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Abstract� Our goal is to create roadmaps that are particularly
suited for motion planning in virtual environments. We use our
Reachability Roadmap Method to compute an initial, resolution
complete roadmap. This roadmap is small which keeps query
times and memory consumption low. However, for use in virtual
environments, there are additional criteria that must be satis�ed.
In particular, we require that the roadmap contains useful cycles.
These provide short paths and alternative routes which allow for
variation in the routes a moving object can take. We will show
how to incorporate such cycles. In addition, we provide high-
clearance paths by retracting the edges of the roadmap to the
medial axis. Since all operations are performed in a preprocessing
phase, high-quality paths can be extracted in real-time as is
required in interactive applications.

I. INTRODUCTION

In many virtual environments, paths have to be planned
for entities to traverse from a start to a goal position in
the virtual world. A common way to plan the path is to
use an A* algorithm on a (low-resolution) grid. This search
algorithm is popular because it always �nds a shortest path in
the roadmap if one exists. However, as contemporary virtual
worlds can be very large, storing the grid and running the
algorithm may consume a huge amount of memory which is
not always available, in particular on systems with constrained
memory such as console systems. In addition, the algorithm
may consume too much processor time, especially when many
paths have to be planned simultaneously. This will lead to
stalls in interactive applications. Paths resulting from A*
algorithms tend to have little clearance and can be aesthetically
unpleasant, so care must be taken to smooth them.

Another popular motion planning technique is the Proba-
bilistic Roadmap Method (PRM) [1], [2]. The PRM consists
of two phases: a construction and a query phase. In the
construction phase, a roadmap (graph) is built, approximating
the motions that can be made in the environment. In the query
phase, the start and goal are connected to the graph. The path
is obtained by a Dijkstra’s shortest path algorithm. A drawback
of the PRM is that a resulting roadmap often contains many
redundant nodes and edges, in particular when the environment
contains one or more narrow passages [3]. In addition, the
roadmap may contain many short edges which complicates
the smoothing phase that often follows a query phase [4].

Nieuwenhuisen et al. [4] improve a roadmap generated by
the PRM such that it can be used for path planning in games.

Their method guarantees that the paths are short, have enough
clearance from the obstacles, and are C1 continuous, leading
to natural looking motions. Such a path can be retrieved almost
instantaneously. Their method does not guarantee that a path
can always be found (if one exists in the free space Cfree). In
addition, the method is limited to two-dimensional problems.

Sometimes, roadmaps are created manually from which
paths can be extracted. However, this can take many hours
of precious time setting up and debugging the roadmap [5].

Our goal is to automatically create a roadmap for 2D and 3D
(possibly large and complex) environments that can be used
to guide the motions for entities in a virtual environment. By
a careful integration of existing and new techniques, we aim
at generating roadmaps with the following four properties:

1. The roadmap is resolution complete. This means that a
valid query (which consists of a start and a goal con�g-
uration) can always be connected to the roadmap. If the
start and goal belong to the same connected component
of the free space, then a corresponding path can always
be found (at a given resolution).

2. The roadmap is small. A small roadmap assures low
query times and low memory consumption. A path that
is extracted from a small roadmap will have reasonably
long edges. These are easier to optimize. For example,
Nieuwenhuisen et al. [4] add circular arcs to the roadmap
to make the paths C1 continuous, resulting in natural
looking motions. In addition, when a roadmap must obey
other criteria, a small roadmap eases manual tuning.

3. The roadmap contains useful cycles. These cycles provide
short paths and alternative routes which allow for varia-
tion in the routes that entities take. Van den Berg et al. [6]
exploit cycles in dynamic environments where additional
obstacles might appear, and to avoid deadlock situations
when multiple robots move in the same environment.

4. The roadmap provides high-clearance paths. By retract-
ing the roadmap to the medial axis, paths with much
clearance can be extracted in real-time. High-clearance
paths work well with entities that have large widths, such
as a wide formation of characters. In addition, they are
perfectly suitable for guiding the motions of a group of
entities [7] or for creating a useful backbone path for the
animation of walking characters [8].



Fig. 1. The coverage and maximal connectivity criteria have been met. The
reachability regions of the white nodes cover the complete free space and are
connected via the black node.

The paper is organized as follows: In Section II, we discuss
the Reachability Roadmap Method which creates the initial
roadmap satisfying the �rst and second property. In Section
III, we propose an algorithm that adds useful cycles to the
roadmap. We meet the fourth property in Section IV which
shows how to retract a roadmap to the medial axis. We perform
experiments with 2D and 3D virtual environments in Section
V and conclude in Section VI that our algorithm successfully
creates roadmaps satisfying these four properties.

