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Abstract— In this paper we propose an energy efficient
method for path planning by a robot arm. First we have
developed a cost function that provides a set of via points
determining a suitable path according to the obstacles present
in the surroundings and other restrictions in its motion. Then
we fit a suitable polynomial to this set of interior points to
ensure that the journey is smooth and takes place with the
consumption of minimum energy. The set of via-points as well
as the minimum energy path have been determined using IWO
(Invasive Weed Optimization) which is a new search heuristic
based on the colonizing property of weeds. Application of such
evolutionary algorithms in trajectory planning is advantageous
because the exact solution to the path planning problem is not
always available beforehand and must be determined
dynamically. The entire procedure has been demonstrated
through simulations. The above formulation is very simple and
versatile and can be effectively applied to a variety of
situations.
Keywords- robot arm, mechanical energy, optimization, IWO,
trajectory planning, obstacle avoidance.

I.
INTRODUCTION
The problem of motion planning and obstacle avoidance
has been a very important area of research for the last
decade. It finds wide applications in various fields including
industries and medical science. There are mainly two areas
of concern. Firstly, there is the need to find a solution to the
inverse kinematics problem for a given goal. The forward
kinematics functions may give multiple solutions to the
same problem and it is of interest to find the correct
solution. Furthermore these solutions are to be obtained
using various minimization techniques. This is to ensure
that the final path obtained caters to the desired conditions
of minimum path, time, energy or some such parameter.
Thus for the obstacle free case the cost function has terms to
minimize the above criteria only, whereas in the case of
obstacles there is an additional penalty term as will be
discussed in later sections.
Several research works have been conducted in this field
during the past few years. Saab and VanPutte [1] used
topographical maps to solve the problem. In [2] an
algorithm has been proposed for obstacle avoidance using
convexity of arm links and obstacles. However, the method
suffers from the problem of laborious computations.
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Recently genetic algorithms (GA) have been used in this
field. Tian and Collins et al. [3] have proposed a method for
a planar robot arm motion planning using GA. However
only point obstacles have been considered and the
environment is entirely two dimensional. Thus scope of
practical implementation is limited. Other works in this field
include [4] and [5].
Neural networks have also been used by some researches
to solve the problem of obstacle avoidance in motion
planning. Ziqiang Mao and T.C. Hsia et al. [6] employed
neural networks to solve the inverse kinematics problem of
redundant robot arms.
Other researches in this field include Potential Field
method [7]. Helguera et al. [8] proposes an effective
approach to solve many of the problems created by the
Potential Field method.
In our paper we propose a novel method to solve the
problem of motion planning without obstacle collision using
Invasive Weed Optimization (IWO) proposed by Mehrabian
and Lucas [9]. It mimics the ecological behavior of weeds.
This metaheuristic algorithm has attracted researchers
because of its reduced computational cost. A suitable cost
function has been chosen according to the present application
which has been minimized to track the optimal path between
an initial and final configuration of the robot arm joints. The
algorithm has been described for a two-degree-of-freedom
robot arm but can be easily extended to other arm
configurations. Let us first take a look at the prototype robot
arm used for our work.
II.

PROPOSED WORK

A. The Robot Arm
In the following discussion we use a robot arm with two
links and two movable sections each having one degree of
freedom. Their movements are described by angles theta
and phi which are defined with respect to the co-ordinate
system as shown in Figure 1.
• The first section of length L1 moves in the vertical
plane as described by theta (ș) measured from the
+ve z-axis. The vertical plane in which it moves is
displaced from the x-axis by an angle Į.
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•

The second section of length L2 moves in the
horizontal plane as described by phi (ɮ) measured
from the +ve x-axis.

