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Mission Planning of Mobile
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for Service Applications
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University of the Aegean, Greece
Nikos A. Aspragathos
University of Patras, Greece
Philip N. Azariadis
University of the Aegean, Greece

ABSTRACT
The purpose of this chapter is to present a mission planning approach for a service robot, which is moving and manipulating objects in semi-structured and partly known indoor environments such as stores,
hospitals, and libraries. The recent advances and trends in motion planning and scheduling of mobile
robots carrying manipulators are presented. This chapter adds to the existing body of knowledge of motion planning for Service Robots (SRs), an approach that is based on the Bump-Surface concept. The
Bump-Surface concept is used to represent the entire robot’s environment through a single mathematical
entity. Criteria and constraints for the mission planning are adapted to the service robots. Simulation
examples are presented to show the effectiveness of the presented approach.

INTRODUCTION
In recent years, robot applications are moving
from industrial environments to unstructured
and/or semi-structured environments such as
domestic and shop floors. Therefore, the service
robot development is based on the rich heritage

of the industrial robot research. However, the
service robots should acquire new capabilities to
perform in unstructured and/or semi-structured
and partly-known environments with high-safety
requirements since the robots are sharing the same
workspace with people and other sensitive objects
designed for human handling.
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Service robots are called to perform fetch and
carry tasks in domestic environments or professional environments varying from simple orders,
e.g., “go to the refrigerator and fetch a bottle of
milk,” or more complicated tasks like serving food
in a restaurant. In other professional environments,
like market stores, libraries, and hospitals, transportation and courier tasks are usually required.
These robots among other advanced capabilities
should be able to plan their missions autonomously.
This is the subject of this chapter.
The spectrum of service applications relevant
to mission planning is growing continuously with
the trend to take over the demand for industrial
robot applications. In professional or domestic
environments, the most promising robot applications that include mission-planning tasks are the
following:
•
•
•
•
•
•
•

Delivering medicine, food, and medical
consumables in hospitals.
Delivering or distributing books in
libraries.
Stores and pharmacy automation.
Surveillance in dangerous areas.
Materials distribution and delivery in construction sites.
Helping people in domestic environments.
Providing transport and delivery tasks in
urban environments.

The missions of the service robots cannot be
programmed a priori, as it usually happens in the
applications with industrial robots. High level of
autonomy, flexibility, and efficiency is required
in partly known environments. In indoor environments, the objects are not located in a constant
and predefined position and the demands can vary
very often; therefore, the robots should be capable
of planning and scheduling autonomously their
collision free optimal routes. Since, most of the
service applications include handling of objects;
the motion planning of a manipulator, which is
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mounted, on a mobile platform represents one of
the key issues in the research and development
of service robots.
In this context, mission planning is identified as
a fundamentally critical factor for an autonomous
service robot among other capabilities such as
sensing and recognizing the environment, position
determination, and task execution. The mission
planning is considered as the highest level of a
hierarchical or layered intelligent control system
for an autonomous service robot.
In the following, the state of the art in the
motion planning and scheduling of mobile robots
as well as for manipulators is presented with
particular attention to the advances in mission
planning for service robots. Then an integrated
approach is presented as a paradigm of optimal
multi-target mission planning of a mobile platform
in partly known environments with known static
obstacles and unknown moving ones, as well as
the motion planning of a manipulator mounted
on the platform and performing manipulations
at the target locations.

ADVANCES AND TRENDS
IN MISSION PLANNING OF
SERVICE ROBOTS
For systematic and historical reasons the present
review starts by presenting motion planning methods for mobile robots and manipulators in known
and partly unknown static/dynamic workspaces,
followed by scheduling techniques for multi-target
routes. This section concludes with methods considering motion planning and scheduling together
particularly for service robots. A detailed and
systematic presentation of the motion planning
problems and the most promising methods that
appeared in the relevant literature can be found
in two books (LaValle, 2004; Latombe, 1991).
The Motion Planning Problems (MPP) can be
distinguished in two main types: (a) static mission
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planning, that allows a robot to move through
stationary obstacles, and (b) dynamic mission
planning, which allows a robot to generate a
new path or to modify the initial, in response to
unknown changes of the environment (Dinham
& Fang, 2007).
The appeared approaches for generating paths
in static known environments can be classified
as either graph-based or artificial potential-field
based methods 0. In graph-based methods (Vougioukas, 2005; Pruski & Rohmer, 1997; Song &
Amato, 2001; Divelbiss & Wen, 1997; Nearchou,
1998) a graph roadmap (representing the robot’s
configuration space) is constructed and is searched
for deriving the shortest path between start and
goal configurations. Potential field methods (Barraquand, et al., 1991; Bemporad, et al., 1996) force
the robot to move by the influence of an artificial
potential field produced by the goal configuration
and the obstacles. The goal configuration generates
an “attractive” potential and the obstacles generate a “repulsive” potential. The main limitation
arises from the existence of local minima in the
resulted field, where no descent direction exists
for the robot to follow.
Recently, Xidias and Azariadis (2011) presented a method for solving MPP for a car-like
robot moving in 2D terrains. The key-element of
this method is the representation of the robot’s
workspace through a single mathematical entity
using the Bump-Surface (B-Surface) concept
introduced by Azariadis and Aspragathos (2005).
The motion-planning solution is searched on a 2D
B-Surface embedded in 3D Euclidean space in
such a way that its inverse image into the initial
robot’s environment satisfies the motion planning
objectives and constraints.
In dynamic environments, where particularly
service robots are sharing the free space with
moving obstacles and/or human beings, the motion
planning problem is more challenging. In cases
where the trajectory of the moving obstacle is
known, the time is defined as an additional workspace dimension. The required path is planned

