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Abstract - A motion planner for mobile robots is
commonly built out of a number of different algorithms
that solve the two steps of motion planning: representing
the robot and its environment and searching a path
through the represented environment. However, the
available literature on motion planning lacks a generic
methodology to arrive at a combination of representations
and search algorithm classes for a practical application.
This paper presents a recipe to select appropriate
algorithm classes that solve both steps of motion planning
and to select a suitable approach to combine those
algorithm classes. The recipe is verified by comparing its
outcome to the motion planners that has been successfully
applied on robots in practice.
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I. INTRODUCTION

Motion planning considers the planning of a path for a
robot in an environment that can contain dynamic and static
obstacles and is generally characterized by uncertainty. A
motion planner can serve three different goals: mapping,
covering and navigation. The focus of this paper is on motion
planning for mobile robots moving on the ground plane with
navigation as a goal. Motion planning typically consists of two
steps [1], namely:

1. Representing the robot and its environment, and
2. Searching a path in the represented environment.

These representations and search algorithms are abundant
in literature [2], [3] and [4]. Furthermore, as a single algorithm
generally does not suffice for a practical application, planners
consist of combinations of algorithms in order to satisfy the
designer's requirements [5-7]. Because combinations of
possibly approximate algorithms are deemed necessary in
practice, various approaches have been presented in literature
[2], [4] and [7].

However, the available literature lacks a generic
methodology to arrive at a combination of representations and
search algorithms that can handle all requirements. The
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selection of an appropriate combination of representations and
search algorithms depends on i) the desired behavior as
specified by the designer, ii) the dynamics and the kinematics
of the robot at hand, iii) the dynamics of the environment at
hand, and iv) the presence of uncertainty. Typically, these
conditions are translated into seven requirements, serving as a
basis for the selection of these algorithms:

= Completeness: the guarantee that either a solution is
returned if one exists or failure is returned if no
solution exists. Completeness commonly only refers
to search algorithms but in fact also concerns the
representations as poor design choices for the
representation may prohibit any search algorithm
from returning a solution even though one exists.

= Optimality: a solution can be optimal according to
criteria such as distance, time, energy use, etc.

= Correctness: the guarantee that if a solution is
returned, this will lead the robot to its goal.

= Dealing with dynamic constraints: a robot has
dynamic constraints, e.g., a limited acceleration, and
can also be kinematically constrained, e.g., a car
cannot move sideways.

= Robustness against a dynamic environment: the
environment changes if obstacles can move.

= Robustness against uncertainty: the representation
of the robot and obstacles generally is uncertain and
the environment can be (partially) unknown.

=  Computational complexity: a measure of memory
usage and time to acquire a solution. Keeping the
computational complexity tractable usually comes at
the expense of one or more of the previously
mentioned criteria.

In practice, a motion planner is typically desired to be
complete and to return an optimal and correct solution in real-
time. However, there exists no motion planner able to achieve
all these requirements while satisfying the robot constraints in
presence of moving obstacles and uncertainty [8]. Therefore,
the motion planning problem at hand is often approximated by
a simplified but still realistic version [2], which introduces a
trade-off between the various requirements.
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The small amount of literature that discusses

combinations of representations and search algorithms is not
generic. Either only a single step of the motion planning
problem, i.e. either the representation or the search algorithm,
is discussed or, in more cases, not all requirements are
discussed as some are considered not relevant for a specific
robot or goal. In [9] some combinations of algorithms are
discussed that, given a specific representation of the
environment, find a path. The work in reference [10] gives an
overview of algorithms that represent the environment and
algorithms that find a path and discusses combinations of
both. How the combined algorithms can deal with robot
constraints is not discussed. There is also an overview of
combinations of algorithms that find a path for robots with
certain kinematic constraints [11]. It does however not
consider how to deal with moving obstacles or a partially
known environment. Also, motion planners are compared that
combine multiple algorithms but with a focus on unmanned
aerial vehicles (UAVSs) ([7] and [12]) instead of mobile robots
moving only on the ground plane.

