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Abstract - Robot path planning is an important part in the
development of autonomous systems. Numerous strategies have
been proposed in the literature regarding mobile robots but
trajectory planning for manipulators is considerably more
difficult since the entire structure can move and produce collisions
with surrounding obstacles. This paper presents an original and
robust solution that can be used for safe path planning for various
manipulator arms working in cluttered environments. Path
planning is executed in two steps. First, a global path is determined
to guide the end effector using classical artificial potential fields,
probabilistic datasets and multi-resolution occupancy grids. Then,
a fuzzy logic controller performs a local tracking for the entire
robot structure by considering the kinematics of the robot as well
as repulsive forces originating from nearby obstacles.
Experimentation with robots of various architectures and different
environments demonstrated the robustness and flexibility of the
proposed planning and control approach which requires minimal
tuning.

Index Terms - path planning, collision avoidance, fuzzy logic,
potential fields, manipulator robots.

I. INTRODUCTION

Robotic systems have significantly changed the way goods
are manufactured. But for many reasons, such as safety and
economics, it is desirable to develop robots able to perform
more complex tasks with minimal or no human intervention.
Numerous methods have been proposed to achieve collision-
free path planning, mainly for mobile robots. However, in the
case of manipulator arms, the structure of the robot adds to the
complexity of the solution. Although many algorithms have
been put forth, they do not provide an approach that is
independent of the manipulator’s configuration and cannot deal
with arbitrary environments.

The goal of this research is to explore ways to develop a
robust solution for collision-free path planning working on
generic robot manipulators. An original technique is designed
to work in a cluttered environment for an arbitrary manipulator
configuration while keeping computation time short such that
the advantages of automating the process are not compromised
by a heavy computational workload.

The solution that is proposed and evaluated consists of
having an initial path for the end effector computed with
classical attractive potential fields. The use of probabilistic
occupancy maps with multiple resolution levels makes this
initial planning phase more efficient by reducing the
computation of attractive forces and lowering the number of
steps along the trajectory.
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Once the end effector trajectory is determined, the whole
robot structure must safely travel through free space at all time
while keeping the end effector on its path. This phase presents
an important challenge since when a manipulator arm moves
the entire structure needs to overcome the complex interactions
of the structure with the environment. Explicit control
approaches determine the movement of each manipulator
component via the inverse kinematic (IK) set of equations.
Unfortunately, solving IK equations often leads to complex or
even undefined closed-form solutions and differs greatly for
various architectures. Many valid solutions are also possible
that must be sorted and evaluated. In order to bypass the
expensive computation of IK equations, an original fuzzy logic
controller is proposed that combines the current robot
configuration and the effect of repulsive forces generated from
surrounding obstacles. In this manner, a safe trajectory for the
entire robot structure can be determined that makes the robot
follow the predefined end effector path while minimizing joints
movement and avoiding collisions.

The following sections present a review of literature of the
classical approaches that inspired this work and detail the
proposed two-phase path planner including the design of a
fuzzy logic control scheme that overcomes the inherent
complexity of manipulators inverse kinematic’s explicit
solution. Experimental results are presented and analyzed for
various robots and environments.

II. REVIEW OF LITERATURE

Potential fields have taken an important place over the last
decade in robot path planning research as they offer relatively
simple and efficient approaches for collision avoidance.
Typically, potential fields are made up of an attractive field,
which directs the robot towards its objective, and a repulsive
field that pushes the robot away from obstacles. Many
alternatives have been proposed to reduce the inherent
limitation of potential fields, that is the occurrence of local
minima [1, 3, 4, 5, 9]. Other original strategies propose to guide
robots by emulating various physical phenomena [12, 13, 17].
However, in general these approaches do not offer a solution
that can be used with generic robot architectures.

A large part of the literature also presents research
performed on controlled environments which are typical of
industrial settings. But the development of autonomous robotics
requires that systems can operate in arbitrary workspaces that
can be monitored via occupancy maps with progressive
refinements [7, 8, 11]. This aspect is rarely considered.

Moreover, even though numerous approaches are
dedicated to mobile robot path planning, manipulators have not



been the focus of as much research. This fact results mainly
from the difficulty of controlling the entire structure of a
manipulator which moves and interacts with itself and the
surrounding environment as well as from the inherent
complexity of the inverse kinematic model.