into a formulated space-time of higher dimension
where moving obstacles are transformed to static
ones (LaValle, 2004). Thus, motion planning
among moving and static obstacles is reduced
to motion-planning in a stationary environment.
Time optimal or near time-optimal approaches
(LaValle, 2004) for computing paths through
state-time space have been developed, however
these algorithms are typically limited to low dimensional state spaces and/or require significant
computation time.
In cases where the trajectories of the moving
obstacles are unknown, a route is determined offline with one of the aforementioned approaches.
Then when changes are observed the robot can be
re-planned on the fly (Jaillet & Siméon, 2004; Van
den Berg & Overmars, 2005). The Probabilistic Velocity Obstacle approach (Fulgenzi, et al., 2007),
is an extension of the local planner to uncertain
environments, where uncertainty associated with
the obstacle geometry and velocity vector and it
is used to artificially grow the velocity obstacle
in an open-loop fashion.
Service robots are of immense interest due to
their capability to perform complex tasks in many
fields such as automated transportation systems
in offices, hospitals, libraries, and building management (Schmidt, et al., 1997). The purposes of
automation are both to save time and manpower
and to improve the service quality. In a market,
store, or a library, several stations should be visited
by a service robot distributing goods or books to
the shelves and an optimal route is required for
saving time and expenses. The attainment of this
objective necessitates the solution of two known
combinatorial optimization problems: (a) motion
planning (LaValle, 2004), and (b) vehicle routing
and scheduling planning (Qiu, et al., 2002). Both
of them are known to be intractable. Motion planning and task scheduling issues are often studied
separately. So far, the integration of these problems
has been studied by few researchers in Xidias et
al. (2009), Herrero-Pérez and Martínez-Barberá
(2010), and Xidias and Azariadis (2011) for in-
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dustrial applications. In Xidias et al. (2009), an
Autonomous Guided Vehicle (AGV) is demanded
to serve timely (providing delivery tasks) as many
work stations in a 2D industrial environment
as possible. First, the vehicle’s environment is
mapped onto a 2D B-Spline surface embedded
in 3D Euclidean space using a robust geometric
model. Then, a modified genetic algorithm is
applied to the generated surface to search for an
optimum path that satisfies the requirements of
the vehicle’s mission. However, this work considers only one moving AGV and does not take into
account the corresponding kinematic constraints.
In Herrero-Pérez and Martínez-Barberá (2010)
a methodology is presented for modeling and
controlling a flexible Material Handling System
(MHS), composed of AGVs, suitable for flexible
manufacturing systems. The AGVs incorporate
artificial intelligence and mobile robotics techniques in order to determine their paths. The MHS
makes use of a decentralized navigation control
and a distributed Petri net in order to achieve
higher flexibility and autonomy. However, the
method is not globally optimal because the generated paths are not taking into account the task
scheduling procedure. In Xidias and Azariadis
(2011), a set of AGVs is requested to serve all
the workstations cluttered in a 2D environment.
Each AGV starts from its depot, passes through
a number of workstations (from each one exactly
once) and returns back to its depot. The objective
is to determine the minimum total travel-time
required by the AGVs to serve all workstations in
the 2D environment. It must be noticed that, every
workstation is allowed to be served by only one
AGV. Furthermore, the number and the sequence
of the workstations, which are served by a vehicle,
are not predetermined. In order to achieve this
goal, they utilize the concept of Bump-Surfaces
to perform a global search of the solution space
in order to ensure an optimal routing-scheduling
and motion planning for the set of AGVs moving
in the given 2D environment. Finally, the entire
problem is formulated as an optimization prob-
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lem, which is resolved using a GA specifically
designed and implemented for the purposes of
the current work.
In most of the published works, the Vehicle
Routing and Scheduling Problem (VRSP) and
Motion Planning Problem (MPP) are studied separately, because the integrated routing-scheduling
and motion planning forms a very challenging
NP-hard optimization problem (Vis, 2006). VRSP
is usually regarded in the literature as a variant of
the time-constrained Traveling Salesman Problem
(TSP) (Baker, 1983). In VRSP, a single vehicle
starts from a depot, visits a set of stations, passing
through each one of them exactly once, and returns
to the depot; while the overall routing schedule
satisfies some predefined time requirements. More
general versions of the problem may take into
account the capacity constraints of the vehicle or
may allow multiple vehicles and time windows
(Solomon, 1987). VRSP is usually presented by
an undirected graph and its solution is obtained by
searching this graph for an optimum route satisfying the related time constraints. All versions of
VRSP lead to an NP-hard optimization problem
and therefore the trend is to face these problems
by using robust heuristics algorithms (Tsitsiklis,
1992) or by using Petri-Net based approaches
(Raju & Chetty, 1993; Tatsushi & Ryota, 2010).
A service robot must execute its task with
absolute safety and should handle many kinds
of objects in a daily life environment. In these
cases, the complexity of the motion planning
problem is higher since sometimes coordination
of the platform and manipulator is necessary.
Yamamoto and Yun (1995) studied the problem
of navigating a mobile manipulator among obstacles by simultaneously considering the obstacle
avoidance problem and the coordination problem.
They assume that only the manipulator and not
the platform may encounter the obstacle. The
proposed controller allows the system to retain
optimal or sub-optimal configurations while the
manipulator avoids obstacles using potential
functions. Tanner and Kyriakopoulos studied the
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problem of obstacle avoidance by the entire mobile
manipulator system (Tanner & Kyriakopoulos,
2000). Their non-holonomic motion planner is
based on a discontinuous feedback law under the
influence of a potential field.
Recently attempts appeared to study the robot
characteristics or to develop robots for transportation and/or distribution of goods in professional
environments. Gurcan et al. (2009) investigated
the need for automated transportation systems
in hospitals. They found that among other alternatives, mobile robots stand out as the most
prominent means of automation of transportation
tasks in hospitals. An autonomous mobile robotic
system with manipulator has been developed to
retrieve items from bookshelves and carry them
to scanning stations located in the off-site shelving facility (Suthakorn, et al., 2006). In that work
the control is considered for navigation as well
as for pickup books using the manipulator with
high efficiency.
A layered path planning method is presented
in partly unknown indoor environment for service
robots (Xue & Liu, 2010). A modified Particle
Swarm Optimization (PSO) is introduced to
determine an initial optimized path in a static
workspace. Dynamic layers get multi-pattern
information of dynamic obstacles and create a
dynamic danger-degree map of the environment.
Then a modified A* algorithm is used to avoid
dynamic obstacles based on the dynamic dangerdegree map. Wosch et al. (2005) introduced a
motion planner for service manipulator mounted
on a mobile platform interacting with reactive
plan execution systems. Collisions are avoided
by interacting with an obstacle avoidance system
and tactile sensors are used to detect collisions of
the manipulator.
The efficiency of the mission planning approaches for service robots depends on the additional criteria and constraints that can be incorporated on top of the obstacle avoidance and optimal
path determination such as trajectory smoothness
and human safety. Other characteristics of a good

