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Position calculation method of robot
obstacle avoidance based on ultrasonic

SENnsor

HaNG XUt

Abstract. An obstacle avoidance path planning algorithm based on genetic algorithm has
been proposed for the problem that the modular manipulator possibly collides with obstacle in the
workspace. Firstly, the D-H representation is used for modeling of the mobile manipulator, and
the kinematics and dynamics are analyzed; then, the kinematics and dynamics equations of the
manipulator are established. Next, the basic content of the genetic algorithm is introduced. Then,
under the comprehensive consideration, the time for movement of manipulator, the spatial distance
of movement and the path length all shall be caused to be minimum, and simultaneously not to
exceed the maximum setting torque of joint and any other conditions. The trajectory design has
been optimized, and the process of genetic algorithm analyzed. Finally, through the experiment,
the methods used are compared and verified in a single/multi obstacle environment(s), and the
experimental results show that the corresponding constraints have been satisfied, and the position,
velocity and acceleration curves of the trajectory are smooth and continuous. The simulation results
show that the method is feasible, universal and effective, and possibly improves the efficiency of
obstacle avoidance path planning.
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1. Introduction

In today’s production and life, the mobile manipulator is playing an increasingly
important role, and it has attracted the attention of scholars at home and abroad.
The research focuses on the motion planning and control of mobile manipulator, the
trajectory planning of which is the basis for trajectory control of the manipulator
and of significance in stability, operating efficiency, operating accuracy and energy
consumption of the manipulator. The obstacle avoidance planning means that a path
from the starting point to the target point needs to be selected for the environmental
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barrier, starting and target poses given, so that the moving object (robot) could
safely go through all obstacles without any collision[1].

At present, the obstacle avoidance path planning methods for manipulator are
various, mainly including C-space method, artificial potential field, visibility graph,
pretreatment-planning algorithm, topological method and fuzzy logic algorithm,
while these methods have disadvantages of complex modeling and huge calculation
quantity. The Literature [2] presents an obstacle avoidance path planning algorithm
based on A* algorithm that uses A* algorithm for collision-free path search in free
working space of space manipulator to realize the obstacle avoidance path plan-
ning of space manipulator. In the Literature [3], the envelope of rule body is made
available to the modeling of obstacle, and the idea on C-space method is used to
map the obstacle and manipulator to two mutually perpendicular planes, so that
the three-dimensional problem of manipulator working space is translated into a
two-dimensional problem. In addition, the reverse optimization search method of
two-branch tree is incorporated for path search, so as to realize the online real-time
planning requirements. In the Literature [4], an obstacle avoidance planning algo-
rithm of manipulator based on Q-learning dual neural networks has been presented,
and this method has favorable average speed and success rate of target realization.
For the Literature [5], through the development of linear inequality constraints, the
internal points are used for solving the selection of optimization of optimal running
speeds, and this method has no requirement for prior knowledge of movement of
any objects in any environment and could effectively and online perform real-time
collision avoidance action.

2. Establishment of MT-ARM manipulator model

The MT-ARM studied in this paper is a manipulator with four revolute joints
and one gripper, which is shown in Fig. 1. The base coordinate system of the
manipulator and the coordinate system of each joint have been established, which
is shown in Fig. 2. The D-H parameters of the MT-ARM modular manipulator are
shown in Table 1.

Table 1. D-H parameter table for MT-ARM

Joint No.  Coordinate system On di/mm  an/o
1 Op — O1 90° + 01 298.5 90
2 01— O2 90° + 02 330 0
3 Oy — O3 —90° + 03 0 -90
4 O3 — O4 0 320 0

3. Kinematics analysis of manipulator

Plane motion limits the motion of a robot in a single plane, and its computation
is simpler than that of three-dimensional motion. However, most robot mechanisms
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Fig. 1. MT-ARM

can be reduced to plane mechanisms or processed based on the plane.