II. REACHABILITY ROADMAP METHOD

In [3], we introduced the Reachability Roadmap Method
(RRM) which creates small roadmaps that are resolution com-
plete. We proved that the RRM creates a roadmap graph G
satisfying the following two criteria:

De�nition 1 (coverage). Graph G = (V; E) covers Cfree when
each con�guration c 2 Cfree can be connected using the local
planner to at least one node � 2 V .

De�nition 2 (maximal connectivity). Graph G is maximally
connected when for all nodes � 0; �00 2 V , if there exists a
path in Cfree between �0 and �00, then there exists a path in G
between �0 and �00.

Coverage ensures that every query (which consists of a
start and goal con�guration) can be directly connected to the
roadmap, as is required to solve the problem. If there exists a
path in the free con�guration space (Cfree) between the start
and goal con�guration, then maximal connectivity ensures that
a path between them can be found in the roadmap graph G.

The RRM discretizes the con�guration space and computes
a small number of guards that cover the complete free space.
These guards are then connected via connectors to ful�ll
the maximal connectivity criterion. The resulting roadmap
is then pruned to obtain an even smaller roadmap. Fig. 1
shows an environment whose free space is covered by two
(white) nodes and is connected via one extra (black) node. The
reachability region for the upper left node has been drawn.
Each con�guration in this region can be connected with a
straight-line connection to the node, and a three-node graph
suf�ces to solve any query in this environment.

III. ADDING USEFUL CYCLES

In [9], we discussed three methods for decreasing the path
length. Although these methods can decrease the path length

considerably, they usually do not remove the detours around
obstacles. These detours can be avoided by adding cycles to
the roadmap. Besides obtaining shorter paths, cycles provide
alternative routes for an entity.

In the following subsections, we will show how to add
useful cycles to the roadmap. Our strategy is partly based on
the work of Nieuwenhuisen and Overmars [10] which adds
useful edges to the roadmap. An edge is useful if it introduces
a cycle that improves the roadmap according to some criterion.
As we are working with small roadmaps, unfavorably placed
queries can still lead to long paths. We will show that these
can be avoided by adding useful nodes and their corresponding
edges to the initial roadmap. The �nal roadmap will then be
composed of all nodes from the initial roadmap, as well as the
added useful nodes and useful edges between those nodes.

A. Useful edges

Nieuwenhuisen and Overmars [10] propose a technique that
adds useful cycles to the roadmap. The goal is to add only
those edges that have a high probability of introducing a path
that cannot be continuously deformed into an existing path.

A useful edge is de�ned as follows:

De�nition 3 (Useful edge). Let � be the node that corresponds
to con�guration c which has been added to the graph and V n

its set of neighbors. Let � 0 be a node in V n and d(�; �0) be
the distance between � and � 0. The graph distance between
� and �0 is G(�; �0) which is the length of the shortest path
in the graph from � to � 0. If there is no path from � to � 0,
G(�; �0) is 1. Then edge �(�; � 0) is K-useful if

K � d(�; �0) < G(�; �0):

This de�nition only adds an edge to the graph between �
and �0 if their graph distance improves by a factor K. A small
value of K adds more edges than a large value of K. Fig. 2
shows that no cycles are added if K is set to 1. If K �
1, then all collision-free edges (i.e. local paths) are allowed.
The authors use a pruned version of Dijkstra’s shortest path
algorithm to ef�ciently determine whether a particular edge
is useful. They also show, when time goes to in�nity, that
their approach will �nd a path with a length converging to
K � j�j, where j�j denotes the length of shortest possible
path �. Hence, the larger the number of nodes in the roadmap
(and the smaller the value of K), the shorter the expected
length of a path. As one of our criteria is obtaining a small
roadmap, these two con�icting criteria (short path length and
small roadmap) need to be balanced.

B. Adding useful nodes

In Fig. 2, unfavorably placed start and goal positions were
added and connected to the roadmap. As few nodes were
placed in the middle of the environment, such a small roadmap
can yield long paths, making detours around the obstacles. We
handle this problem by adding useful nodes (and useful edges)
to the roadmap, while attempting to keep it small. Accordingly,
we de�ne a useful node as follows:



(a) K = 1 (b) K = 1:5 (c) K = 1

Fig. 2. A roadmap that contains few nodes can lead to long paths for
unfavorably placed queries. Even when parameter K is set to one, i.e. when
all collision-free connections are added as edges to the roadmap, the extracted
path can be long compared to the optimal path.