motion planning algorithm are the completeness
of the solution and the reduce of the complexity
and of the required computational time.
In this chapter, we present an approach, which
combines some of the positive characteristics
of several previous approaches with new ideas
to generate an approach that provides an effective solution to the problem of mission planning
of a SR moving in an indoor environment. The
advantages of the approach are: (a) The SR’ path
is generated by taking into account the environment’s geometry, the depot location, the number and location of predefined stations and the
scheduling algorithm. (b) The generated path is
smooth and collision-free. (c) The integration of
path and velocity planning provides the optimal
or near optimal solution for the whole system. In
addition, a time optimal algorithm is presented
for motion planning of the manipulator for pick
and place objects at the stations. The key-element
of the approach is the representation of the workspace through a single mathematical entity using
the Bump-Surface concept presented in Azariadis
and Aspragathos (2005). The entire problem is
formulated as a constrained global optimization
problem, which is resolved using a Genetic Algorithm (GA) (Goldberg, 1989).

THE MISSION-PLANNING PROBLEM
The presented approach can be applied to a variety
of service environments such as stores, supermarkets, hospitals, and libraries where a service
robot autonomously transports and manipulates
goods. The considered environment, without
loose of generality, is a library where the robot
transports books from the borrowing desk to the
proper bookshelves. It is supposed that the robot’s
basket is filled with books to be returned to the
specified bookshelves by the library personnel
and the electronic library management system
informs the robot in which bookshelf to put each
book. It is assumed that the layout of the library
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is stored to the robot. The robot should plan an
optimal path to transport the books and when it
arrives in front of the particular shelf to put the
specified book in the bookshelf. In the following,
the requirements of the addressed mission planning problem are presented.
Consider a Service Robot (SR) moving in a
library environment, in which obstacles (either
static or moving) exist. Here, moving obstacles
correspond to customers, employees and to any
other moving object such as another SR, in the
library environment. The set of determined sta
tions  = {1,...,  m ,...,  M }, M ³ 1 , repre-

sents the desk and bookshelves where the SR
should pick up or place books..Figure 1, illustrates
a typical example of such dynamic scenario. The
overall requirements that must be taken into account are given in the following:
•

•
•

•
•
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In order to simplify the representation of
the SR’ environment, we construct a 2D
environment by the projection of the initial
3D environment in the u1u2 -plane (see
Figure 1a).
The SR is a mobile manipulator.
The mobile platform is represented by a
rectangular-shaped body with two rear
wheels and two directional front wheels
with a limited steering angle 0. It is
equipped with range-sensors encircled
around it. The set of sensors defines a region RS, which is encircled by a circle of
radius rs located in the middle of the robot’s body (see the next section Definition
of a SR). The set of sensors measures in
real-time: the location, the geometry and
the instantaneous speed vector (velocity
and direction) of the obstacles which are
detected by the sensors.
A PUMA 560 is mounted in the center of
the top of the mobile platform.
The SR is moving only forward with variable velocity in the interval (0, vmax ù
ú.
û

•

•

•

•
•
•

•

•

The SR must serve all the given stations
and each station should be served only
once.
A SR’s path always starts from the library
desk (depot), goes through all the stations
and terminates at the library desk.
Each station  m is associated with a feasible region, which is represented by a circle, in which the mobile platform can be
located to perform a pick and place task
without violating the constraints of the manipulator and of the environment
(obstacles).
The moving entities are represented by circular disks.
The dynamic constraints of the SR are
ignored.
The static obstacles, such as walls and
bookshelves, have fixed and known geometry and location.
The moving obstacles are moving randomly in the environment with unknown
trajectories.
The library desk and the pick and place stations are known a priori.

In the following of this chapter, an approach
is presented for the determination of the optimal
path for a service robot distributing books and
putting them in the right bookshelves taken into
account the robot and environment constraints as
well as the aforementioned requirements.

CHARACTERISTICS OF
A SERVICE ROBOT
The considered service robot in this chapter includes a 6-DoF manipulator mounted on a mobile
platform. This section describes the two major
components of our SR: the mobile platform and
the manipulator.
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Figure 1. (a) A projection of a library cluttered with bookshelves, a desk (depot) and 4 stations. It is
assumed that the SR should take a book from the stations. The red arrows show the “free” side of the
bookshelf. (b) A detailed representation of the initial 3D environment with two bookshelves and books.
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The Mobile Platform
In order to simplify notation, and without loss of
generality, it is assumed henceforth that the 2D
environment has unit length in each dimension.
Therefore the entire 2D environment is captured
ù´ é0, 1ù.
by a normalized workspace  = é
ê
ë0, 1ú
û ê
ë ú
û
The mobile platform is represented by a car-like
robot as it is shown in Figure 2. It has a rectangular body and its motion is bounded by kinematic constraints (LaValle, 2004). The robot’s
configuration in the 2D environment is uniquely
defined by the triple (u1, u2 , q) Î Â 2 ´ [0, 2p) ,

where (u1, u2 ) Î  are the coordinates of the
rear axle midpoint R with respect to a fixed frame,
and θ represents the orientation of the vehicle, as
it is shown in Figure 2. The steering angle
æl ö
p
÷
÷
0 £ f £ fmax , where f = arctan ç
< , is
ç
÷
ç
÷ 2
èrø
defined by the main axis of the platform and the
velocity vector of the midpoint F of the front axis
of SR, where ρ is the radius of curvature at point
R and l is the distance between the midpoints R
and F. G is the instantaneous centre of rotation
of the platform.
The orientation θ is linked to the derivative at
the position of the reference point R = (u1, u2 )
by the equation (LaValle, 2004):
u1 sin q- u 2 cos q = 0

(1)

Furthermore, a set of range sensors on the
perimeter of the platform creates a region RS
which is encircled with a circle of radius rs and
with centre, the centre of the platform. The set of
sensors is able to measure in real-time: the location, the geometry and the instantaneous speed
vector (velocity and direction) of the obstacles
which are detected within range.
It must be noticed that, a path for an autonomous vehicle is a curve in the u1u2 q-space that
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must verify the kinematic constraints (an upper
bounded turning radius). However, because of
Eq. (1) this path can be also defined by a u1u2 a
-curve defined as R = R (s ) (LaValle, 2004).

