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Introduction

Planning in dynamic environments is an extension of
the basic path planning problem. Dynamic environments
may contain stationary obstacles in addition to moving
obstacles. This planning includes but is not restricted to
navigation planning problems and approaches in partialy
known dynamic environments, planning in continuous
spaces under differential constraints, multi-robot planning,
evason of unpredictable obstacles and planning in
repetitive environments. Such enumeration of environment
niches is important when identifying the situations where
certain planning methods and approaches are more
applicable. Moreover, method selection criteria might vary
over time and criteriaitself can be the composite of inverse
factors, like the shortest path and the maximum clearance
to obstacles. The purpose of this paper isto discern criteria
for selection of individual approaches and their
combinations to solve dynamic planning of robot
navigation.

The field of mobile robot navigation is continuously
evolving, thus approaches presented in this paper serve
only as representation of respective categories without
premature judgment. Many algorithms can be found in the
literature, but not al could have been cited by this paper
because of its conciseness.

Planning in unknown environments

Real-time obstacle avoidance requires reactive motion
planning in unknown dynamic environments. Reactive
methods are used when the time to respond is bounded.
They build constant time heuristics (heuristic algorithms)
for making progress toward the goal. The main task is
integrating global goa reaching and local obstacle
avoidance.

One of the local obstacle avoidance approaches is
dynamic window [1], which is based on steer angle field.
The search space consists of aerial and angular velocities
reachable by the robot within a short-term or immediate
time interval. This approach considers only acceptable
velocity shift on which the robot is able to stop safely, i.e.
neither hitting the obstacle nor tumbling down. Defining
the objective function, which includes a measure of
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progress towards the goal, forward velocity of the robot
and the distance to the next obstacle on the trgjectory, is
the main task. As an extension to the local planner is
corridor planning. Corridors consist of backbone path on
either side of the corridor, where backbone path provides a
global direction of motion, and the corridor leaves the
room for local deviations from the global path.

Scheduled and real-time planning

Local planning approaches are much faster than global
planning. Real time or online planner has alimited time for
path evaluation. There are different approaches to
distribute the processing load. One of them is Partial
Motion Planning scheme using iterative probabilistic
techniques. Typicaly such offline planner overestimates
the time period required for path planning and returns the
best partial path explored during allocated time. Anytime
planners have similar features to offline planners. They
start from initial or poor quality paths and as long as time
has not run out constantly improve path quality. Such
sophisticated techniques as prebuilding or preplanning
partially known environment, scheduling processing load
for idle time or utilizing re-planners [2] for repetitive
dynamic environments bring further challenges.

Acceleration and velocity constraints

Another challenge in dynamic environment is
velocity, direction shift and acceleration constraints.
Normally, agent’s (robot’'s) speed shift is restricted by its
acceleration. Navigation planning under these constraints
is non-holonomic. Non-holonomic (kinodynamic) motion
is the one which does subject to velocity and direction shift
congtraints. Direction shift could be represented by parallel
parking of a car, which is non-holonomic navigation
problem. Not al methods are able to incorporate velocity
constraints. Such methods as single-shot method Randomly
Exploring Random Trees (RRT) is capable of embracing
these constraints into the planner. RRT grow a possible
path from the start position by sampling randomly in
workspace of the robot and applying valid acceleration
vectors.



Another approach is sampling time axis and limiting
the possible accelerations. Thus sampling velocities too.

Navigation planning for wheeled robots, which can
not dide sideways, is the most common case. Planning
under these constraints covers but is not limited to
unicycle, tricycle, a simple car, differential drive, Reeds-
Shepp car and Dubins car [3]. Differential drive is two-
wheeled drive system with independent actuators for each
wheel, Reeds-Sheep car is a simple car where velocity can
accept three discrete values: forward speed, parking and
reverse speed, i.e. uge[1;0,-1]. Dubins car is Reeds-

Shepp car with reverse direction excluded, i.e. ug € [1;0].