Moreover, this does not consider how combined
algorithms provide robustness against a dynamic environment.
Next, there is an overview that discusses planners that have
covering as a specific goal [3]. These planners assume a
mostly static environment and thereby exclude robustness
against a dynamic environment. Also, robot constraints are not
taken into account. There are examples of combinations of
multiple algorithms that make a well-performing motion
planner in practice for a specific mobile robot [13-18]. Such
motion planners give insight in the choice for a combination
of algorithms with respect to predefined requirements, but
they do not give generic directions for possible combinations.

This paper contributes by presenting a recipe for the
selection of a combination of motion planning algorithms for
navigation of mobile robots. This recipe is intended for either
novices in robotics or for experts on one of the many other
topics in robotics who require navigation on their mobile robot
for a practical application. Carefully considering this recipe
and the discussed design criteria can be a first step in
designing a navigation system for a mobile robot.

1. SELECTING AN APPROACH TO COMBINE
ALGORITHM CLASSES

In this section the available approaches to combine
motion planning algorithms are discussed, namely: a coupled,
a decoupled, a hierarchical and a reactive approach. Selecting
an appropriate approach to combine motion planning
algorithms is of paramount importance as this system design
serves as a guideline for the subsequent design choices. Many
of the design decisions made in this stage concern the
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available environment models, e.g., the availability and
uncertainty in these models and the presence and predictability
of moving obstacles are already discussed in this section.
Depending on the requirements of the application these
approaches have to be combined with additional features, such
as re-planning or a bounded uncertainty region. A recipe,
visualized in Figure 1, is presented to select an approach based
on the requirements that are introduced in Section Il. This
section primarily adopts the terminology as used in [1] and

[2].
a) Approaches to combine algorithm classes

First of all, in trajectory planning or a coupled approach,
the robot's dynamic constraints are directly satisfied in the
search for a solution [19]. These methods search for a solution
in the state space S [20]. A state lattice is an example of a
representation for planning in the state space satisfying the
robot's dynamic constraints ([4], [6]). Methods that search
directly in the state-time space ST are called statextime search
methods [21]. The notion of time allows the planner to plan
motions that are optimal in the sense of time in the presence of
moving obstacles. A coupled approach is generally
computationally expensive [8]. To keep computations
tractable, such an approach requires algorithms that exploit
some form of approximation to arrive at a solution. The
completeness of these approximation algorithms is difficult
and impractical to prove [7].

A second approach is to decouple the search for a solution
by first searching for a partial solution in the configuration
space C. This decoupled approach, also called path planning,
generally consists of the following steps [4]:

= Path planning: obtain a collision-free path in C.

= Path transformation: ensure that a path satisfies any
kinematic constraints in S ([11], [19]).

= Trajectory planning: use a timing function to
transform a path into a trajectory that satisfies
dynamic constraints.

If this sequence is required to deal with moving obstacles,
decoupling into a path planning part and a motion timing part
is also possible. This approach follows the first two steps of
the decoupled trajectory planning approach, but the trajectory
that is formed in the third step also accounts for moving
obstacles. Recent approaches to create trajectories from a path
are CHOMP [22] and STOMP [23], which use optimization
techniques to minimize some cost function while satisfying
the dynamic constraints of the robot. Planning in the
configuration space C is computationally less expensive than
in the state space S due to the lower dimension. The inherent
consequence is a negative influence on the completeness and
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optimality of the approach [2]. For example, a path obtained in
C with sharp turns might be unfeasible for a non-
holonomically constrained car. Also, a single path, obtained
by a search in C, can be transformed into a time-optimal
trajectory but this trajectory is not guaranteed to be globally
time-optimal.

Third, a hierarchical approach acquires a solution in two
or more consecutive plans ([7],[10]). This approach uses a
planner to find a solution to the goal, using the configuration
space or the full-dimensional solution space, followed up by a
planner that searches for a solution in the vicinity of the robot
using the full-dimensional solution space. This is also known
as global motion or path planning and local motion planning.
Similar to the decoupled approach this is a decoupling that
sacrifices optimality, but it is not necessarily incomplete [24].
A hierarchical approach is also possible in C. One could first
plan a global path that only considers position and
subsequently use a local planner that also takes the orientation
into account and hence plans in a higher dimension.