The Manipulator (PUMA 560)
The manipulator mounted on the center of the
mobile platform is a PUMA 560 type manipulator.
In the presented approach (and in the simulations),
the manipulator is represented by a relatively
simpler shape: the first two links of the robot are
represented by cylinders with constant radius rc
, the next two links are polyhedral; the 5th link is
shown by a cylinder with constant radius rc , and
the hand tip is represented by a polyhedron, as it
is illustrated in Figure 3.

OPTIMAL MISSION PLANNING
In this section, an integrated approach is presented
for optimal multi-target mission planning of a
mobile platform in partly known environments
cluttered with known static obstacles and unknown

Figure 2. A SR in 
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Figure 3. (a) The PUMA 560 mounted on the mobile platform. (b) Another point of view where the SR
carries three books.

moving ones, as well as the motion planning
of a manipulator mounted on the platform and
performing manipulations at the target locations.
First, the proposed approach computes an
optimum path for the SR which connects the depot and the stations by taking into account only
the static obstacles of the environment and the
dimension of the mobile platform. Then, the SR
using a set of onboard range sensors checks if any
of the moving obstacles (if exists) is inserted in
the region RS. If there are no moving obstacles
in the region RS then the platform moves without
modifying its initial path to the next point. If a
dynamic obstacle violates the region RS then
a part of its path is modified in order to avoid
the collision with the moving obstacle. Finally,
when the SR arrives to a station starts to execute

its mission. The approach determines a collision
free path for the onboard manipulator in order to
accomplish its mission. The next sections present the main features of the approach and one
case with simulated results to demonstrate the
efficiency of this approach.

THE WORKSPACE MODEL
For the representation of the SR’ workspace we
adopt the method based on the Bump-Surface
introduced by Azariadis and Aspragathos (2005).
The Bump-Surface concept is a method that represents the entire workspace by using a B-Spline
surface embedded in a higher dimension Euclidean Space. For example, the 2D environment
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shown in Figure 1a is represented by a BumpSurface embedded in 3D Euclidean space E 3 as
it is shown in Figure 4.. The construction of the
Bump-Surface is based on a control-points net
with variable density depending on the required
path-planning accuracy, i.e., denser the grid,
higher the accuracy. In addition, due to the flexibility of the B-Spline surfaces we can capture
the desired accuracy by taking advantage of their
ability for local and global control (Piegl & Tiller,
1997).
Individual motion planning problems can then
be formulated as optimization problems where a
variety of motion planning objectives and constraints can be encoded in an objective function.
The motion planning solution is searched onto
the resulted surface (Bump-Surface = Searching
space) in such a way that the motion of a SR in
the initial environment satisfies the given requirements and constraints. A variety of criteria can be
included easily in the objective function taking
Figure 4. The corresponding bump-surface
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into account several factors that affect the quality of the solution-path (e.g., kinematical constraints, curvature continuity, robot’s dimension,
etc.). In contrast to the graph based approaches
(i.e., visibility graphs and probabilistic roadmaps)
which discretize the vehicle’s environment, and
the potential field approaches which construct a
surface by the union of two mathematical entities
(a repulsive potential field and an attractive potential field), the Bump-Surface concept represents
the entire vehicle environment by one simple
mathematical entity (B-Spline surface) which can
be constructed very fast in linear time (Azariadis
& Aspragathos, 2005). The resulted surface is free
from dead-ends, where a vehicle can be trapped.
In fact, the “flat” areas of the Bump-Surface
represent the solution space of the problem under
consideration while the bumpy areas correspond
to prohibited motions. Every feasible path connecting two points onto the “flat” areas of a
Bump-Surface avoiding the surface bumps is in
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fact a solution to the given problem. Since the
solution space is limited by the bumpy areas
adequate implementations of GAs are utilized in
order to find the optimal path corresponding to
the problem under consideration. Depending on
the motion planning problem a Bump-Surface
can have more than three dimensions. For the
aforementioned reasons, we adopt in this paper
the Bump-Surface method for the representation
of the SR’s environment. The determination of
the Bump-Surface is presented briefly in the following paragraph; however the interested reader
can find more details in Xidias and Azariadis
(2011), Xidias et al. (2007), and Xidias et al.
(2008).
Given a 2D normalized workspace  , the
construction of the Bump-Surface is obtained by
a straightforward extension of the Z-value algorithm 0. Briefly, this algorithm considers that 
is discretized into uniform subintervals along its
u1 and u2 orthogonal directions, respectively,
forming a grid of points
é ùa,
pi, j = (xi, j , yi, j , zi, j )Î ê
ë0, 1ú
û
0 £ i, j £ N g - 1a
3

where N g denotes the grid size. The zi, j coordinate of each grid point pi, j takes a value in the
interval (0, 1) , if the corresponding grid point lies
inside an obstacle and the value 0 otherwise.
In this paper, we use a (2, 2)-degree B-Spline
surface with uniform parameterization to represent
the Bump-Surface S : [0, 1]2 ® [0, 1]3 , which is
given by:
S = S (u1, u2 ) =

Ng -1 Ng -1

å å
i= 0

j= 0

N i2 (u1 )N 2j (u2 ) pi, j , (u1, u2 )Î 

(2)

where N i2 (u1 )a and N 2j (u2 ) are the B-Spline base
functions. The 3D surface S consists of “flat”
areas where its third coordinate is zero and “bump”
areas which make the length of the vehicles’ paths
extremely long when they pass through obstacles.
Given a path R(s) and its image S (R(s))a
on S , the Bump-Surface concept relies on the
fact that by construction the arc length of R(s)
approximates the arc length of S (R(s)) as long
as R(s) lies on the flat areas of S (Azariadis &
Aspragathos, 2005).