The simple car represents car-like robot, where car’'s
configuration is defined by x, y coordinates and car
position angle 0 (Fig. 1).
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Fig. 1. A four wheeled robot configuration representation

The motion of a wheeled robot can be described by a
set of configuration transition equations containing
functions of x, y, 8, speed of arobot s, and steering angle

Q.
X = f,(x,0,s0),
y' =f,(xv.0,50)
0' = f,(xy,0,50)

@

A question is how fast a robot can move in respect of
moving obstacles. Thisisimportant because it would allow
treating robot motion characteristic as either holonomic or
non-holonomic. The faster the obstacle, the higher the
reaction is expected from a planner. Fast obstacles
practically make robot to become an obstacle avoider.

Interaction with physica world is normally
ascertained by designing of feedback control law.
Introducing feedback to motion planning yields a closed-
loop plan that responds to unpredictable events during an
execution. Any errors that might occur during the
execution of open-loop plan are ignored. The planner uses
feedback control law definition to follow the computed
path as closely as possible. Interesting approach is instead
of calculating trajectory between initial state and the
destination state to compute a vector field over the entire
workspace.
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Corridor Planning

One of the advantages of corridors is that they make
non-holonomic planning more accessible. There were
efforts to combine corridor planning with Probabilistic
Roadmap Method (PRM). PRM does not suffer from local
minima and it has been supplied to a wide range of
applications. PRM disadvantage is that it generates paths
with redundant motions, and that they have little clearance
to the hazards. Such planning leads to unnaturally looking
motions. Other drawbacks are that any optimizations bring
degradation in performance, and that the probability that a
random sample will fall into narrow passage is very low. If
this passage is the part of solution path that causes
problem. On the other side, PRM is suitable for global
motion planning, which produces high quality roadmap,
and local motions are controlled by other loca methods,
like potential fields or splines.

Fig. 2. Partia Voronoi diagram for two non-convex polygons.
Voronoi chains originating from the same polygon are drawn
with dashed line

The quality of a corridor is determined by the length
of the backbone path and the extent to which it was
possible to obtain the preferred clearance aong the
backbone path. When planning the backbone path of a
corridor, a trade-off should be made between length and
the width of a corridor.

Two approaches are to be taken into account when
planning the corridor.

Fig. 3. Visihility graph or vector marks representing shortest-
paths

The first is maximizing clearance to the hazards, when
generdlized Voronoi diagrams (Fig. 2) or cel



decomposition methods are applied. There might be exact,
vertical and approximate cell decomposition. As long as
high-dimensional path planning is computationally intense
when calculating explicit Cy representations, probabilistic
planning might be introduced. Combination of
probabilistic planning and cell decomposition results in
learning and query stages. Roadmap recalculation is not
necessary for static environment.

The second is finding the shortest path, when reduced
visibility graphs or vector marks[4] are used (Fig. 3).

There are aso published hybrid methods which
combine both visibility graph and Voronoi diagram of
polygons, and it claims to provide short, smooth and
preserving a certain amount of clearance to the obstacles.

M ulti-robot planning

Multi-robot planning is one of the planner's
applications for known or partially known environments.
This approach carries offline characteristic  for
environment without dynamic obstacles. The task is to
bring a set of robots to their destination without mutual
collisions and collision with stationary obstacles. We can
use offline planner and solve static motion planning
problem, because time does not play an intrinsic role.
Robotized flexible production systems are more
complicated case of multi-agent planning involving
dynamic obstacles.

One of the methods is prioritized approach [5], where
each agent is assigned with a priority and a path for each
robot has to be planned in a known dynamic environment,
where the previously planned robots are treated as moving
obstacles. This approach is fast, but incomplete, because
there is no coordination between robots.

Another approach is coordination between centralized
and decoupled planning. When the number of both
obstacles and robots increases, the scalability should be
considered in the coordination approach. Meanwhile
system’'s intricacy would bring less pressure on
performance degradation in prioritized way.

There are situations when each robot has a specific
role to accomplish in multiple robots system. Then
navigation is stochastic process and static planning
approaches are not suitable. Scenarios get even more
complicated when robots can switch roles to fill in for
critical positions as needed, and switch out of roles that are
not being used at that time. To make decisions and to learn
how successful robot has been, reward function is to be

applied.
Unpredictable moving obstacles

The planner for completely unpredictable moving
obstacles is offline in principle. Paths must be found that
are guaranteed to be collision-free in the future, regardless
of the direction shift of the moving obstacles. The future
trajectories of moving obstacles should be estimated
conservatively. One of the approaches is when obstacles
are assumed to be discs, which grow in time and have a
known maximal velocity (Fig. 4).