The arm ends in a gripper whose co-ordinates are given by
 ݔൌ  כ ͳܮሺɅሻ  כሺߙሻ   כ ʹܮሺ˗ሻ
(1)
 ݕൌ  כ ͳܮሺߠሻ  כሺߙሻ   כ ʹܮሺ˗ሻ
(2)
 ݖൌ  כ ͳܮሺߠሻ
(3)

2) Obstacle Avoidance
Obstacle avoidance in case of robotic arm movements is
a lot more complex proposition than in the case of point
objects. This is because in the current situation we must not
only make sure that the end point, i.e. the gripper avoids
collision but also ensure that in all its orientations all the
parts of the arm avoid collisions with the obstacles. First we
model the robot arm as a series of consecutive spheres each
of radius R1, where R1 is determined by the amount of
safety margin required. The proposed model is shown in
Figure 2. Now the obstacle may be of different shapes and
sizes and developing different penalty terms for each of them
is a rather futile process. As a simple model we have
considered obstacles to be spherical in our calculations,
where the obstacles in cases being non-spherical have been
replaced with spheres that just enclose the body, i.e. a square
or a rectangle is replaced with its circum-sphere and so on, as
illustrated in Figure 2.

Figure 1.Variation of phi (ɮ) and theta (ș)

Here for our analysis we take, without loss of generality, Į =
90deg, so that the upper arm is entirely confined in the Y-Z
plane.
B. Determination of Via-Points
Here we determine a set of via-points in between the
initial position and the goal by using IWO and then fit cubic
polynomials in between these interior points to form a
smooth trajectory subject to constraints of continuous
angular velocities and energy minimization. First we
describe the cost function used to locate the interior points:
1) Minimization of Redundant Joint Rotations
Here we purpose to minimize the energy consumed in
redundant arm movements. We know that for a rotation of
angle ¨i at the ith joint, the energy expended is given
byσ ߒ οȳ , where Ti is the torque provided by the motor at
the ith joint. Thus the problem reduces to one of ensuring
that the final angle is attained as quickly as possible. Thus
the cost function becomes

݂ ൌ  כ ͳܭȁߠ െ ߠȁ   כ ʹܭȁ˗ െ ˗ȁ

(4)

where K1, K2 are constants of proportionality and
(ߠ ,˗ ) denotes the goal position. In the above equation
ߠ ൌ ߠ௩  οߠ and ˗ ൌ ˗௩  ο˗ where ሺߠ௩ ǡ ˗௩ ሻ
represents the previous via point and ሺοߠǡ ο˗ሻdenotes the
angular displacement between the two via points.
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Figure 2.Sensors on robot arm and representation of obstacles by spheres

In the above discussion it is clear that if the distance ‘x’
between the sensor and the centre of the sphere representing
the obstacle is less than R1 + R2 then there is a chance of
collision and hence in such cases the cost function should
incorporate a large penalty term. In cases where this distance
is larger, the penalty term should be negligible. Thus we
have for the ith sensor and jth obstacle a penalty term of the
form
(5)
 כ ͵ܭሺെݔ Ȁሺܴͳ  ܴʹ ሻሻ
where K3 is a constant of proportionality and is in general
much greater than K1 and K2 since this lends more weight to
the penalty term as obstacles must be avoided at any cost.
Here we have taken the penalty term in the form of an
exponential. The term is equal to K3 at the centre of the
obstacle (x=0) and decays exponentially to K3/e at x =
R1+R2. Thus the penalty component of the cost function
finally takes the form (summing over all obstacles and all
sensors):
σ σ ܥ כ ͵ܭ  כሺെݔ Ȁሺܴͳ  ܴʹ ሻሻ (6)
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Here the constant Cij ensures that the penalty term is not
added beyond xij=R1i+R2j. Thus
ͳǡ ݔ ൏ ܴͳ  ܴʹ
ܥ ൌ ൜
Ͳǡ ݁ݏ݅ݓݎ݄݁ݐǤ
3) Constraints on Joint Angle
The last term in the cost function incorporates a large
penalty if the arm tries to take angles beyond the given
restrictions. This is to ensure that in trying to avoid
obstacles and minimize energy along its path the arm always
takes only those values that agree with the constraints on the
joint angle displacements. The penalty term is of the form
ܭͶ  כσ ܥ where K4 is very large in relation to K1, K2, K3
and
ͳ݂݆݄݅ܽ݊݃݁ݐݐܽݐ݈݊݁݉݁ܿܽݏ݅݀ݎ݈ܽݑ௧ ݆ݏ݅ݐ݊݅
ܥ ൌ  ቐ
ݐ݈݂݄݅݉݅݀݁݊݅݁݀݁ݐ݁݀݅ݏݐݑ
Ͳ݂݅ܽ݊݃ݏݐ݈݄݅݉݅݊݅ݐ݅ݓ݁ݎܽݏݐ݊݁݉݁ܿܽݏ݅݀ݎ݈ܽݑ
For the present problem, the constraints are
0 ߠ  ͻͲ݀݁݃ܽ݊݀Ͳ  ˗  ͳͺͲ݀݁݃ .
Thus in its final form, the cost function becomes:







ݔ
ቇ
ܴͳ  ܴʹ

ܭͶ  כσ ܥ

(7)

To ensure uniform distribution of via-points in the joint
space, the optimizer has been employed to produce
optimized values of ¨ș and ¨ɮ within a certain given range
(-¨șmax, ¨șmax) and (-¨ɮmax, ¨ɮmax) which have been
added to the șprev and ɮprev values, and the process is
repeated till the goal is reached.
C. Fitting an Optimum Trajectory
Here we develop an energy efficient method of fitting a
smooth trajectory to the set of via-points found above. Let
us consider that we have n+1 via-points (including initial
and final points). We fit smooth cubic polynomials for theta
and phi as functions of time in between each of these points
as shown below:
Ʌ ൌ    ଵ    ଶ  ଶ   ଷ  ଷ
˗ ൌ   ଵ   ଶ  ଶ  ଷ  ଷ

(8)
(9)

where the coefficients are determined partly by a set of
boundary conditions and partly by energy minimization
criterion. The boundary conditions for the polynomial
between the ith and (i+1)th via-points are as follows:
for i = 1,2...n; ߠ ൌ  ߠ ǡ ˗ ൌ  ˗ Ǣ
ഥ ൌ˗
ഥ  Ǥ.
ߠҧ ൌ  ߠҧ ǡ ˗
andߠ ൌ  ߠାଵ ǡ ˗ ൌ  ˗ାଵ Ǥ

at t = 0
at t = T

for i =1, 2...n; ܽ ൌ ߠ ǡ ܾ ൌ ˗ Ǣ
ഥǢ
ܽଵ ൌ ߠҧ ǡ ܾଵ ൌ ˗
ͳ
ܽଶ ൌ ൗܶ ଶ ሺߠାଵ െ ߠ െ ߠഥప Ǥ ܶ െ ܽଷ Ǥ ܶ ଷ ሻ,
തതതప Ǥ ܶ െ ܾଷ Ǥ ܶ ଷ ሻ
ܾଶ ൌ ͳൗܶ ଶ ሺ˗ାଵ െ ˗ െ ˗
(11)
Evidently the above conditions give three equations for
four unknown coefficients, and the final equation is
provided by the energy term. At any point the mechanical
energy of the arm will be given by the summation of kinetic
and potential energies of each of the arm sections as shown
below:
 ܧൌ  ሺܭǤ ܧǤ  ܲǤ ܧǤ ሻ

݂ ൌ  כ ͳܭȁߠ െ ߠȁ   כ ʹܭȁ˗ െ ˗ȁ
  ܥ כ ͵ܭ   כቆെ

respectively. Condition of continuity of angular
displacements is of course necessary, whereas condition of
continuity of angular velocity at every via-point avoids
jerky movement of the arm. At the initial point angular
velocities are zero. Using the boundary conditions, we get
the coefficients as:

(10)

where T is the time to move from the ith to the (i+1)th viaഥ are the first time derivatives of theta and phi
point, and ߠҧ,˗

where ܭǤ ܧǤ ൌ  ͳൗʹ Ǥ ݉ Ǥ ݒ ଶ   ͳൗʹ Ǥ ܫெ  Ǥ ߱ ଶ
and ܲǤ ܧǤ ൌ  ݉ Ǥ ݃Ǥ ݄
Here ߱  ൌ angular
velocity of
ith
link, i.e.
ഥ.
߱ଵ ൌ  ߠҧƬ߱ଶ ൌ  ˗
ݒ ൌ translational velocity =ඥݔഥప ଶ   ݕഥప ଶ  ݖഥప ଶ , where
ݔഥప ǡ ݕഥǡ
ഥare
the first time derivatives of the co-ordinate of
ప ݖ
ప
the centre of mass (CM) of the ith link.
ܫெ  ൌ moment of inertia of the ith link about its CM.
݉ ൌmass of the ith link.
݄ ൌ height of the ith link from the ground, which is
taken as the reference for zero potential energy.
Upon calculations, the total mechanical energy of the
system is found to be equal to
ഥ ଶሻ
 ܧൌ  ͳൗʹ ݉ଶ ܮଵ ଶ Ǥ ߠҧ ଶ   ͳൗ ሺ݉ଵ ܮଵ ଶ Ǥ ߠҧ ଶ   ݉ଶ ܮଶ ଶ Ǥ ˗
ͳ
ഥ
ҧ
 ൗʹ ݉ଶ ܮଵ ܮଶ ሺߠሻ ሺ˗ሻ Ǥ ߠ Ǥ ˗
݃ܪሺ݉ଵ  ݉ଶ ሻ െ ݃ܮଵ ሺͳൗʹ ݉ଵ  ݉ଶ ሻ ሺߠሻ
(12)
;
In this equation we put the expressions for ș, ɮ and
and replace a2, b2 in terms of a3,b3 so that E is now a
function of time, and a3,b3. The energy integrated over a
single time interval will give a measure of the total energy
consumed and this is a function of a3 and b3 (the integration
is done using recursive adaptive Simpson quadrature
technique). Thus we can find an optimum value of the
remaining coefficient by minimizing FK, where
்
ܨ ሺܽଷ ǡ ܾଷ ሻ ൌ   ܧǤ ݀ݐ
(13)
This completes description of the entire trajectory subject to
smooth motion and minimization of energy consumed.
D. The Optimization Technique
Here we have used IWO (Invasive Weed Optimization)
as our optimization technique. The algorithm is described
below in the next page.
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III.

AN OUTLINE OF IWO ALGORITHM

A. Generation of an initial population:
An initial population of weeds (solutions) is generated
randomly over the D dimensional space.

START

B. Reproduction:
The plants will now produce seeds depending on their
relative fitness which will be spread out over the problem
space. Each seed, in turn, will grow into a flowering plant.
Thus, if Smax and Smin denote respectively the number of
seeds produced by plants with best and worst fitness
respectively then seed count of plants will increase linearly
from Smin to Smax depending on their corresponding fatnesses.

Initialization of weed population

Reproduction and Seed Dispersal

C. Dispersal of seeds through search space:
The produced seeds are randomly distributed over the D
dimensional search space by random numbers drawn from a
normal distribution with zero mean but with a varying
variance. This leads to a local search around each plant and
naturally the search is much more extensive in the
neighborhood of fitter plants. However, the standard
deviation (SD), ı, of the normal distribution decreases over
the generations from an initial value, ımax, to a value, ımin,
and is determined by the following equation:
ߪൌቀ

௧ೌೣ ି௧ 
௧ೌೣ

ቁ ሺߪ௫ െ ߪ ሻ   ߪ

(14)

Is total no of seeds
and weeds > Pmax

Yes

No

Competitive
Exclusion

Inclusion of
all seeds and weeds

where ı is the SD at the current generation and itermax is the
maximum number of iterations while n is the non linear
modulation index. This is the adaptation property of the
algorithm.
D. Competitive exclusion:
If a plant does not reproduce it will become extinct.
Hence this leads to the requirement of a competitive
exclusion in order to eliminate plants with low fitness values.
This is done to limit the maximum number of plants in the
colony. Initially fast reproduction of plants take place and all
the plants are included in the colony. The fitter plants
reproduce more than the undesirable ones. The elimination
mechanism is activated when the population exceeds a
stipulated Pmax. The plants and produced seeds are ranked
together as a colony and plants with lower fitness values are
eliminated to limit the population count to Pmax. This is the
selection property of the algorithm. The above steps are
repeated until maximum number of iterations is reached.
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No

Is iter> itermax?
Yes
END
Figure 3.Flowchart for IWO algorithm
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IV.