STATIC PATH PLANNING
The main objective of this section is to simultaneously determine the schedule and the path for a
SR taking into account only the static obstacles of
the environment and the dimension of the mobile
platform. The mathematical representation of the
SR path should be able to provide simplicity in
order to avoid extensive mathematical formulations and derive fast and stable computational
algorithms, flexibility, and local control in order
to allow for movements within complex environments and narrow passages, accuracy in order to
make sure that the SR will pass through the work
stations, and so on. For these main reasons, we
adopt NURBS to represent the SR’s path in this
chapter.
A second degree NURBS curve is utilized to
represent R(s) by:
Nc - 1

R(s) =

å

i= 0

N i2 (s)wi pi

Nc - 1

å

i= 0

2
i

N (s)wi

ù
, sÎé
ê
û
ë0, 1ú

(3)

Here, N i2 (s ) is the B-Spline basis function,

wi are the weight factors and pi are the N c
control points of R(s) defined as in the following:
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p0 = pN

•

c

-1

location of SR.

•

æ TheWork Stations  È
ç
= ç
ç
ç
ç
ç
è int ermediate po int s g w , w = 1,..., N b

{p ,..., p } {{
1

Nc - 2

}

defined in  .


Note that, N b + cardinal ( )= N c - 2 . The

number N b is given by N b = r(M + 1) where r
being the number (user-defined) of the points
between each pair of  m . Higher values for r
result more flexible paths but the computational
time becomes too long. Furthermore, the control

points which correspond to the workstations 
are points which located to the centre of the associated circles (Figure 1).
The goal of the proposed mission-planning
strategy is the definition of the intermediate points
g w such that the path R(s) satisfies the aforementioned criteria and constraints. For example,
in Figure 1, if we set five points between each
pair of stations (i.e., r = 5) then the total number
of the intermediate points g w becomes

N b = r(M + 1) = 5(4 + 1) = 25 . An example
of a collision free path (a part of the proposed
path Figure 7) which starts from depot and
passes through the stations Σ1 and Σ3 is shown in
Figure 5.
Furthermore, it is considered that the orientation of SR in each point of R(s) has the same
direction with the tangent vector of R(s) at that
point.

Mission Planning for the
Mobile Platform
Given the aforementioned formulation, we derive
appropriate conditions for the path R(s) in order
to satisfy the problem requirements presented in
Section Problem description.
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Conditions for Deriving CollisionFree Paths and for Speed Control

= depot denoting the depot
ö
÷
÷
÷
÷
÷
÷
ø

}

A feasible path R(s) is one that, firstly, does not
collide either with the static obstacles and secondly, its curvature k (s) never exceeds an upperbounded curvature kmax in order to satisfy the
kinematic constraints and force the platform velocity in the interval (0, vmax ù
ú
û. Following the results

from 0 the arc length of R(s) approximates the
length L of its image S ( R(s)) on S as long as
R(s) lies onto the flat areas of S .
In order to take into account the geometry of
the mobile platform we select the vertices
ak, k = 1,..., 4 , on the perimeter of the platform.
Thus, similarly with the midpoint R , each point
ak follows a curve ak = ak (s) in  . Then
following the results from Xidias et al. (2008),
we measure the “flatness” H k of the image

(

)

S z ak (s)
Hk =

of

ak (s)

on

S ,

i.e.,

ò S (a (s))ds .
1

0

z

k

4
æ
ö
÷
ç
ç
÷
Hk ÷
ç
÷
ç
÷
ç
÷
èk= 1
ø

å
Let E = e
* L , be a penalized length
function corresponding to S ( R(s)) . E takes a
value in the interval (L, + ¥ ), if the platform

collide with the obstacles and the value L , otherwise. Then, the requirement for a collision-free
path for the platform can be described as an optimization sub-problem with respect to

pi =  È g1 ,..., g w ,....g N where the coordib

nates of stations  are known but with unknown
order of service and the intermediate points
g w , w = 1,..., N b have unknown coordinates,

{

}

written as:
min E

(4)
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Furthermore, in order to ensure that the curvature k(s) along the R(s) never exceeds a
maximum curvature kmax to avoid violating the
kinematic constraints and force the moving platform velocity in the interval (0, vmax ù
úthe followû
ing condition should also hold:
ù
k(s) £ kmax , s Î é
ê0, 1ú
ë
û

(5)

R(s) is discretized by N c - 1 sequential

chords, and therefore the curvature ki at the Ri
point is approximated by the equation (Kobbert,
1996):
ki = Ri - 1 - 2 Ri + Ri + 1 , i = 1,..., N c + 1

(6)

Thus, condition (5) is can be rewritten in a
discrete manner as:

ki £ kmax , i = 1,..., N c

(7)

Condition for Deriving the
Minimum Travel Time
An optimum velocity profile must be generated
for the platform to travel along an assigned path
R(s) whose penalized length function onto S is
E . Since the main constraint is planning forward
motions only, the velocity v(s) is constrained by
the relation:
0 < v(s) £ vmax

(8)

The velocity v(s) can never become negative
and can be equal to zero only at the depot locations. Since R(s) is discretized, the measurement
of the velocity vi at every point R i is defined
by (LaValle, 2004):

Figure 5. A part of the derived path. The black stars show the intermediate points between each pair of
stations, including depot.
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ì
ï
vmax , if ki = 0
ï
ï
ï
æ
ö
ï
vi = í
t0 ÷
ç
÷
ç
ï
÷
v
min
,
ç
ï
÷, if ki ¹ 0
max
ç
ï
ki ÷
÷
ç
ï
è
ø
ï
î