The fourth approach is a reactive approach or sensor-
based approach. This approach is based on a class of
algorithms that are also known as obstacle avoidance
algorithms. Rather than searching for a path or trajectory on a
certain representation, these compute an instantaneous motion
that avoids collision based on the latest sensor information.

This approach does not need a representation in the form
of a metric map as opposed to the previously discussed
approaches. They can be divided into four classes: potential
field [25], first order methods or velocity obstacle methods
[26], receding horizon control ([27], [28]) and the (global)
nearness diagram ([29], [30]). Typically, these methods only
compute a desired direction of motion and hence the amount
of planning is reduced to a minimum. However, as such an
approach does not consider the planning problem in the entire
world space, there is no guarantee that the resulting trajectory
will lead to the goal. These local minima are a well-known
drawback of reactive methods. Furthermore, the resulting
trajectory is hardly ever optimal. Therefore, a reactive planner
is typically used in combination with a global planner and
hence it can be considered as a special form of a hierarchical
approach. Besides the selection of a global planner and a
reactive planner, the integration of these modules is important.

One should, e.g., consider how the system should react if
either of the planners cannot compute a solution, whether a
global plan is computed every sample, etc. Examples of
approaches combining global planners with reactive methods
can be found in, e.g. [13], [14], [18] and [31].
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b) Recipe to select an approach to combine algorithm
classes

The following design criteria, that are numbered Al
through A7, form a recipe to select a suitable approach to
combine motion planning algorithms. The criteria are based on
the requirements that are introduced in Section I. The recipe is
visualized in Figurel.

Al) Is the environment known? In an environment that is not
completely known, a plan can become unfeasible as sensor
data is acquired during execution and thus a new plan is
required. This requires re-planning. A re-plan can be acquired
by re-computing the entire representation of the solution
space, or by updating the representation and performing a new
search.

A2) Is there uncertainty in the obstacle representation?
Uncertainty in the representation of obstacles, e.g., uncertainty
due to imperfect sensors, is assumed to be contained in a
bounded uncertainty region [2]. In practice, a motion planner
gains robustness by inflating the obstacle representation with a
distance that is equal to the present position uncertainty of
obstacles. This robustness, however, comes at the expense of
completeness: if obstacles are inflated too much, the planner
might not be able to find a solution anymore.

A3) Does the environment contain moving obstacles? To be
complete and to get an optimal solution in the presence of
moving obstacles it is necessary to represent their trajectories
with a time dimension in the solution space. Nevertheless, this
significantly increases computational complexity. Re-planning
is also possible to deal with a changing environment, but this
will result in suboptimal plans and the planner might not be
complete. A further alternative to re-planning is to update or
modify the existing plan. An example of this approach is
elastic bands [32].

A4) Can the motion of obstacles be predicted? If obstacles are
predictable, i.e., have a known trajectory, it is necessary to add
a time dimension to the solution space, yielding a state-time
space ST, in order to be complete and to ensure a time-optimal
solution. A trajectory can be modeled using a prediction
model if obstacles have no exactly known trajectory. For
example, an obstacle position can be extrapolated in time
using a maximum acceleration model. In general, one can say
that the effectiveness of including a prediction model depends
on the amount of uncertainty in the prediction. As the inflation
of the obstacle representation increases, the number of
possible solutions decreases, and the remaining ones will be
further from optimality. A time dimension will unnecessarily
increase the dimension of the solution space if obstacles are
not predictable. Re-planning and using a reactive approach are
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alternatives to deal with moving obstacles. The inherent
consequence is that the solution will not be optimal, and the
planner is possibly incomplete.

A5) Is a solution in the form of a plan necessary in the full
dimension and size of the solution space? A coupled approach
searches for a solution in the full dimension of the solution
space and therefore it can be complete and return optimal
solutions. However, the complexity of a representation is
exponential with the number of dimensions of the solution
space. A coupled approach can thus be computationally too
complex to achieve a solution within a designer's desired time
constraint. The complexity can be negotiated using a
hierarchical, reactive or decoupled approach but this is
generally at the cost of completeness and optimality.