In order to overcome the complex computation of an
explicit inverse kinematic solution that significantly differs
between manipulators, Nedungadi [10] proposes an original
fuzzy logic robot controller that combines end-effector’s
velocity and required position changes as fuzzy inputs. A rule
base infers the necessary joints displacement that result in the
desired end-effector movement. The goal of the algorithm is to
track a pre-defined end-effector path using the proposed fuzzy
logic controller. However, the approach has been applied only
on planar manipulators operating in empty environments where
collision avoidance is not considered.

Beheshti and Tehrani [2] propose an adaptive fuzzy logic
strategy to overcome solving the inverse kinematic problem
while taking into account collision avoidance with surrounding
obstacles. When the manipulator enters threshold regions
which are previously defined around objects, the fuzzy rule
base is dynamically modified to cause the manipulator to leave
the region. This approach appears to be flexible enough to be
adapted to various manipulators. However, since the obstacle
information is not directly interpreted as a fuzzy input, the
algorithm is less reliable to determine a safe and optimized path
and tends to lead to lengthy computation times.

Tian and Mao [16] combine fuzzy logic and neural
networks for the solution of the inverse kinematics of
manipulator arms. The fuzzy controller provides feedback
control signals for the manipulator while modeling the robot
arm dynamics. Placed in a feed-forward configuration, a
dynamic recurrent neural network models the inverse dynamics
of the manipulator. The neural network includes a hidden layer
made of non-linear neurons and an output layer consisting of
linear neurons. The non-linear neurons capture the non-
linearity of the input function, such as the inverse kinematics of
the robot. The linear neurons approximate the input function
within an arbitrary range. This setup offers an increase in
performance and stability of the control system but requires
training of the neural network each time the kinematic
equations are changed.

The approach introduced by Nedungadi [10] offers a
simple method to control a planar manipulator arm. Since the
setting of the fuzzy logic controller only requires the forward
kinematic equations, which are easy to determine, this approach
is well suited for use with any robot. The present work proposes
a generalization of Nedungadi’s fuzzy logic control scheme to
include the effects of repulsive forces originating from nearby
obstacles when the end effector follows a path determined with
potential fields. The approach is also extended to 3D space and
results in a robust strategy that can be used with any
configuration of a n degree-of-freedom manipulator while
ensuring collision avoidance in a cluttered environment.

III. PATH PLANNING AND ROBOT CONTROL

Following traditional path planning procedures to make the
robot move safely across the workspace, a sequence of
configurations is computed in two steps: i) a global planning
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phase is performed to determine a path for the end effector only
using a multi-resolution probabilistic occupancy model [15],
then /i) a tracking phase determines a proper sequence of robot
arm configurations that makes the end effector follow the
precomputed trajectory while avoiding contact with obstacles
over the entire manipulator’s structure.

A. End-Effector Path Planning

The first path computed corresponds to an approximation
of the final trajectory of the end effector. This path is
determined using a multi-resolution occupancy grid [15] of a
cluttered environment in which regions of similar occupancy
states are grouped to form wide uniform areas. A discrete
attractive potential field value is computed for each cell having
an occupancy level lower than a given threshold, starting from
the target position for the end effector [9]. Following standard
approaches used for mobile robots, the end effector is
approximated as a single point to be moved following the
negative gradient of the potential field between its current
configuration and the target. To minimize the computational
workload that results from this global path planning phase,
large uniform cells that appear in wide empty corridors are
favored as they provide larger displacements with a minimum
search effort and tend to keep the end effector at a safe distance
from obstacles.

The attractive field is computed starting from the cell
which covers the “start” position, corresponding to the initial
end effector’s configuration, using a neighbor search technique
between adjacent cells [14]. New cells are selected for each step
by taking the neighbor cell with the smallest distance to the
target position. The resulting global path for the end effector is
a sequence of cells linking the start and target positions. The
path of the effector is then interpolated to pass through the
center of the selected cells and supplementary intermediate
positions are computed to link those cells, and reduce the size
of the steps, either through common corners or smallest
distance to the neighboring cell. Figure 1 illustrates the path of
the end effector through a series of cells with different
resolution levels.

Target

Fig. 1. Global path planning of the effector on a multi-resolution map.



