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Abstract
This paper presents a new approach to reactive con-

trol utilizing the output of an explicit path planner
which considers terrain preferences. To demonstrate
the concept, a wavefront propagation type of plan-
ner algorithm, Trulla, is integrated into a reactive
framework and used as part of the overall architec-
ture. Terrain preferences are represented as weights or
costs which are considered in generating a near opti-
mal path. The algorithm is demonstrated on the CSM
Denning-Branch MRV4 mobile robot for three scenar-
ios: navigation out of a box canyon, planning with
terrain preferences, and opportunistic path improve-
ment.

1 Introduction
Explicit path planning methods typically use a pri-

ori maps to generate a set of path segments for an
autonomous mobile robot to follow. Important is-
sues such as representation (e.g., con�guration space,
cell decomposition), optimality of the path (e.g., A*
search), and speed of execution continue to be ex-
plored. However, two important issues a�ecting the
practicality of these methods have been largely ig-
nored.

First, explicit path planning methods are usually
independent of the mechanism for actual navigation.
For example, in some hybrid deliberative/reactive ar-
chitectures [1], an explicit path planner uses a priori
knowledge to generate a set of subgoals. The reac-
tive portion of the architecture attempts to reach the
�rst subgoal; once there, it then heads for the second
subgoal, etc. As a result of this partitioning between
path generation and reactive control, the robot may
encounter unmodeled obstacles which make it (a) im-
possible to reach the subgoal and/or (b) miss oppor-
tunities to go directly to the next subgoal with signif-
icant navigational savings.

Second, existing path planning algorithms, with the
notable exceptions of recent work by [2, 11], do not
appear to factor in the costs of navigating over unde-
sirable or uncertain terrain. Instead they attempt to
represent the world as either \empty" or \occupied."
Note that some areas may be empty but not preferred.

For example, a user may wish the robot to stay on
sidewalks whenever possible rather than go on grass or
dirt. The grass and dirt have a lower preference asso-
ciated with navigating through them. Also, it should
be noted that in some cases the a priori map which
serves as the foundation for path planning may not
be completely known. Maps made from satellite data
may not be able to identify with complete certainty
whether an area is easily passable or not. Therefore, a
plan planner should consider not only whether space
is occupied or empty, but also the costs and/or risks
associated with navigating through it.

This paper concentrates on the implementation
of Trulla, an explicit path planner which incorpo-
rates terrain preferences, on the CSMDenning-Branch
MRV4 mobile robot. It begins with an brief overview
of the Trulla algorithm (Section 2) and the motivation
for selecting it for this application. The implementa-
tion in C++ is presented in Section 3. Demonstrations
using the CSM mobile robot are reported in Section 4,
and the rami�cations and related work are discussed
in Section 5. Section 6 concludes that it is feasible for
an explicit path planner to both bridge the gap be-
tween explicit path planning and reactive control and
can handle preferences about terrains. Directions for
future work are also noted.

2 Trulla
The Trulla algorithm is an optimal path planner

which is suited for workspaces composed of regions
weighted according to their cost of traversal. It shares
similarities with path planning algorithms based upon
wavefront propagations and potential �elds. The ter-
rain is represented by discretizing it into am by n grid,
and a goal location within the grid is identi�ed as the
starting point for the algorithm. Each grid location
contains information regarding the weight of the re-
gion containing it, the direction of the path to the goal,
distances to the next goal or subgoal along the path,
and total distance to the goal. Also contained within
each grid location is information regarding how the
path to the goal last changed; for example, if the path
to the goal must \bend" around an obstacle or region
of high traversal cost, this information is stored and



propagated to other grid locations. When such path
alteration occur, the grid location at which the change
occurs becomes a subgoal for subsequent paths.

Since the �nal output of the algorithm is a dis-
cretized grid in which each grid location contains the
direction and distance to the next subgoal, the robot
can use this information to direct it toward the goal
through a low-cost route. It also e�ectively directs
the robot away from higher-weight regions where pos-
sible and always away from known obstacles within
the terrain. The direction information can in essence
be considered a type of potential �eld.

A thorough description of the algorithm can be
found in [4]. The Trulla algorithm was originally de-
veloped as a simple path planning algorithm suitable
for a hardware implementation, speci�cally to exploit
parallelism and decision-making using only local in-
formation. These goals facilitated implementing the
algorithm in a VLSI systolic array. Subsequent work
in this area has yielded a version of the algorithm ca-
pable of such an implementation [7]. When run on
a scalar processor, the Trulla algorithm is much less
e�cient.