De�nition 4 (Useful node). Let c 2 Cfree be a con�guration
and � be its representing node. Let f� 0; �00g be its two closest
neighbors in the graph to which a collision-free connection
exists, i.e. edge �(�; � 0) 2 Cfree and edge �(�; � 00) 2 Cfree. Let
� be the shortest path in G between � 0 and �00. If no path
exists, then � = ;. Then node � is useful if:

9�i 2 � : �(�; �i) =2 Cfree:

As one of our goals is to obtain high-clearance paths, we
only select candidate useful nodes that lie on the medial axis.
De�nition 4 says that a node � is useful if � can be connected
to two neighbors and the new cycle guides the entity around an
obstacle, i.e. there must be at least one connection from node
� to the nodes describing the shortest path � which causes the
moving object to collide with an obstacle. We limit ourselves
to checking connections between nodes because checking all
connections from node � to each con�guration on path � will
consume too much time.

Algorithm 1 ADDUSEFULNODES(graph G(V; E))
1: MA list of con�gurations, sampled on the medial axis
2: for all c 2MA do
3: �  node that represents con�guration c
4: �0; �00  the two closest neighbors of the input graph

to � for which edges �(�; � 0) and �(�; �00) 2 Cfree
5: � shortest path in G from � 0 to �00

6: for all �i 2 � do
7: if �(�; �i) =2 Cfree then
8: V  V [ �
9: E  E [ �(�; �0)

10: E  E [ �(�; �00)
11: break

As a clari�cation, we apply Algorithm 1 on our running
example. Fig. 3(b) shows the resulting roadmap. (The black
discs represent the useful nodes.) It can be noticed that the
useful nodes have a tendency to spread. This can be explained
as follows. Suppose that a candidate node � is very close to
a previously added useful node � 0 which has already been
added and connected to the roadmap. Then it is likely that �
has the same two neighbors as � 0 to which free connections
exist. (Node � will not be connected to � 0 as useful nodes are
only connected to nodes from the initial roadmap to keep the

(a) Useful cycles:
length=63.8

(b) Useful nodes:
length=25.9

(c) Useful nodes, use-
ful cycles, edges recon-
nected: length=18.3

Fig. 3. Path lengths of an unfavorably placed query. The factor K for adding
useful cycles is 1.5.

roadmap small.) As their edges will lie close together, it is
unlikely that � is part of a connection that collides with an
obstacle. As a result, node � is not labeled useful according
to De�nition 4.

C. Reconnecting the edges

The roadmap quality can be further improved by rearranging
its edges. Our approach creates a graph G0 that consists of
all nodes from graph G. Then, for each pair of nodes, we
check if the connection between them is collision-free. Such a
connection is added as an edge to G0 if the edge is K-useful.
The approach is outlined in Algorithm 2. First, we create a
priority queue (sorted on increasing edge length) and �ll it
with all collision-free connections between pairs of nodes from
graph G. The improved graph G0 will have the same nodes as
graph G. The edges of G0 consist of edges extracted from the
queue if the two nodes do not belong to the same connected
component or if the edge introduces a K-useful cycle. Due to
the reconnection of the edges, it can occur that a (useful) node
is no longer part of a cycle. If such a node has degree one,
than this node is removed as our goal is to keep the roadmap
small. Fig. 3(c) shows the roadmap whose edges have been
reconnected.

Algorithm 2 RECONNECTEDGES(graph G(V; E), factor K)
Output: graph G0(V 0; E0)

1: PriorityQueue Q fsorted on increasing edge lengthg
2: for all pair of nodes � 0; �00 2 V : �0 6= �00 do
3: if edge �(�0; �00) 2 Cfree then Q.push(�(� 0; �00))
4: V 0  V
5: E0  ;
6: while not Q.empty() do
7: edge �(�0; �00) Q.top()
8: Q.pop()
9: if K � d(�0; �00) < G(�0; �00) then E0  E0 [ �

10: Remove all useful nodes from V 0 with degree 1

Fig. 3 gives an indication of changes in path length of the
unfavorably placed query in several phases of the running
example. In each picture, the same initial roadmap was used
(which was produced by the Reachability Roadmap Method).
Fig. 3(a) shows the path for the roadmap to which useful cycles
were added. This path is rather long. A shorter path was found



in (b), which shows theroadmapafteraddingusefulnodesand
their correspondingconnections.Yet a shorterpathwasfound
after reconnectingthe edges,which is shown in (c).