The goal is to find the shortest paths avoiding those
growing disks. Robots motion velocity excelling the
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velocities of all obstacles is the main prerequisite for such
planning. A drawback of this method is that a path to the
goal often does not exist. This happens when the god is
covered by a growing disc before it can be reached. Also to
minimize error discs should be repositioned and reshaped
after each motion advance.

Another approach is iterative short-time planning [6]
which consist of two stages: obstacles motion prediction
and vehicle motion planning. Motion prediction is carried
by probabilistic means and deviations calculation. Vehicle
motion planning is iterative process in obstacle velocity
space where A* (A-star) routines are applied. A* is a
variant of Dijkstra method where admissible heuristic
estimate is included in the distance-plus-cost heuristic
function. Dijkstra method does not evaluate the distance to
the goal.

Fig. 4. A traectory which indicates the shortest path. Each
window shows a position of a small square dot at that moment of
time

There is another variant of Dijkstra algorithm called
D* or Stentz's algorithm. This algorithm can be considered
as a dynamic version of the backward variant of A*
algorithm. Thus, it maintains cost-to-go values, and the
search grows outward from the goal, as opposed to cost-to-
come values. D* dynamically updates cost values as the
cost terms are learned during execution or problem solving
process.

Planning in known environments

Offline planner can be used for known dynamic
environments like PRM planner. Practically planning
follow decoupled approach, where first stage is dedicated
for defining the collision free configuration space Cie Of
the robot. The second stage assures that moving robot does
not collide with any of the moving obstacles. At the local
level depth-first search coordination is performed. The
global level A* searchisused.

Repetitive environments are variation of known
dynamic environments where motions of the moving



obstacles are periodic or repetitive. The advantage of
planning in repetitive navigation is that relatively
expensive preprocessing stage of generated roadmap can
be reused multiple times. Mostly probabilistic approaches
are used for repetitive environments and more importantly
multiple shot approaches can be used for prebuilding the
roadmap, like PRM.

Conclusions

Recent works on robot navigation planning in
dynamic environments are studied and basic approaches
are presented for corresponding use cases. The planner has
to work efficiently in adverse dynamic conditions,
consisting of, but not being limited to

a) severe dynamic constraints on the motion of the
robot,

b) moving obstacles,

¢) time delays and uncertainties inherent to physical
environment,

d) coordination between multiple robots.

The planner has to demonstrate its effectiveness,
performance and scalability both in simulation and
experiment, in particular when obstacle trajectories are not
known in advance. Navigation planning has to be suitable
for any robot with any number of degrees of freedom in
two or three dimensional workspaces. The objective
function should consist of avoiding any immediate
collisions and determining the path to the destination. Any
conflicts between these two subtasks should be resolved
taking into account the kinematics of the robot.

As further work it is important to continue looking for
new ways of analysis to have better understanding on
performance of the algorithms and to try combining
different methods and determining their precedence. Such

real life applications as flexible production systems and
mission tasked robot teams trigger further investigation.

Refer ences

1. Stachniss C., Burgard W. An integrated approach to goal-
directed obstacle avoidance under dynamic constraints for
dynamic environments // Intelligent Robots and System,
2002. IEEE/RSJ International Conference on 30 Sept.-5 Oct.
2002. - Vol 1. —P.508-513.

2. Sean R. Martin, Steve E. Wright, John W. Sheppard.
Offline and Online Evolutionary Bi-Directional RRT
Algorithms for Efficient Re-Planning in Dynamic
Environments // Automation Science and Engineering. |EEE
International Conference on 22-25 Sept. 2007. — P.1131—
1136.

3. Chitsaz H., LaValle SM. Minimum Wheel-Rotation Paths
for Differential Drive Mobile Robots Among Piecewise
Smooth Obstacles // Robotics and Automation, 2007. |EEE
International Conference on 10-14 April 2007. — P.2718—
2723.

4. Bartkevitius S., Baranauskas V., Sarkauskas K. Vector
Marks versus Potential Fields // Electronics and Electrical
Engineering — Kaunas: Technologija, 2008. — No. 1(81). —
P.49-52.