The Trulla algorithm was selected as the candidate
for inclusion in the reactive architecture for a num-
ber of reasons. Two principle motivations were (1)
the grid-based representation used in �nding the paths
made it easier to choose a path when the robot's po-
sition is approximately known, and (2) the path rep-
resentation used by Trulla for each path segment (es-
sentially a vector whose direction points to a goal or
subgoal and whose magnitude re
ects the distance to
the goal/subgoal) was compatible with the behavior-
combining mechanism in place in our architecture.
An additional feature of the algorithm is that it pro-
vides an optimal path to the goal location from each
physically-accessible location in the grid. This can be
particularly useful in a reactive system; avoidance be-
haviors may cause the robot to leave its original path
but once the behavior returns control another optimal
path can often be located without replanning.

We should brie
y de�ne the term \optimal path"
when used in the context of a grid-based represen-
tation of a terrain. There is only one true mini-
mum distance between any two points in the terrain
(and not necessarily one path with this distance) and
any discretization can only approximate this distance.
The Trulla algorithm, like most algorithms using dis-
cretization, �nds an optimal path with respect to the
discretization whose distance is longer that the true
minimum distance. The di�erence between these two
distances increases as the grid coarseness increases.
When the term \optimal path" is used in this paper,
it refers to the shortest path within the constraints of
the discretized grid.

Regardless of the reasons for which the Trulla al-
gorithm was selected, many other path planning al-
gorithms could have been selected in its stead. We
will examine some of these algorithm and potential
trade-o�s in Section 5.

3 Implementation
The Trulla algorithm is embedded in the CSM hy-

brid deliberative/reactive architecture [5], and is writ-
ten in C++. The layout of the code is shown in C++
pseudo-code below.

//
//deliberative component
//
LoadFile(); //a priori map
SetGoal(goalLocation);
GeneratePaths();
DisplayPaths(); //optional

//
//reactive execution component
//
while (IsGoal(currentLocation) != TRUE)
{

subGoalLoc=NextSubgoal(currentLocation);
move-to-goal(subGoalLoc);
avoid-obstacle();

}
stop-robot();

Execution begins with the deliberative component,
which asks for the a priori map and the goal location.
The map is an ASCII �le. It represents the workspace
as a rectangular grid, each cell of which is assigned
a weight corresponding to the di�culty in traversing
the particular cell (or other cost). Valid weights range
from 1 to 9, inclusive, and the letter x. The higher the
weight, the higher the di�culty or cost of navigation.
A weight of x indicates that an obstacle occupies that
cell and traversal is impossible. These ASCII values
are an implementation detail; the algorithm can work
with any non-zero real-valued weights.

Next all paths to the destination are computed via
the GeneratePaths function. These paths can be op-
tionally displayed. Once the paths are known, the pro-
gram then turns control over to the reactive execution
component. The program requests the next subgoal
given its current location. This subgoal is passed to
a reactive move-to-goal behavior. The behavior sets
the direction and velocity for the robot to start mov-
ing. move-to-goal runs concurrently with the avoid-
obstacle behavior, so that the robot will veer if nec-
essary to avoid collisions. As the robot moves, the
while loop continues to update the current location
of the robot, which in turn may change the next sub-
goal. move-to-goal will terminate inside the loop if
the current location is the subgoal. If the subgoal was
not the destination, move-to-goal will be reinstanti-
ated with a new subgoal on the next iteration. Oth-
erwise, it will stop execution when the robot reaches
the goal (within some tolerance set in IsGoal()) and
the while loop exits.

4 Demonstrations
The Trulla algorithm was implemented in C++ on

Clementine, a Denning-Branch MRV4 mobile robot
controlled by an onboard 66MHz 486 PC using MS-
DOS. Clementine is shown in Figures 1, 2, and 3.
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Figure 1: a.) Trulla output and b.) Clementine navi-
gating out of the box canyon.

Three scenarios are presented, each of which high-
lights some aspect of the planning algorithm and its
integration into a hybrid deliberative/reactive archi-
tecture. In the box canyon scenario, the robot was
trapped in a box canyon and needed an explicit plan
to escape. This scenario demonstrated that Trulla is
able to handle commonly cited cases as well as any
other explicit path planner. The sensitivity of the plan
to terrain preferences was demonstrated in the second
scenario, where the robot chose a path over a cable on
the 
oor only when there was no other cost e�ective
way to go around it. In the third scenario, the robot
plans a path and begins execution, then encounters a
large obstacle. As the robot reactively avoids the ob-
stacle, another path becomes optimal and the robot
takes that route.

Each scenario was conducted in a 20 ft by 28
ft arena in the Mobile Robotics/Machine Perception
Laboratory. The terrain was discretized for Trulla into
two foot square grid locations. The 
oor was marked

a.

b.

Figure 2: a.) Trulla output and b.) Clementine navi-
gating around cord.

with yellow tape to allow the output of the graphics
simulation to be easily matched to the test arena.