IV. PROVIDING HIGH-CLEARANCE PATHS

The fourth criterion which a roadmapmust obey is that
high-clearancepaths can be obtained in real-time. A path
hasa high clearanceif it follows the medial axis of the free
con�guration space.We useour retractionalgorithmfrom [9]
to retractthe pathsto the medialaxis.

Ratherthan retractingpaths,our goal now is to retractthe
entireroadmapto themedialaxis.To ensurethat thecomplete
roadmapwill be retractedto the medialaxis, we requirethat
its nodesinitially lie on the medial axis. The Reachability
RoadmapMethodalreadysatis�es this requirement.For each
edge� , let � be the local path that correspondsto the edge.
We apply the retractionalgorithmto eachlocal path � .

The result of this approachcan be viewed in Fig. 5. The
input graph was createdin three steps.A small covering
roadmapwasproducedby theReachabilityRoadmapMethod.
Then useful nodesand edgeswere added.Theseedgeswere
thensuccessfullyretractedby the appropriatealgorithm.Note
that someretractededgeshave overlappingparts.We do not
attempt to merge them as this will increasethe numberof
nodesin the roadmap.

V. EXPERIMENTS

In this section,we test our approachon four virtual en-
vironments.In the �rst part of the experiments,we compare
theroadmapsproducedby thefollowing threealgorithms.The
�rst algorithm,whichwereferto astheGrid RoadmapMethod
(GRM), createsa grid. The GRM is constructedby placing a
nodeon eachcornerof eachfreegrid cell. Edgesareaddedfor
eachboundaryandeachdiagonalof a freecell. This algorithm
is oftenusedin thegamecommunity. Thesecondalgorithmis
the ReachabilityRoadmapMethod(RRM) from [3]. (Seethis
paperfor a comparisonbetweenthe RRM andthe PRM.) The
third algorithm(RRM*) usesthe RRM asinput andaddsuseful
nodesandedges.Its edgesare thenrearranged.

In the secondpart of the experiments,we retractthe edges
of the roadmapsproducedby the RRM* to the medialaxis of
the free spaceto obtainhigh-clearancepaths.We refer to this
combinationof methodsas the RetractRRM* (RRRM).

A. Experimentalsetup

We integratedthe algorithmsin a single motion planning
systemcalled SAMPLE (Systemfor AdvancedMotion PLan-
ning Experiments),which we implementedin Visual C++ un-
derWindows XP. SAMPLE automatesconductingexperiments,
i.e. statisticsare automaticallygeneratedand processed.All
experimentswere run on a 3 GHz Pentium4 processorwith
1 GB memory. We usedSolid for collision checking[11].

We conductexperimentswith the environmentsdepictedin
Fig. 4. Information on the environmentsand robots is listed
in Table I. The environmentshave the following properties:

(a) Field (b) Of�ce

(c) House (d) Quake

Fig. 4. The four testenvironments.

TABLE I

INFORMATION ON THE ENVIRONMENTS AND ROBOTS.

Boundingboxes

environment robot grid resolution # objects

Field 47 � 47 1 � 1 94 � 94 16,000
Of�ce 80 � 80 1 � 1 � 4 160 � 160 79,000
House 57 � 20 � 40 3 � 3 � 3 57 � 20 � 40 1,000
Quake 130 � 25 � 80 1 � 1 � 1 130 � 25 � 80 4,000

Field Thissmallenvironmentcontainstencones,two fences
andfour trees.Theseobstaclesareclutteredin a large part of
the environment. The other part is rather empty. There are
many alternative routes.We will test whetherour algorithm
cancapturemostof them.

Of�ce This large environment with more than 80 pieces
of furniture (79,000 geometricalobjects) has a rather non-
uniform distribution. There are large open spacesand many
narrow passages,requiringa largegrid to capturetheconnec-
tivity of Cfree . Also this environmentcontainsmany alternative
routes. The results will show whether our algorithm can
capturethem.Wealsoinvestigatehow well ouralgorithmdeals
with large environmentscontainingmany obstacles.

House This environmenthastwelve rooms.Thereare few
alternative routes from one room to another room. Hence,
we expect that few cycles will be addedto the reachability
roadmap.Eachedgein the roadmapwill be retractedto the
medialaxisof theenvironment.We will investigatehow much
the clearanceimprovesalong the roadmap.

Quake This environmenthasbeenconvertedfrom a level
from thegameQuake. (Seewww.quake.com).Therearemany
alternative routes.We will investigatehow much the average
pathlengthdecreaseswhenweaddusefulcycles.Furthermore,
we will testwhetherthe clearancecanbe addedsuccessfully
to roadmapsof problemsinvolving threeDOFs.