SIMULATION RESULTS

A. Simulation of the Trajectory
Here we perform a test run to see if the arm can reach its
goal by following the above procedure. The arm starts from
initial position defined by ሺߠǡ ˗ሻ௧ and reaches the goal
defined byሺߠǡ ˗ሻ . The different parameters used are
summarized below. It should be noted here that these are not
absolute measurements of any quantity but are relative
values estimated to hold in proportionality.
Note here that for the cubical obstacle shown the edge
length is 1.5, so that R2 for the equivalent sphere becomes
(¥3/2)*1.5=1.29. As mentioned before the constant K4 is
made much larger than K3, which is again larger in
comparison to K1 and K2.
The path taken by the robot arm is shown below in
Figure 4. The plot of ș converges with the plot of both ș and
ɮ in absence of any obstacle but the plot of ɮ bends away in
case of an obstacle in its path. The minimum distance to the
four blocks (obstacles) are plotted along the path as shown
in Figure 5. Here also we see how the plots curve away as
they near the distance equal to the equivalent radii of the
blocks (=1.29). In Figure 6 we plot the minimum distance to
the four blocks in absence of the penalty term in the cost
function and note how it goes below the safety margin
(indicating hit).

Figure 4.Plot of theta and phi along the path

TABLE I. SIMULATION PARAMETERS
SIMULATION PARAMETERS

(ș, ɮ)initial
(ș, ɮ)final
K1
K2
K3
K4
R1
R2
H
T
m1
m2
L1
L2
obstacle1
obstacle2
obstacle3
obstacle4
(-¨ș, ¨ș)
(-¨ɮ, ¨ɮ)

ESTIMATED VALUES

(0,0) deg
(90,90) deg
10
10
100
10000
0.5
1.29
20
1
1
1
5
5
(3,8,3)
(3,9.5,3)
(3,8,4.5)
(3,9.5,4.5)
(-20,20)deg
(-20,20)deg

Figure 5.Plot of minimum distance to obstacles

Figure 6.Plot of minimum distance to obstacles
(excluding penalty term)
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B. Optimiser Parameters
The parameters used for the IWO algorithm are as
follows. These parameters have been developed after
extensive cultivation and have been found to give optimum
performance.
TABLE II. PARAMETERS OF THE OPTIMISER
DESCRIPTION

VALUE

initial population
max plant no.
max seed no.
min seed no.
modulation index
itermax

5
10
3
0
3
100

The ߪ௫ and ߪ௫ have been taken as 10% and 0.004%
of the search range respectively.
V. CONCLUSIONS
The algorithm determines a set of potential via points
for obstacle avoidance. The obtained trajectory ensures
smooth motion of the end-effector and optimizes energy
expenditure during motion from one via point to the next.
As we have already seen above, model simulations show
that the IWO algorithm can be successfully used as an
optimization tool in motion planning and obstacle avoidance
for robotic arms. It is an effective optimization tool that can
be exploited to give successful results in this scenario. This
process helps in dynamically determining the most suitable
path subject to conditions in the surroundings. Favorable
results from simulations call for further research in this area.
There is scope for adopting such algorithms in real robots
and environments, and in cases of further complexities, for
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example on cases where there are larger number of joints
and multiple solutions for the inverse kinematics problem.
Future research work will involve studying the
mathematical effects of the optimizer parameters on the
efficiency of the problem. Further analysis can be done on
the applicability of other popular evolutionary algorithms in
the motion planning of the robotic arm and studying their
relative performance.
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