5. Van den Berg J.P., Overmars M.H. Prioritized motion
planning for multiple robots // Intelligent Robots and
Systems. 2005 |EEE/RSJ International Conference on 2-6
Aug. 2005. — P.430-435.

6. Vasquez D., Large F., Fraichard T., Laugier C. High-
speed autonomous navigation with motion prediction for
unknown moving obstacles // Intelligent Robots and
Systems. 2004 |EEE/RSJ International Conference on 28
Sept.-2 Oct. 2004. —Voal. 1. — P.82-87.

Submitted for publication 2008 02 14

R. Urniezius, S. Bartkevicius. Robot Navigation Planning Problems in Dynamic Environments // Electronics and Electrical
Engineering. — Kaunas. Technologija, 2008. — No. 6(86). — P. 93-96.

Main robot navigation planning methods and approaches of the dynamic environment are discussed. While considering approaches,
performance, the possibility of redundant motions and optimal path existence are taken into account. During path planning the
compromise between maximum clearance to obstacles and the shortest path to the destination is discussed. Multi-robot planning is
viewed as an offline planning problem with prioritized approach. Planning for unpredictable obstacles and probabilistic routines for
known environments including repetitive motionsis reviewed. lll. 4, bibl. 6 (in English; summaries in English, Russian and Lithuanian).

P. Ypuexioc, C. BaprkeBuuioc. IIpo6iieMbl NIAHHPOBAHUSI HABMTalHMH POGOTOB B AMHAMUYECKOH cpene // DiIeKTPOHHKA M
anekTporexnuka. — Kaynac: TexHosorus, 2008. — Ne 6(86). — C. 93-96.

OGcyxaeHbl OCHOBHBIE METO/BI U MOAXO/bI IUNIAHUPOBAHU HAaBUIralMu poOOTOB B IMHAMMYECKOW cpene. PaccMarpuBas moaxobl
B3SThl BO BHUMaHHE OMCTPOACHCTBIE, BO3MOXXHOCTH M30BITOYHBIX JIBHKEHUH U CYIIECTBOBAHUS ONTHMAIBHON TPaeKTOpUH. B Teuenue
IUIAHUPOBAHUS OOCYXAEH KOMIIPOMHC MEXIYy MaKCUMaJbHBIM Da3pelIeHHEM K NPEHATCTBHAM M CaMOil KOPOTKOH TpPaeKTOpHEH.
[InanupoBaHWe HAaBUrallid MHOTMX POOOTOB paccMarpuBaroTcs Kak o(¢ualiHOBOE IUIAHMPOBAHUE C HCIIONB30BAHHEM CHCTEMBI
MIPUOPUTETOB POOOTOB. PaccMOTpeHO MiaHMpoBaHHWE HENpeICcKa3yeMBIX NPEISITCTBUI M BEPOSTHOCTHBIE HPOLEPHI JUIL H3BECTHBIX
cpel, BKIIIOYasi IIOBTOPHBIE ABrKeHus. V. 4, 6u6i. 6 (Ha aHIMIICKOM s3bIKe; pedepaThl Ha aHTTIMHCKOM, PYCCKOM M JIUTOBCKOM 513.).

R. Urniezius, S. Bartkevi¢ius. Roboty navigacijos dinaminéje aplinkoje planavimo problemos // Elektronika ir elektrotechnika.
—Kaunas: Technologija, 2008. — Nr. 6(86). — P. 93-96.

Diskutuojama apie pagrindinius roboty navigacijos dinaminéje aplinkoje planavimo metodus ir badus. Svarstant metodus yra
kreipiamas démesys | greitaveika, pertekliniuy judesiy ir optimalaus kelio buvima. Planuojant kelia aptariamas kompromisas tarp
maksmalaus atstumo nuo klit¢iy laikymos ir trumpiausio kelio iki siekiama tikslo. Apzvelgtas keleto roboty planavimas
aproksimuojant neoperatyviuoju planavimo metodu, atsizvelgiant i prioritetus. Aptariamos aplinkos su nenuspéjamomis Klittimis bei
zinomos aplinkos su pasikartojan¢iomis basenomis. I1. 4, bibl. 6 (anglu kalba; santraukos angly, rusy ir lietuviy k.).
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