(9)

where, t0 is a constant which depends on the
friction between the wheels and the ground, and
the gravity constant g .
Let R i and Ri+ 1 be two sequential points on
R(s) . Furthermore, it is assumed that the platform
is moving from the point R i to the point R i+ 1 in
an infinitesimal time D ti , and D Ei is the corresponding displacement along R(s) . The average
velocity of the platform during this period is
represented by D vi . The travel time D ti from
point Ri to point Ri+ 1 is given by:
D ti =

D Ei

(10)

D vi

Then, the time required for the platform to
travel along R(s) is calculated by:
tp =

Nc - 2

å

i= 0

D ti =

Nc - 2

å

i= 0

D Ei
D vi

(11)

The Overall Formulation of
the Static Path Planning
Taking the above analysis into consideration, the
mission planning problem for the static environment is formulated as an optimization problem
given by:
min (t p )

subject to k i £ kmax , i = 1,..., N c
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(12)

The minimization of problem (12) with respect
to the control points pi leads to a collision-free
path for the platform, which satisfies all the requirements. The above approach generates for the
platform its schedule, the path R(s) and the velocity v(s) simultaneously satisfying that: (a) the
platform is moving within the maximum allowed
velocity, (b) the platform will not collide with the
static obstacles, (c) each work station will be
served only once, and (d) the lengths of generated path are the shortest possible.

DETERMINING AN OPTIMUM
PATH IN STATIC ENVIRONMENT
Genetic Algorithms (GAs) have been successfully applied to optimization problems with large
and complex search spaces due to their ability of
reaching a global near-optimal solution even if
the search space contains multiple local minima
(McCall, 2005). Besides, GAs have extensively
been used to solve the motion planning problem
(Ali, et al., 2002; Xidias & Azariadis, 2011;
Xiao & Michalewicz, 2000), and the routing and
scheduling problem (Wang & Tang, 2011). Thus,
GAs have been successfully used in the past for
the solution of the optimization problems similar
to (12).
A modified GA has been designed and implemented to deal with the mission planning problem
addressed in this paper. The characteristics of the
proposed GA are analyzed and described in following subsections.

The Chromosome Syntax
The first step in applying the GA is the choice of
an appropriate representation to encode the decision variables of the problem under consideration.
In this work, a mixed integer and floating-point
representation was selected for encoding of the
variables. That is, chromosomes are strings con-
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sisting of a set of successive integers followed by
a set of successive real-valued numbers. Each
chromosome represents a possible path for the
platform in the 2D environment. More specific a l l y, e a c h c h r o m o s o m e c o n s i s t s o f

1 + 2 N b + cardinal ( ) genes, where 2N b (2
denotes the dimension of the workspace  ) is
the number of the intermediate points used for
the generated path. The integer left-hand part of
the chromosome represents the order with which

the platform visits the  work stations Figure
6. demonstrates the structure of the chromosome
corresponding to the part of path of Figure 5. As
one can be see, the segments of the path between
the depot and the stations Σ1 and Σ3 are determined
by the intermediate points g w , w = 1,..., 10 .

The Fitness Function
The fitness function evaluates the quality of a
chromosome, in other words, the quality of the
corresponding path. The fitness function provides
the mechanism for determining the direction of
the search on the solution space (Bump-Surface).
We use the following fitness function:

ì
ï
1
ï
, if k i £ kmax , i = 1,..., N c
ï
ï
F p= ít p
ï
ï
0, otherwise
ï
ï
î

(13)

Each chromosome represents a possible path
for the platform as a sequence of control points
defining the R(s) curves (see Eq.(3)). The initial
population of the proposed GA consists of a
number of chromosomes having genes with coordinates randomly selected within .Figure 7
shows the solution path which emerges after the
implementation of aforementioned approach. The
solution path passes through the 4 stations with
the order depot-Σ 1 -Σ 3-Σ 4-Σ 2- depot.

Genetic Operators
The following three genetic operators were
selected for use with the proposed GA: Reproduction: In this work, the proportional selection
strategy is adopted. According to this strategy,
the chromosomes are selected to reproduce their
structures in the next generation with a rate proportional to their fitness. Crossover: For the first
part of the chromosome, that with the integers,
the Order Crossover (OX) followed by a suitable
repairing mechanism was selected for use, while
for the second part of the chromosome, the one-

Figure 6. The chromosome corresponding to the path of Error! Reference source not found.
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point crossover was adopted. Mutation: For the
first part (with integers) the inversion operator is
used, while for the second part a boundary mutation was used.

ù, where t
interval é
is the time instance
ê
i+ M
ëti , ti + M ú
û
where the SR collides with the obstacle, as illustrated in Figure 8. Then, the Bump-Surface is
used in order to determine a “new” path R '(s)
for the SR where the initial point is Ri and the

AVOIDING MOVING OBSTACLES

final point is RN . The local path planning prob-

Once the global path R(s) has been created, the
robot starts to move along this path in order to
serve the stations. If the SR detects a moving
obstacle entering in the RS region another algorithm is activated to modify the initial trajectory.
In this part of the chapter the algorithm introduced
in Xidias and Aspragathos (2005) for the deviation
from the initial path is presented in brief.
At every point Ri , i = 1,..., N c (which cor-

ti+ 1 , and repeats the above procedure. It must be
noticed that, in order to ensure that the SR has a
smooth motion the following condition is incorporated:

respond to the time instance ti ) of R(s) , the SR
using the set of the onboard range-sensors checks
if any of the moving obstacles are entered in the
region RS. If there are no moving obstacles in the
region RS, then the robot moves to the next point
Ri+ 1 of R(s) without modifying its motion. If SR
detects a moving obstacle then, taking into account
the necessary information of the onboard sensors,
it is able to compute the relative velocity vro (ti )
between the SR and the moving obstacle. By
computing the vro (ti ) we can determine if a collision occurs (for details see Xidias & Aspragathos, 2005). If vro (ti ) £ 0 , the SR is moving away
from the moving obstacle and no maneuvers are
needed. If vro (ti ) > 0 , the SR is moving towards
to the moving obstacle. In this case, the SR motion
should deviate from the initial path in order to
avoid collision with the moving obstacle.
Suppose that at time ti the SR is moving towards the moving obstacle, i.e. vro (ti ) > 0 , then,
in order for the SR to avoid getting trapped in
obstacles’ concave regions and bypass any blocking obstacle, the geometry of the moving obstacle
it should be modified. The modified obstacle
derived from the union of its traces, at the time
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c

lem is solved using a GA (Azariadis & Aspragathos, 2005). Finally, the SR is moving to the point
R '1(s) , which corresponds to the time instance

min(q(ti + 1 ) - q(ti ))

(14)

where q(ti ) is the SR’s orientation at time ti and
q(ti+ 1 ) is the SR’s orientation at time ti+ 1 .