4.1 Box Canyon Scenario
The box canyon scenario is an example of why a

robot may need to explicitly path plan. In the sce-
nario, the robot becomes trapped in a dead end or
blind alley. Although there are reactive behavioral
methods that will eventually allow the robot to es-
cape, the robot could generally exit more e�ciently
if it has created (or updated) a map and then plans
the best route out. In this demonstration, the robot
begins in a box canyon of paper mache \Mars rocks"
and hay bales.

Trulla plans the set of paths shown in Fig. 1a. Each
square is grid location representing a 2ft by 2ft area
corresponding to a taped grid on the 
oor in Fig. 1b.
The upper left corner is (0,0). The black squares on
the graphics indicate the grid location is occupied,
white squares are empty spaces. Arrows in the grid el-
ements represent the approximate direction the robot
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Figure 3: a.) Trulla output and b.) Clementine navi-
gating over the cord.

should go if in the corresponding location; the round
dot marks the head of the arrow.

The robot starts in the box canyon at (8,8) and
has a goal of (4,19). The subgoals are shown as =
superimposed over the arrows. In this case, there were
seven subgoals (the start location counts as one). The
robot backed out of the box canyon, turned clockwise
and went outside of the box, then turned to follow the
outer edge of the rocks. The robot using the Trulla
path to exit the box canyon in shown in Fig. 1b.

4.2 Planning with Terrain Preferences
In order to illustrate Trulla's handling of terrain

preferrences, the robot was instructed to move be-
tween the same starting (21, 13) and goal (6, 3) lo-
cations for two di�erent maps. The �rst map repre-
sents the power cord shown in Fig. 2b. as a partially
passable terrain. The bundle of the power cord in the
middle of the 
oor was marked as an obstacle (too
high for the robot to roll over). The tail, running to
the outlet on the wall on the right, was marked with

a value of 5, indicating that it was passable but that
the robot should avoid the cord if possible. These
are the three darker gray grid elements in Fig. 2a. It
should be noted this type of traversability weighting
scheme could be inferred from range or texture data.
The second map (Fig. 3a.) shows the addition of an
obstacle next to the power cord, preventing the robot
from reaching the goal without running over the tail
of the cord.

In the �rst case, Trulla computes a path which
routes the robot around the cord. The path is only
slightly longer than if it went over the cord, therefore
on a cost basis, it is optimal (the robot going around
the cord is shown in Fig. 2b.). In the second case,
Clementine is forced to go over the cord, as seen in
Fig. 3b.

Next, an obstacle (C2, the MR/MP laboratory's
outdoor robot) is placed near the cord, blocking the
robot's previous path. In this case, Trulla routes the
robot over the cord because there is not other passable
route. The Trulla output is shown in Fig. 3a.

4.3 Opportunistic Change to a Better
Path

The third scenario illustrates how the robot can use
the precomputed paths opportunistically. Fig. 4 shows
a map with a large modeled obstacle in the center in
black. An unmodeled obstacle (a partition) was placed
in front of the robot. The short dashed line shows the
actual path taken by Clementine to the goal using
a purely reactive move-to-goal behavior. The long
dashed line shows the actual path taken using Trulla.
In both cases, the robot used an avoid-obstacle be-
havior, which attempted to reactively avoid obstacles
by choosing the most open area nearest to the desired
direction. In the non-Trulla case, the desired direction
was always a straight line to the goal. As a result, the
opportunity to make a hairpin turn was missed and
Clementine took a longer route to the goal. In the
Trulla case, as the avoid behavior drove the robot o�
the original course to avoid hitting the partition, the
move-to-goal behavior was updated each execution
cycle with the best precomputed direction to the goal
(or subgoal). Therefore, it was able to take advantage
of the opening a�orded by the hairpin turn, as shown
in Fig. 5, and take a shorter route to the goal.

The integration of path planning and reactivity is
not seamless, however. We have encountered situa-
tions where the avoid behavior displaced the robot to
a grid element where the precomputed path continued
to direct the robot towards the unmodeled obstacle,
resulting in an oscillating motion. This type of event
ideally would trigger an update of the map and recom-
putation of paths.