A pitching module is used as the last joint of the expandable modular manipulator
of four degrees of freedom in this paper, which does not change the position of the
end effector but changes. Thus MT-ARM modular manipulator model is simplified
according to the geometric characteristics of manipulator, and the simplified plane
manipulator of three degrees of freedom is shown in Fig. 3 where this manipulator
is composed of a fixed connecting rod and three moveable connecting rods moving
in the plane. All the connecting rods are connected with rotating countershaft, and
the joint shaft is perpendicular to the connecting rod plane.

The specified length of connecting rod, namely the spacing between adjacent joint
shafts are respectively expressed as L1, Lo and Lz. Order that point O, point A and
B pointare respectively on the three joint shafts and point E is on the end effector.
It is assumed that the connecting rod 1 fixed on the base connecting rod (connecting
rod 0) is driven by effector 1 to form 6; and effector 2 drives the connecting rod 2
fixed on the connecting rod 1 to A3 form as the angle between two adjacent connecting
rods the effector 3 drives the connecting rod 3 fixed on the connecting rod 2 to form
f3. Since the manipulator execute tasks by moving the point E on the end effector,
coordinate system xoy is introduced to describe the position, in which coordinate
origin coincides with the first joint, and the position of the end effector is represented
with coordinates (ze,ye). With the length of the connecting rod and the angle of
the joint, the computational coordinates of the end effector are:

Ze = Ly cosy + Lo cos(01 + 02) + Lz cos(by + 02 + 03) . (1)

Ye = L1 sinby + Losin(6; + 92) + L3 sin(91 + 605 + 93) . (2)

The orientation ®, of the end effector is indicated by the angle between the center
line of the end effector and the forwardaxis,

P, =0; +65+05. (3)
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In the event that the displacement value of the joint is given, the forward kine-
matics problem is to work out the coordinate and orientation of the end effector by
means of formula (1), (2) and (3). The inverse kinematics problem is to obtain the
corresponding displacement of the joint by the given orientation of the end effector.

As shown in Fig. 3, the coordinates ., y., and azimuth ®. of the end effector are
known, and the angle 61, 65 and 63 of the three joints are required to be determined.
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Fig. 4. Solution to the Inverse

Fig. 3. Planar Robot of Three Kinematics of the Manipulator

Degrees of Freedom

Order that the coordinates of point B are x,,, ¥, then:

Ty = Te — L3 cos P,

(4)

Yuw = Ye — Lzsin®, .

Thus, o = tan™! %=,

Ty
It can be obtained as per the cosine theorem in the triangle OAB that § =

L2422 o2 1 22 +y2 +L2—L?
oS 1%,7=C08 1Mthu3:
1L2 2L1\/m
91201_7a
92:71'—5, (5)

O3 =P, — 0, — 0.

Equation (5) defines a set of solutions of ,andand another set of solutions is shown
simultaneously inand of Fig. 4, then:

0/1:01+2’Y,

9’2:7923 (6)
0h = @ — 0] — 0 = 03 + 205 — 2.
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4. Kinetic analysis of manipulator

In the statics of manipulator, the forces and torques acting on the manipulator
are researched when the robot is stationary or in slow motion, while in the dynamics
of the manipulator, the dynamic relation between the manipulator motion and the
joint driving force (torque) is researched, and the differential equation describing
this dynamic relation is called as the dynamic model.

The Lagrange equation of the particle system is used to analyze the dynamics
issue of the manipulator. The Lagrange equation is:

L=K-P.

Where L represents the Lagrange function, K represents the sum of the kinetic
energy of the system and P represents the sum of the potential energy of the system,
then the kinetic equation is expressed as:

S dor oL
Cdtdg  Oqi

Ti (7)
Where 7; represents the generalized force (force or torque) of joint i, ¢; represents
the generalized velocity (6; or v), and ¢; indicates the joint coordinates.
It is assumed that lengths of connecting rod of the three-link manipulator are
respectively Ly, Lo and L3 the mass is respectively concentrated at my, ms an mg,
the coordinate system is selected as shown in Fig. 5.

y

0 X
Fig. 5. Particle Coordinates of Three-link Manipulator
As shown in Fig. 5, the kinetic energy k; and potential energy p; at the particle

m;(i = 1,2, 3) are calculated respectively, and for the particle my, there are following
equations:

1 1 1
Kinetic energy: k= lev% = §m1(L1611)2 = imlL%qf . (8)

Potential energy: p1 = migLysin(qy) . (9)

The coordinates of the particle mo are as follows:
x9 = Ly cosqr + Lo cos(q1 + ¢2)
Y2 = Lysing; + Ly sin(q1 + ¢2)
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The velocity component 5 and gy are obtained as after derivation to z2 and ys,
then vi = @3 + y3.