MANIPULATOR MOTION PLANNING
When the platform arrives to a station
 m , m = 1,..., M stops and starts to execute a

predefined task, such as to take a book from the
box and put it into the bookshelf. In this section,
the formulation of the multi-objective function
for the manipulator path planning is described.
The problem is treated as a global optimization
problem.

Collision Free Motion
This section presents a method for solving the
motion-planning problem for the onboard manipulator operating in a 3D environment cluttered
with static obstacles (Xidias, et al., 2010). The
Bump-Surface is used to formulate a searching
space represented by a single mathematical entity, where the optimum sequence of the interme-
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Figure 7. The solution path

Figure 8. The states of the SR at time instance ti and the modified obstacle (red color) which derived by
ù. The initial obstacle has circular shape.
the union of its traces at the time interval é
êti , ti + M û
ú
ë
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diate configurations should be determined towards
cycle time minimization and simultaneously a
collision-free motion of the manipulator between
the obstacles should be obtained. Using the BumpSurface concept the manipulator’s workspace is
represented by a 3D surface embedded in Â 4 ,
which represents both the free-space and the
forbidden areas of the robot’s workspace. A
global optimization problem is then formulated
considering simultaneously the task-scheduling
and the collision-free motion planning of the
manipulator among the obstacles. The optimization problem is solved using a Genetic Algorithm
(GA) with a special encoding that considers the
multiplicity of the Inverse Kinematics.
In order to take into account the shape of the
manipulator a set of probabilistic points,
ann , n = 1,..., N , defined in the initial 3D environment, is selected on the surface of each n-link
(n=2,…,6) according to the requested accuracy
(e.g. higher accuracy is achieved using a big
number of N ), where N is the overall number
of probabilistic points, as illustrated in Figure 9.
Thus, following the results from Xidias and Azariadis (2011), each point ann traces a path ann (s)
3

ù . We measure
defined in the parametric space é
ê0, 1ú
ë
û
n
the “flatness” of the image an (s) on S by:
Hm =

N

6

åå

n= 2 n= 1

1

(

)

(ò Sq ann (s ) ds)
0

(15)

Therefore, the minimization of the following
objective function:
Flat =

2+  + t

å

¼= 1

H¼

(16)

with respect to the joint variables
qm Î Â 6 , m = 1,..., 2 +  + t , satisfies the re-
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Figure 9. A set of probabilistic points on the surfaces of the links 2-6

quirement for collision-free robot’s configurations, where 2 +  + t is the total number of
configurations between the initial and final configuration and μ is a robot configuration. It is
worth noticed that, t corresponds to the configurations between the successive configurations
resulting from linear interpolation of the joint
variables and the number  is the intermediate
configurations between two successive task-points
specifies the trajectory of the robot while moving
between the initial and final configuration. This
number is predefined by the operator and it depends
from the complexity of the scene; using a large
number for  , a tour with higher flexibility is
derived, but the computational time is increased.

Time Optimal Planning
To fulfill the requirement for time minimization
the total travel time of the manipulator should
be computed. The travel time for visiting all the
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stations is determined taking into account the multiplicity of the robot configurations corresponding
to each one task-point, as well as the presence of
obstacles in the environment. Consequently, the
optimum travel time is significantly affected by
the configuration choice and the location of the
obstacles. It is important to mention that the configuration choices are limited due to the presence
of the obstacles.
The time to move the end-effector with a book
from the pick point to right point in the bookshelf
is divided in the following three parts:
The time tA spent by the manipulator to
travel from the pick configuration to the first
intermediate configuration can be written as:
æ q1 - qa
ç n
n
tA = max ç
ç
ç

n
qn
ç
ç
è

ö
÷
÷
÷
,
÷
÷
÷
ø

n = 1, 2,..., 6
(17)

where q1 expresses the first intermediate con-

figuration, qa is the configuration corresponding
 is the average velocity
to the pick point and q

æ qr - qr -1
ç n n
t = å max ç
ç
ç

n
q
ç
r= 2
ç
n
è


(18)

expressing the time while moving between the
intermediate configurations between the initial
and final configuration.
Τhe time tB spent by the manipulator to
travel from the last intermediate configuration to
the qb configuration corresponding to the place
point can be written as:
æ qb - q
ç n n
tB = max ç
ç
ç

n
q
ç
ç
è n

ö
÷
÷
÷
÷
÷
÷
ø

(19)

Thus, the total travel time ttotal needed to move
the manipulator from the pick a book point to the
place a book point through the intermediate configurations is given by:
ttotal = t A + t + tB

n

of the nth -joint that is assumed to be constant.
This approximation is reasonable on condition
that the time corresponding to acceleration and
deceleration is very small.
It is worth noting that the motion between
the pick and place configurations is designated
considering linear interpolation of the joint variables. The resulting configurations are also taken
into account to assure free motion while moving
between the pick and place configurations. The
idea behind this approach is the minimization of
the number of the intermediate configurations to
alleviate the computational burden.
The time t spent by the manipulator to
travel from one intermediate configuration to
another one can be written as:

ö
÷
÷
÷
÷
÷
÷
ø

(20)

Thus, the multi-objective function is given by:
E M (q) = w1 ttotal (q) + w2 Flat(q)

(21)

expresses the total cycle time obtained taking into
account the initial and final configurations and
the  intermediate configurations and simultaneously ensures that collision avoidance while
the manipulator moves between these configurations, where w1 and w2 are weight factors with

w1 + w2 = 1 and w1, w2 ³ 0 . The minimization
of the multi-objective function E :
min (E M )= min (w1 ttotal + w2 Flat )
q

q

(22)
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(

with respect to q, where q = q1, qm, ¼ , q2+  + t

)

provides the solution to the discussed motion
planning problem. For the task-points, q expresses a finite number of solutions defined by
the inverse kinematics problem, whereas for the
intermediate points, q can take an infinite number
of values in domain é
ê0, 2p) under the constraint
ë
that manipulator have joint limits.