B. Fuzzy Logic Control for Path Tracking

The fuzzy logic path tracker iteratively determines the joint
parameters of the manipulator that satisfy a given position of
the end effector to be reached. It is designed to achieve the
following objectives:

* To separate the global end effector path into intermediate
steps such that joint movements are minimized and the
occurrence of singular movements is reduced;

* To determine joint configurations that minimize the
angular changes required to reach a given position in order
to achieve a smooth trajectory;

* To include the effect of repulsive forces exerted by nearby
obstacles to ensure collision avoidance;

* To keep internal parameters of the fuzzy controller
constant or auto-adapted for every scenario.

The algorithm seeks to update the joint angle values based
on the target position considering the current state of the
system. Instead of using absolute values for the position, the
algorithm considers the required displacement, that is how far
does the end effector need to move to reach the next desired
position. This makes the control scheme independent of the
magnitude of the global displacements and environment
configuration.

The state of the robot is also characterized by the end
effector velocity, which corresponds to the magnitude of
movement of the end effector for a unit change in a joint angle.
This is computed by partial derivatives of the forward
kinematic equations of the manipulator. Hence, instead of
explicitly solving the inverse kinematics, this approach only
requires the explicit forward kinematics representation, which
is easily obtained for any manipulator following the Denavit-
Hartenberg convention [6], and its first derivative. Figure 2
shows the input and output membership functions of the
proposed fuzzy logic controller. Their distribution is auto-
adaptive based on the size of the environment.

The fuzzy rule base proposed by Nedungadi [10] provides
a good basis for robot manipulator control, but important
limitations were observed through experimentation. Most
notably, from the fuzzy representation of the end effector speed,
only a change in the sign generates a variation in the joints’
movement. Such a control scheme cannot be used for collision
avoidance. Therefore, the rule base has been refined such that a
change in the magnitude of the effector speed can also influence
joints’ movement. Refinement was also made to address
weaknesses observed on the respective magnitude of
displacement of the joints with respect to the magnitude of the
required end effector displacement and current velocity.

As a result, a new fuzzy rule base is proposed as shown in
Table 1. Experimental comparison with Nedungadi’s control
scheme demonstrated faster convergence of the manipulator
toward the target position in the presence of obstacles when the
new rules are used and similar performance in empty space. The
new rules also improve the representation of the kinematics of
the robot as displacement and velocity magnitudes are now
taken into account. Finally rules are defined to ensure that joint
movement is limited when the speed of the end effector is high
in order to minimize the risk of collisions.
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Fig. 2. Input/output fuzzy membership functions of the path tracker.
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Table 1. Refined fuzzy rule base for the path tracker.

When applied on a serial manipulator, the fuzzy logic
inference procedure iterates on every joint along the structure
starting from the robot base for a given displacement of the end
effector. The robot configuration is progressively refined by
supplementary iterations until the target position for the end
effector is reached within a given error margin or until a
maximum number of iterations is reached indicating that a
solution for the desired end effector configuration is not
possible given the robot architecture and the current
environment configuration.

The internal structure of the proposed fuzzy controller with
collision avoidance is detailed in Figure 3. The first input
represents the displacement required for the end effector to
reach the next target position along the global trajectory. It is
encoded as dx and dy in Cartesian coordinates. In 3D
workspaces, a third displacement along the Z axis can be added
and computed similarly. The second input provides the end-
effector velocity for a unit change in each of the joint angles as
determined by a partial differentiation of the forward kinematic
equations around the current robot configuration for each joint
(Vyi» Vy). For example, considering a planar robot with 4
degrees of freedom (DOF), there are 8 pairs of inputs ([dx] with
Vx1> Vs Vs Vgl and [dy] with [Vy;, Vyy, Vys, Vyyl) to
compute. The joint angular correction for each DOF is
iteratively calculated for each combination until the desired
configuration is reached.
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Fig. 3. Fuzzy path tracker structure with repulsive force feedback.

C. Collision Avoidance

A significant addition in the proposed control scheme is to
directly consider the effects of the environment on the entire
robot structure while moving the joints. To achieve this, a
supplementary component monitoring repulsive forces
generated by close obstacles is introduced in the fuzzy logic
control loop under the form of an extra input to the fuzzy
inference engine, as shown in Figure 3. In order to include the
influence of repulsive forces, the end-effector velocity value is
modified if a part of the manipulator is close to an obstacle such
that its movement is changed accordingly. As the robot comes
closer to an obstacle, the repulsive force progressively makes
one joint move in another direction to avoid an imminent
collision. In turn, given the mechanical constraints of the robot
structure, the other joints overcome this change by readjusting
in the following iteration or by exploiting the redundancy of the
manipulator, if available.