1 1
Kinetic energy: ko = §m2v§ = imQ(acg +93). (10)

Potential energy: p2 = mag(Lysing; + Lasin(q1 + ¢2)) (11)

The coordinates of the particle mgz are as follows:
x3 = Ly cosqy + Lacos(q1 + g2) + La cos(q1 + g2 + q3)
ys = Ly sing; + Lasin(q + g2) + Lz sin(q1 + g2 + g3)
lowing are be obtained:

In a similar way, the fol-

1
Kinetic energy: ks = —mav; = §m3(i§ +93). (12)

N | =

Potential energy: p2 = mag(Lqsin g1+ Lo sin(g; +q2)+Ls sin(g1+g2+¢3)) . (13)

Thus, we can obtain that L = (k1 + k2 + k3) — (p1 + p2 + p3), substitute it into
formula (7) to obtain the corresponding joint torque 71, 75 and 73 respectively.

5. Obstacle avoidance planning algorithm based on genetic
algorithm

5.1. Overview of genetic algorithm

The genetic algorithm (GA) is a calculation method for simulation of biological
genetic and evolutionary process, of which principle is to take advantage of biolog-
ical evolution law of “survival of the fittest in natural selection”. First of all, the
parameters of the problem to be solved are encoded into chromosomes, and then the
selection, crossover and mutation operations are performed to exchange the infor-
mation of chromosomes in the population, and finally the chromosomes that satisfy
the optimization target are generated.

In genetic algorithms, the corresponding data or arrays of chromosomes are gen-
erally represented by one-dimensional cluster-structured data, and each position on
the cluster is corresponding to the value of gene. A chromosome is a gene cluster
or genetic individuals. A population is made up of a certain number of individuals.
Population scale is also the population size, which refers to the number of individuals
in a population. Fitness (fitness) is the degree to which each individual is adapted
to the environment.

First, several populations P(t) are generated at random and the fitness value
of the individual in the populations is calculated by means of the fitness function
to evaluate each member. According to the principle that the chromosome with
low fitness is inhibited while the one with high fitness is inherited, the chromosome
corresponding to each individual is selected and then individual genetic operation is
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performed by taking advantage of crossover and mutation operators to obtain a new
generation of population.

Selection: according to certain rules, select some excellent individuals in popula-
tion P(t) of the generation ¢, and transfer these individuals to the next generation
Pt +1);

Crossover: match the individuals in the population P(t) into a couple at random
and exchange chromosomes between each couple of individuals with a crossover
probability;

Mutation: change a allele value or some allele values of each individual in popu-
lation P(t) with the mutation probability.

After repeated operations in such way, the system evolves continuously toward
a better solution, and eventually the resulting population satisfies the convergence
condition and is most suitable for the problem environment, thus the optimal solution
is obtained.

5.2. Implementation of genetic algorithm

The implementation of genetic algorithm mainly includes parameter coding, set-
ting initial population, designing fitness function, genetic operation, setting algo-
rithm control parameter and processing constraint condition.

(1) Code: the code of genetic algorithm is a genetic representation of solution,
that is, the solution of the problem is encoded as the chromosome required for genetic
algorithm, which can be divided into: gray code encoding and real number encoding,
binary encoding and integer or alphabet encoding etc.;

(2)Initial population: in the range of the solution, a certain number of individuals
are randomly generated, and each individual is generated by random initialization;

(3) Fitness function: as the basis of genetic manipulation and a criterion to
evaluate the merits of each individual in a population, it reflects the natural law of
“the fittest survive”.