AB6) Is a solution in the form of a plan necessary and possible
within a certain time constraint? Achieving a solution in the
form of a plan that avoids collision can be too time-
consuming. An environment can change so rapidly due to
moving obstacles and uncertainty that a plan can become
unfeasible before the robot is able to even execute it. In such a
case planning becomes less relevant and a reactive approach is
necessary. As a reactive approach typically only considers the
latest sensor information, it is not complete, and its solution is
not optimal. One must also question whether an explicit plan
is actually necessary. It can be sufficient to apply a reactive
approach that uses the structure of the environment to control
the robot to its desired goal pose instead of pre-computing the
entire motion.

A7) Local planning possible? A hierarchical approach is
generally preferred as a local planner in this approach still
obtains a solution in the full solution space. Therefore, there is
a better chance of finding a solution and this solution is
generally closer to optimality than in case of a decoupled
approach. Despite a lower computational complexity, a
hierarchical approach might still not be able to return a
solution in time. A decoupled approach that is generally of a
lower computational complexity could then be used.
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Figure 1: Approach to combine motion planning algorithms
I11. VERIFICATION

Three use cases from literature involving the application
of a motion planner in practice are evaluated to verify the
proposed recipe: i) the PR2 service robot that autonomously
navigated a marathon distance of 42.15 km in a real office
environment [34], and ii) a flexible automated guided vehicle
(AGV) in a partially structured warehouse [35].

a) Application of the recipe to use case |

The PR2 service robot has an omni-directional base
platform with a top speed of 1 m/s. It navigates in an office
environment that is cluttered with a variety of arbitrarily
shaped obstacles [18].

Selecting an approach to combine algorithm classes: The
office environment is only partly known so the robot must re-
plan as it receives new information about the world space
(Al). The depth accuracy of the sensors that are used for
navigation is 1.5 cm. Hence, the resulting uncertainty must be
captured in a bounded uncertainty region (A2). The office
environment is populated by people, so the environment
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contains moving obstacles (A3). The trajectories of people are
unpredictable (A4) and the world space is only partially
known. Therefore, the representation of the world space will
change rapidly. As the robot is desired to navigate at a
reasonable speed of about 0.5 m/s, a reactive approach is the
most suitable approach to avoid collision in real-time (A5,
AB). A reactive approach requires an obstacle avoidance
algorithm and a global planner.

b) Application of the recipe to use case 11

Contrary to many AGV's, the fork-lift truck considered
[35] incorporates a high degree of on-board autonomy to be
flexible with respect to floor layout changes and to decrease
the amount of manual work when establishing the a priori
knowledge of the workplace.

Selecting an approach to combine algorithm classes: Re-
planning is required due to the presence of unknown and
possibly dynamic obstacles such as other vehicles (Al).
Again, a finite sensor resolution demands a bounded
uncertainty region (A2). The environment does contain
moving obstacles (A3) but there is no prediction of their
velocity or future position (A4). It is not necessary to plan in
the full state space S (A5) but a plan in the reduced space is
necessary to get as close as possible to optimality (A6). Due to
the presence of kinematic constraints, a hierarchical approach
is necessary (A7).

1V. CONCLUSION AND FUTURE WORK

This paper presents a recipe for an appropriate approach
to combine algorithm classes for a mobile robot that moves on
a ground plane. By considering both steps of a motion planner,
for all requirements as introduced in Section I, the recipe can
be used to find an appropriate combination of motion planning
algorithms classes.

The recipe is verified with two use cases where existing
motion planners are successfully applied in practice. The
recipe's outcome resembles the existing motion planners and
the recommendations from the recipe reveal the points for
improvement that are indicated by the original authors. It can
therefore be concluded that the recipe is beneficial to the
selection of an appropriate motion planning approach and
representations and search algorithm classes. To verify the
recipe more extensively, future work will apply the recipe to
more robots which already feature a motion planner that
functions well in practice. Furthermore, this research should
be expended with the analysis into robot representation and
selection of a suitable class of search algorithms given an
approach to combine motion planning.
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