performance. Conversely, the solution closer to C exhibits poorer
temporal performance and better energy and smoothing performance. The solution
closer to B gives better energy and smoothing performance as compared to A, while
the time performance is worse. Consequently, energy has a positive association with
smoothing performance and a negative association with the temporal performance.
From Fig.7, Optimizaed trajectories of three Pareto solution are ploted in Cartesian
space. Compared to the trajectory before optimization, optimized trajectory A has
shorter excution time. Compared to the optimized trajectory A,optimized trajectory
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Point Excution time(s) Energy Consumption(J) Jerk(®-~3)

a 14.88 593.991 52.215
b 20.69 204.475 23.3562
c 34.13 71.0959 3.43962

Table 4: Optimal function value in

Fig.6(a).

Point Excution time(s) Energy Consumption(J) Jerk(®-—3)
A 14.86 674.299 47.9384
B 19.92 211.866 23.3562
c 34.79 68.8839 3.29715

Table 5: Optimal function value in
Fig.6(b).

B is smoother than other trajectories and optimized trajectory C has shorter energy
cosumption.

The result get from NSGA-II is a group of optimal solutions, each of which is a
non-dominant solution. In this posteriori method,we can select a solution from a group
of equally attractive final feasible solutions.For example,we choose different Pareto
solution of point A,B and C to generate trajectory.The derivatives of 5-order B-spline
curve are shown in Fig.8,9,10.

The optimum curves for acceleration, velocity, displacement, jerk together with the
optimum torque for each joint derived from NSGA-II allow a continuous of motion tra-
jectories to be achieved via the quintic B-spline curve interpolation. The dynamic and
kinematic constraints of the robot are met. In summary, the NSGA-II algorithm can
effectively handle our multi-objective trajectory optimization problems in some ways,
while a well-distributed Pareto front can be acquired. Compared with the normalized
weighting method, multi-objective optimization trajectory planning is to achieve a
group of Pareto-optimal trajectories.

Tim

(a) (b) (©) (d) ()
Fig. 8: The derivatives of 5-order B-spline curves of 6 joints for solution of point A
(a)Position of manipulaor’s 6 joint.(b)Velocity of manipulaor’s 6 joint.(c)Accelaration
of manipulaor’s 6 joint.(d)Jerk of manipulaor’s 6 joint.
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Fig. 9: The derivatives of 5-order B-spline curves of 6 joints for solution of point B
(a)Position of manipulaor’s 6 joint.(b)Velocity of manipulaor’s 6 joint.(c)Accelaration
of manipulaor’s 6 joint.(d)Jerk of manipulaor’s 6 joint.
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(a) (b) (c) (d) (e)
Fig. 10: The derivatives of 5-order B-spline curves of 6 joints for solution of point C
(a)Position of manipulaor’s 6 joint.(b)Velocity of manipulaor’s 6 joint.(c)Accelaration
of manipulaor’s 6 joint.(d)Jerk of manipulaor’s 6 joint.

(a) (b) ()
Fig. 11: Experiment on 3D laser scanner robot (a)Figure of strip rolling gun; (b) 3D
laser scanner robot; (¢) 3D point cloud imaging;
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7 Conclusion

Getting a group of Pareto-optimal trajectories for a number of objectives is a more
expensive method compared to finding only a single trajectory. Nevertheless, there is
a pool of candidates to choose from that makes this method robust to uncertainty
and variation. In the present paper,we use a decoupled motion planning structure and
consider a multiobjective trajectory optimization problem for our industrial robotic
manipulator.Given the velocity, acceleration, and acceleration constraints, the model-
ing of our problem is finished. For this problem, we identify a group of Pareto-optimal
trajectories by doing some simulation experiments.According to some data analy-
sis,it is found that compared with the Weighting method, Perato method can provide
decision-makers more choice and has strong robustness and adaptability.It is explored
that the application of multiobjective optimization in multitask plannning of industrial
3D laser scanner robots as shown in Fig.11. Thus,the trajectory planning framework
of the robotic manipulator can be applied industrial environments according to the
task requirements.In the future work,dynamic obstacles will be taken into account and
it is significant that online trajectory planning should be considered to be adapted to
complex planning scenarios.
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