(4) election: according to the size of individual fitness value, the operation of
survival of the fittest is adopted for each individual, so as to generate new population.
As the number of generations in the breeding is less, the individuals with lower
fitness are eliminated; the fitness value of the individuals with higher fitness is kept
close to the optimal solution due to the large number of generations in the breeding.
Selection operators include (u+A) selection, competitive selection, roulette selection,
steady-state reproduction, array and scaling transformation and sharing.

(5) Crossover: it determines the global search ability of the genetic algorithm,
and in some way, the paired chromosomes are exchanged with each other for partial
genes to form two new individuals. The value range of general crossover probability
P, is 0.4 ~ 0.99.

(6) Mutation: as auxiliary method of genetic algorithm to generate new individ-
uals, it determines the global search ability of the genetic algorithm and changes a
place value or some place values on the individual encoding string with a smaller
probability to form the new individual. The value range of general mutation prob-
ability P, is 0.0001 ~ 0.1. .



1286 HANG XU

(7) Termination of evolutionary generation: the genetic termination condition is
usually taken as 100 ~ 500 based on the complexity of the problem.
The main implementation steps of the genetic algorithm are shown in Fig. 6,

Initial (candidate) solution to
the problem

v

Encode it into chromosomes
(vectors)

.
¢

Determine population
P(t)

v
Calculate the fitness of each
chromosome
Reproduction, Reserve the excellent and Population < population
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. . . P(t) P(t+1)
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A
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Does the population
meet the expected index?

Decode chromosome

v

Space for solution to the
problem

Fig. 6. Implementation Steps of Genetic Algorithm

Stepl: Initialization: set the largest evolutionary generation number T'

and evolutionary generation number counter ¢ = 0, randomly generate M indi-
viduals of initial population P(t);

Step2: Individual evaluation: calculate the fitness value of each individual in the
population P(t);

Step3: Selection operation: exert the selection operator on the population;

Step4: Crossover operation: exert the crossover operator on the population;

Stepb: Mutation operator: exert the mutation operator to the population, and
the next generation of population P(t+ 1) is obtained after selection, crossover and
mutation operation of population P(t);

Step6: Judgment of termination condition: when ¢ < T', then go to step two; if
t > T, terminate the calculation, and the optimal solution is the individual with the
greatest fitness in the evolution process.
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6. Experimental design and result analysis
6.1. Parameters setting of genetic algorithm

The quantity of selected population is 200, the coding scheme is real-number
coding, P, = 0.8, P, = 0.05 and the fitness function is as follow:

1
Fr = .
! ﬁlFot +/82Fq +B3Fc+54tT

(14)

Where, F,; represents the penalty function of joint torque, F, represents the
total distance traveled by each joint, F, represents the trajectory length of space,
tr = t1 + to indicates the total running time, and S;(i = 1,2, 3,4) means the weight
coefficient.

o3y

b«
j:1 1=

FZJ,FZJ _ { 0 ; Tij. < Timax (15)
1 ‘Ti | — Tmax Tij 2 Ti max

Where, a represents the degree of freedom of manipulator, b represents the num-
ber of nodes between the starting point and the end point, 7;max indicates the
maximum torque of the joint.

a b
Iy :ZZMij = Gij-1]- (16)

i=1 j=2

b
F.= Z d(pj;pj—1) (17)

Where, d(p;, pj—1) represents the distance between joint p; and p;_;.

When obstacles exist in the workspace, the objective function of obstacle avoid-
ance is defined as F;, when the manipulator moves from the starting point to the end
point, and the manipulator does not intersect the obstacle area, F,;, = 1, otherwise
F,, =0, that is as follow:

1 Zb_ So¢ (link;; N obstacle) = 0
Fo = ’ j=1 i=1 ) 18
b { 0, other (18)

At this time, the fitness function is defined as F' = Fy; /F.
6.2. Parameters setting of manipulator

The connecting rod length of manipulator respectively are L1y = 1, Ly = 1,
L3 = 0.5, the weight coefficients respectively are [(1, B2, f3, 84] = [2,2,2,1]. The
maximum torque of three joints respectively are 7 max = 45NmM, Tomax = 20Nm,
Tsmax = 4DNm, the speed and accelerated speed are zero at starting and ending
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time, the constraint range of optimization objective [t1,t2, fq, fc]is as follow:

1s <t; < 8s (i=1,2)
0 < fqg < +o0
21Im < f, < 400

6.3. Experimental results and analysis

Experiment I: Trajectory planning of manipulator in environment with single
obstacle

As shown in Figure 7. Set the starting point of the manipulator is (z = 0.5,y =
2,®, = 100°), the (—2,0.5) coordinates of end point is (0, 2), and the radius of
obstacle is r = 0.35 m. Figure 7 (a) presents the trajectory curve for end effector of
manipulator; Figure 7 (b), (¢), (d) respectively shows movement time ¢7, movement
distance of joint f;, and the curve of trajectory length changing with genetic algebra;
Figure 7 (e), (f), (g), (h) respectively rep-resents the curve of the joint angle, velocity,
acceleration and joint torque changing with time, the hollow circle represents the
optimized intermediate node.

The experimental results show that the result of trajectory optimization is as
follows: the total running time is t7 = 4.0013s, the movement distance of joint is
fq = 3.4612m, and the trajectory length is f. = 3.1343m. Total overshoot torque is
fot =0.

Based on Figure 7 (b), (c), (d), the movement time ¢r, joint movement distance f,
and f, trajectory length are changed with the increased genetic algebra and tending
to a stable value; according to Figure 7 (e), (f), (g), the joint angle, velocity and
acceleration function express continuous curve; Figure 7 (h) shows that the torque
of each joint is within the each allowable maximum range.

Experiment II: Trajectory planning of manipulator in environment with multiple
obstacles

As shown in Figure 8. Set the starting point of the manipulator is (z = 0.5,y =
2,®, = 100°), the coordinates of end point is (—2,0.5), the coordinates of obstacle
is (0, 2), and the radius of obstacle is r = 0.35m , the coordinates of obstacle 2
is (—1.3,1.6), radius is 7 = 0.21mm, and the coordinates of obstacle 3 is (—1.9, 1),
radius is r = 0.16m. Figure 8 (a) presents the trajectory curve for end effector
of manipulator; Figure 8 (b), (c), (d) respectively represents the curve of the joint
angle, velocity, acceleration and joint torque changing with time, the hollow circle
represents the optimized intermediate node.

The experimental results show that the result of trajectory optimization is as
follows: the total running time is tp = 3.9325s, the movement distance of joint is
fq = 4.1246m, and the trajectory length is f. = 3.1535m. Total overshoot torque is
fot = 0.

By Figure 8(a), the manipulator can move from the starting point to the end
point in the environment with multiple obstacles, while avoiding the obstacles, based
on Figure 8 (b), (c¢), (d), the movement time ¢7, joint movement distance f, and
trajectory length f. are changed with the increased genetic algebra and tending
to a stable value; according to Figure 8 (e), (f), (g), the joint angle, velocity and
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Fig. 7. Trajectory planning of manipulator in a single obstacle environment

acceleration function express continuous curve; Figure 8 (h) shows that the torque
of each joint is within the each allowable maximum range.

From Experiment II and II, it can be seen that the trajectory length and total
joint movement distance will increase following with the increase of the number of
obstacles in the environment.
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7. Conclusion

This paper proposed an obstacle avoidance path planning method of manipula-
tor based on genetic algorithm, to carry out the research in environment with single
and multiple obstacles with optimized index of movement time, joint movement
distance and trajectory length, the main content of research is obstacle avoidance
path planning method of manipulator based on genetic algorithm, firstly, the D-H
(Denavit-Hartenberg) representation is used for modeling of the mobile manipulator,
and the kinematics and dynamics are analyzed; then, the kinematics and dynam-
ics equations of the manipulator are established. On this basis, the optimization
of obstacle avoidance path planning for manipulator is achieved by using genetic
algorithm and taking movement time, moved space distance and trajectory length
as optimized indexes in environment with single and multiple obstacles. Through
simulation, the effectiveness and feasibility of the obstacle avoidance path planning
algorithm based on genetic algorithm are verified, the algorithm improves the effi-
ciency of the manipulator effectively avoiding the obstacles in the workspace.
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