5 Discussion
The above demonstrations illustrate that it is fea-

sible to integrate an explicit path planner within a re-
active control framework. They also show that some
practical advantages can be gained depending on the
choice of path planner, which in this implementation
was the Trulla algorithm. This algorithm can pro-
vide plans according to terrain preferences and can
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Figure 4: Layout showing unmodeled obstacle. Gray
line shows original path computed by Trulla, long
dashed line the actual path with Trulla, and short
dashed line shows purely reactive path.

provide some alternative plans without the need for
replanning. The implementation also proves to be rel-
atively fast: path planning algorithms which rely on
grid representations of workspaces tend to be compu-
tationally expensive, introduce digitization biases, etc.
Even on a serial processor, Trulla is fast enough not
to introduce any noticeable time delay for computa-
tion for indoor environments. Digitization biases and
the resulting \jigsaw" like paths are not problems in
Trulla because it implicitly relaxes the path segments
similar to Thorpe [10]. A path can be drawn between
any two grid locations, rather than being restricted to
connecting neighboring locations via one of eight di-
rections. The Trulla weighted grid representation is
also consistent with the occupancy grid methods for
avoiding obstacles Therefore, Trulla could be readily
adapted to use maps constructed by the robot as it
explored an environment.

While the Trulla algorithm was chosen for integra-
tion with the reactive architecture in this instance it
is by no means the only algorithm which could be
used. Other path planner based upon wavefront prop-
agation methods [6], potential �elds methods, the D*
algorithm [8], and other philosophically similar sys-
tems [2, 11] could be modi�ed and/or extended to �t
the requirements of a reactive architecture. The de-
gree of the integration's success will depend on the
strengths and weaknesses of each planner, particularly
with regard to how the modi�cations or enhancements
a�ect their operation. For example, the D* algorithm
is an optimal and e�cient path planner which can re-

Figure 5: Clementine opportunistically making a hair-
pin turn.

spond to dynamic changes in the environment and can
function with incomplete information about the envi-
ronment [9, 8]. It can operate on a discretized repre-
sentation of a weighted terrain, using eight-connected
neighbors, in a manner similar to Trulla. D* could
conceivably be integrated into the CSM architecture
with little di�culty; however, since avoidance of un-
known obstacles would cause the robot to deviate from
the desired path, D* would need to start replanning
as soon as the reactive behavior is evoked if a \halt-
and-replan" situation is to be avoided. This situa-
tion is avoided altogether in the opportunistic case for
Trulla, but for other situations a complete replan must
be computed since Trulla's current implantation does
not support partial replanning. Trulla does, however,
have an advantage over D* in its inherent relaxation of
path segments versus paths strictly through the eight-
connected neighbors.

The integration of Trulla into a truly autonomous
robot is far from complete at this time. First, Trulla
ignores how the weights of the grid locations are com-
puted. While technically not part of the algorithm, it
is signi�cant. It is expected that in the future weights
will be computed using more formal methods (e.g.,
cost functions [3]).

Another related issue concerns reactive execution:
if the robot does not know where it is with respect
to the map, it will not necessarily follow the optimal
path. Localization may not be problem in execution
for outdoors due to availability of GPS sensors, but it
is a signi�cant concern for indoor environments.

Finally, there is the question of when to replan in
the face of unmodeled obstacles, terrain changes, etc.
With the Trulla algorithm, one strategy would be to
take advantage of its rapid computational speed to
update the map and replan at the end of each sensing
cycle. However, it is not di�cult to imagine applica-
tions where the number of grid locations would drive
the computational costs too high for this approach.
Another strategy would replan only when a lack of



progress is indicated, such as an encounter with a box
canyon. This would reduce computation but might
also increase the length of time for the robot to reach a
goal (i.e., it would waste time by not opportunistically
improving its path). Instead, we are considering an
approach similar to D* which would update the map
and replan locally whenever some metric indicates a
signi�cant deviation from expectations (conceptually
similar to but less demanding than [2]).

6 Conclusions and Future Work
The Trulla path planning algorithm is novel in that

it integrates well with reactive control and considers
terrain preferences. As a side e�ect of the propagation
method, the near optimal path to the goal from all lo-
cations is computed. This allows the robot to react
to unmodeled obstacles, veer o� course to a location
where the original path is no longer optimal, and then
opportunistically resume optimal path execution with
an alternative path. It further simpli�es path exe-
cution because the robot does not necessarily have to
reach a speci�c subgoal. If the subgoal is unobtainable
(e.g., blocked), the robot may opportunistically use an
alternative path as it reactively tries to approach the
subgoal. The Trulla algorithm allows the cells in the
a priori map to be weighted, indicating terrain prefer-
ances or costs as well as the location of obstacles. The
algorithm then considers these weights in generating
the set of paths. Another practical advantage is that
the paths computed by Trulla have undergone implicit
path relaxation. Furthermore, although Trulla was de-
veloped for use on a parallel processor, it is su�ciently
fast that the implementation on a 66MHz 486 proces-
sor showed no noticeable time delay in computing the
set of paths to the goal.

One important issue being investigated is the fre-
quency and extent the grid should be updated and
paths replanned. Another key problem actively be-
ing researched is localization in indoor environments:
how does the robot know where it is with respect to
the map?

The Trulla source code is available on request.
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