The Optimization Method
The aforementioned motion-planning problem
can be characterized as a NP-complete multiobjective optimization problem. Considering that
the proposed objective function is procedural, noncontinuous, non-linear and multimodal, Genetic
Algorithms are selected for the optimization of
the multi-goal motion planning.
The representation mechanism: Assume that
the PUMA has to visit two configurations in the
3D space with eight (=23) configurations corresponding to the initial and final configuration.
Each chromosome consists of 3 ×2 + 6 ×d genes,
where d is the number of the pick and place
configurations of the path between two successive
points and is equal to 2. The first part of the string,
composed of 2 bytes of 3 bits, represents the
manipulator’s configuration corresponding to the
initial and final point, since each byte of (000,
001, 010, …, 111) determines one out of eight
configurations of the manipulator. The second
part of the chromosome is composed of 6 ×d
floating numbers, where each gene stands for a
joint angle variable (for details see Xidias, et al.,
2010).
The evaluation mechanism: The fitness
function, derived from a proper combination of
objective functions, is the evaluation mechanism
to assess the quality (i.e. the fitness) of each
chromosome of the population. The value of the
fitness function for one chromosome is the reflection of how well this chromosome is adapted
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to the environment. This indicates the ability of
the chromosome to survive and be reproduced in
the next generation. The fitness function of the
problem at hand is expressed by:
m =

1
EM

(23)

where the death penalty scheme is applied to
handle the constraints and E M  0 , since it is a
combination of time and distance that cannot be
zero.
In the proposed GA, the one-point crossover
is used for both the first and second part of the
chromosome. Mutation is applied in order to
inject new genetic material into the population
and thereby avoid premature convergence to local
minima. For the first part of the chromosome, the
mutation operator is applied changing a random
gene of digital value ‘0’ to ‘1’ and vice versa. For
the second part, the mutation operator is applied
changing a random gene (i.e. a floating number)
to another one lying in the searching space.

SIMULATED EXPERIMENTS
All simulations are implemented in Matlab and
run on a Core 2 Duo 2.13 GHz PC. For the visual representation of the Figures 3, 9, and 12 we
used the Pro/Engineer Wildfire 4. In all experiments, the grid size is set to N g = 100 , the

maximum width is set wmax = 3 , the minimum

width is set wmin = 0.1 and the radius of the
circular disks representing the moving objects is
equal to r = 0.1 . The number of probabilistic
points is set N = 100 . The settings for the GA’s
control parameters have been experimentally
determined in preliminary tests and defined as
follows: population size = 200, maximum number
of generations = 500, crossover rate = 0.7, bound-
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ary mutation rate = 0.04. Finally, in all experiments
a (2, 2)-degree B-Spline surface are used to represent the workspace Ω and a (2, 2, 2)-degree
B-Spline surface are used to represent the onboard
manipulator’s 3D environment. Due to space
limits, we present in this section only one experiment.
Test case: The representative experiment corresponds to a library scenario shown in Figure 1,
which is cluttered with narrow corridors, static
and one circular moving obstacle. It assumed that
the moving obstacle is moving with constant
velocity vobs = 0.5 and the SR is moving only
forward with variable velocity in the interval
(0, 0.5ùúû.The SR has to travel between a depot and
4 work stations. The number of the unknown
control points between the stations is set equal to
5. Thus the overall number of the unknown control points g w is N b = 25 . The solution path is
shown in Figure 11. Eight time instances of the
solution motion of the SR. The magenta dashed
curve shows the final path and the black curve

shows the initial path, i.e., the path derived by
taking into account only the static obstacles and
the dimension of the platform. The SR passes
through the stations depot-Σ1-Σ 3- Σ 4- Σ 2-depot.
Figure 11 shows eight time instances of the proposed motion of the SR. The rectangular object
(grey color) presents the mobile platform where
the black dot represents the onboard manipulator
and the red circular disk represent the moving
object. The black circle represents the RS area.
Figure 12 shows the SR in front of the bookshelf (station Σ1) where the manipulator gets a
book from the box and put it in the bookshelf.
As can see from the above example the proposed method is able to schedule the motion of a
SR and simultaneously to produce collision free
motion for the onboard manipulator in complicated
environments with narrow corridors and rooms.
The generated solution path satisfies (in a near
optimum way) all the established mission design
criteria and constraints. Furthermore, one should
bear in mind that we assumed that the mobile
platform is car-like robot; hence its motion is

Figure 10. The solution path is represented by the dashed-lines (color magenta), the initial path by a
back line.
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Figure 11. Eight time instances of the solution motion of the SR
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Figure 12. (a) The manipulator taking a book from the box. (b) Another point of view. (c) The manipulator putting a book on the bookshelf. (d) Another point of view.

bounded by kinematic constrains (e.g. an upper
bounded steering angle) therefore the motion of
the platform is acceptable. In addition, Figure 13
illustrates the convergence of the proposed GA to

the global “near” optimum solution in function of
the number of generations (see Figure 13).
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Figure 13. The convergence of the GA for the
problem shown in Figure 10

Future work will be concentrated on applying
the proposed concept in more complicated environments where a set of mobile manipulators are
requested to serve a set of work stations providing
pickup and delivery tasks while moving safely
(i.e., avoiding any collision with obstacles) in
their environment. In addition, transferring the
method from the simulation level to the heart of
an actual logistics system is a significant issue
for a possible future work.
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