The repulsive force, (F,, F,), for any point in space is
computed to be proportional to: i) the probability of occupancy,
plocc], which is discretized on 16 levels (0-15) as provided by
the probabilistic occupancy map that is used for path planning
[71, ii) the orientation, 6, of the repulsive force with respect to
the x-axis which determines the direction of the force applied
on the robot, and iii) a force coefficient, coeff

ep.
| }
Fy

where coeff,, provides a threshold at which a collision is
imminent and

ng;CSVhich the joint should move in the opposite
direction. It is experimentally calibrated to a value equal to 2.0
to ensure that the robot will be pushed away sufficiently if close

to an obstacle, while not creating large oscillations or
significantly reducing the work space of the robot.

orce *

plocc]
3+ plocc]

plocc]
3+ plocc]

’ coe-ﬁ;’epjbrce - sin(0) (1)

. coeffmpforce~ cos(0)

The strongest repulsive force occurs where the probability
of occupancy of the space covered by any point on the robot
structure is the highest. In order to avoid collisions and to
minimize joints displacement when a collision is imminent, the
repulsive forces and the joint velocities are combined to provide
a proper input to the controller. When the repulsive force
indicates an imminent collision, the value of the velocity is
progressively reduced until it provokes a sign change, therefore
causing the joint to move in the opposite direction to prevent the
collision. To achieve this, the local probability of occupancy is
verified from the environment map for the entire structure of
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the robot at every step of the fuzzy iterative process. As a result,
collisions are continuously monitored.

The components of the corrected fuzzy input for joint i
with end effector velocities of V. and 7, when the components
of the repulsive force are F, and F, and the highest probability

.. .Y
of occupancy occurs on joint ; is defined by:

% .(1 - f:F)

VXiicorrected _ Xi J x

V Yi_corrected)| Vy,'(l _ f F)
J

Experimentation demonstrated that making correction on
joint displacement only for the part of the structure where i <j
rather than on all joints was the most appropriate approach to
avoid collisions while preserving smooth trajectories. This
results in applying repulsive forces only on joints located
between the base of the robot and the joint which receives the
strongest repulsive force as illustrated in Figure 4.

2

obstacle end effector

I:rep max

jointj
Frep joint j-1
joint j-2
Frep joint j-3

Fig. 4. Application of repulsive forces on robot joints.

IV. EXPERIMENTAL RESULTS

In order to evaluate the generality of the proposed solution,
the algorithm has been implemented and tested on numerous
manipulator architectures. Given the flexibility of the
controller, only the forward kinematic parameters of the robot
and their first partial derivatives are encoded as a series of
equations providing the necessary relationships.

The workspaces used for experimentation consist of
environments usually containing a “safe” zone around the robot
base and a number of obstacles elsewhere. The obstacles are
either placed randomly or in specific positions to evaluate the
effects of particular situations. Various tests were conducted to
explore the behavior of the algorithm when facing situations
such as obstacles in close proximity of robot, narrow corridors
and moving the manipulator around an obstacle. Environments
are mapped as probabilistic datasets encoded as greyscale
images (black being 100% occupied space and white being 0%
occupied). The typical size of the environments considered is
512x512 cells for 2-D maps.

Figure 5 presents the resulting trajectory for a 4-DOF
planar manipulator having the end effector move from the right
side of an obstacle up to a location contained in an enclaved
zone between two obstacles. Here, the use of multi-resolution



cells is put in evidence as the final part of the end effector
trajectory is made of smaller steps. The trajectory of the end
effector is first computed as detailed in section III.A and results
in a sequence of intermediate points to be reached. The global
path of the end effector is then refined with the fuzzy logic-
based path tracking approach presented in section III.B to
obtain the final displacement of the entire manipulator. From
the starting robot configuration, the local path tracking method
is executed to determine a series of intermediate robot
configurations by subdividing the global path into small
intermediate segments for which the fuzzy controller is
optimized. In this example, each segment represents 5 cells of
the occupancy map or about 1% of the total workspace. A series
of joint angles is then computed iteratively to successively
traverse those segments and avoid collisions.

The angular evolution for each of the 4 joints is shown in
Figure 6. These curves demonstrate that the fuzzy controller
minimizes the joints’ movement between consecutive
positions. This way, stability is preserved and the risk of
collisions that often results from abrupt displacements is
minimized. Also, the occurrence of singular behavior is greatly
reduced. In this example, the largest joint displacement
performed between two consecutive positions is approximately
4.5 degrees.

Fig. 5. Complete collision-free path for a 4-DOF planar manipulator.
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Fig. 6. Angular evolution for each joint along the trajectory.
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Fig. 7. Collision-free path for a manipulator entering a narrow corridor.

Figure 7 presents another example where a 4-DOF planar
manipulator starts from an upright position and must reach a
point inside the narrow corridor on the left. The same global
path planner and fuzzy logic path tracker are used in this case
without any adjustment of their parameters. The resulting
trajectory shows that the controller succeeds to re-orient the end
effector when it approaches the target position such that a safe
entry in the narrow corridor is achieved. In the final part of the
trajectory the computation and convergence rate of the
controller slows down but keeps safely pushing the robot
toward its goal. This example demonstrates the robustness of
the proposed algorithm.

Experimentation has been conducted on numerous other
scenarios and demonstrated the flexibility of the algorithm to
deal with different manipulator arm architectures, being
redundant or not. The results also demonstrated the adaptability
of the algorithm to find a solution in cluttered environments at
various levels of complexity. As demonstrated in the previous
examples, concavities created between objects do not
deteriorate performance since potential fields automatically
adapt to space configuration and adjust repulsive forces
accordingly.

The main benefits of the proposed fuzzy logic controller
have been put in evidence as the approach does not need to be
tuned for each manipulator. Parameters of the fuzzy logic path
tracker are defined to automatically scale membership
functions following the dimensionality of the environment. The
fuzzy rule base remains the same despite changes in the forward
kinematic models, which is the only set of parameters to be
provided for each robot.

Using the current C implementation of the proposed path
planner and fuzzy logic control scheme, execution times appear
to be fast enough for on-line operation of robots that perform
relatively slow movements as found in numerous
manufacturing applications. For the two cases presented above,
computation times are respectively 17 and 20 seconds when run
on a SGI 320 workstation equipped with a PIII-450 MHz and
218 MB of RAM. This includes all steps from the input/output



of data, the computation of potential fields, the neighbor search
operations, the global path planning and the final path tracking.

The proposed approach has also been fully extended to
operate in 3D space with n-DOF manipulators and
demonstrated excellent performance with these more complex
robots and workspaces. In terms of computation time, an
average increase of 50% has been observed when dealing with
3D occupancy models and non-planar robots in comparison
with the results presented above. However collisions were still
successfully avoided while reaching the desired goal with the
end effector.

V. CONCLUSION

This work presents an approach for collision-free path
planning for robot manipulators. An original solution
combining discrete potential fields and fuzzy logic is presented
and analyzed. A flexible algorithm able to work with various
manipulator architectures and environment configurations is
introduced. Two main phases are used: a global path planning
phase determines an optimal path for the end effector only and
a local path tracking phase configures the rest of the robot arm
to make the end effector follow the pre-computed sequence of
positions while avoiding collisions over the entire manipulator
structure.

The complex problem of manipulator’s inverse kinematics
is overcome through the use of a fuzzy logic controller which
eliminates the need for determining and computing the complex
equations of inverse kinematic models or the use of heuristic
methods. The proposed algorithm is well suited for a large
range of manipulator architectures and requires minimal tuning
of the controller. Only the forward kinematic model and its first
derivatives that differ between robot architectures need to be
provided to the path planner.

The fuzzy logic approach proposed by Nedungadi has been
extended to consider the presence of obstacles that generate
repulsive forces acting on the manipulator structure, and
generalized to include 3D robot architectures and workspaces.
Experimentation demonstrated that the use of fuzzy logic
allows to keep joint movements small between consecutive
positions when traveling in a cluttered environment while
preventing collisions and keeping control on singular
configurations. The approach can be extended to operate in
dynamic environments provided that a multi-resolution
occupancy grid mapping moving objects is made available.
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