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Abstract 
This paper presents a set of motion planners for an exploration vehicle on a simulated 
rugged terrain. The vehicle has four wheels for its movement and a robotic arm mounted 
on the vehicle for object manipulation. Given a target point to reach with the hand of 
the arm, our planners first compute a path for the vehicle to the vicinity of the target, 
then compute an optimal vehicle position from which the arm can reach the target point, 
and then plans a path for the arm to reach the target. The vehicle path is planned in two 
stages. A rough path is planned considering only global features of the terrain, and the 
path is modified by a local planner to avoid more detailed features of the terrain. The 
planners are expected to increase the autonomy of robots and improve the efficiencies 
of exploration missions. 

1 Introduction 
For an exploration robot in remote or harsh environments, path planning becomes a 
significant problem due to rugged terrains. Teleoperation allows humans to control robot 
movements, but the delays in the sensing and controls make teleoperation inefficient. 
Automating path planning of an exploration vehicle and motion planning of a robotic 
manipulator mounted on the vehicle will significantly improve the efficiency of robotic 
explorations. 

This paper presents a set of four motion planners that automatically generate a 
movement of a mobile manipulator (a wheeled vehicle with a manipulator mounted on 
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it) that makes the hand of the manipulator reach a given target point over a terrain. The 
first planner, the global planner, plans a rough path for the vehicle based on a coarse 
terrain map. The second planner, the Eocal planner, uses a detailed terrain map in the 
vicinity of the coarse path, and modifies the coarse path locally to avoid small features 
of the terrain such as small rocks and pot holes. When the robot is near the target point, 
the third planner, the robot-base planner, computes the configuration, i.e., position and 
orientation, of the vehicle from which the target point can be reached by the robotic 
hand, even in the presence of obstacles. Finally, a collision-free motion of the arm 
reaching the target point is computed by the manipulator planner reported in [ 11. 

The main contributions of this paper are as follows. First, a local path planning algo- 
rithm for a wheeled vehicle is presented that makes the vehicle avoid detailed features 
such as small rocks and pot holes. Existing planners consider mostly obstacles of sizes 
comparable to the vehicle size. Second, a motion planner for a mobile manipulator is 
developed that combines motion planning of a robotic arm with the planning of robot 
base position. Both of these will be essential for robots operating in harsh as well as 
friendly environments. 

2 Background 
Path planning of mobile robots has a long history of research, both in flat and rugged 
terrains [3, 41. A typical approach would represent the terrain and obstacles with 
polygons and/or a grid of points, build a simplified representation (visibility graph, 
Voronoi diagram, quad-tree) of the free space between obstacles, and use one of various 
optimization methods (A*, dynamic programming) to find a short, collision-free path 
for the robot. Path planners have been developed for omni-directional robots, wheeled 
vehicles and walking robots with legs. In this paper, path planners for wheeled vehicles 
on rugged terrains are reviewed. 

A path planning method based on a contour map of a terrain is reported in [2]. The 
A* search is used to find a minimum-cost path, where the cost depends on terrain slopes 
and the vehicle model. Our global planner uses the same A* search as this planner, 
while the vehicle model used is different. More recently, local planning with vision 
sensing is used to navigate a wheeled vehicle on a rough terrain [6]. A pair of stereo 
cameras is used to get the terrain map, and a simple rule-based path planner is used 
due to the limitation of electrical power and thus the computing power. A similar setup 
is used in [7] to develop a path planner, but with more computational resources. With 
stereo-camera sensing, the robot has achieved a 1Ocdsec. speed. Their path planner 
has an arbiter which combines user input and the advice of a path planner to select a 
path. 
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3 Path Planning Algorithms 
As mentioned earlier, a set of four different motion planners are used to compute a 
motion for a mobile manipulator to reach a given target configuration: the global and 
local planners for the vehicle movement, the robot-base planner and the manipulator 
planner for the robotic-arm movement. The target configuration in an expedition is 
typically a desired inspection point or a sampling location. It can be specified before 
the mobile manipulator begins its movement, or can be selected on the fly as the robot 
senses nearby features in its environment. Any one of the four planners can be invoked 
at appropriate times during the mission. 

The vehicle model used has a rectangular shape and has four wheels at the four 
corners. The bottom of the vehicle body is flat, and the wheel springs can accommodate 
a preset amount of height variations of the terrain. The manipulator mounted on the 
vehicle has 6 degrees of freedom. See Figure 1. 

Figure 1 : The vehicle has four wheels and a manipulator. 

3.1 Global PlaIkner 
The global planner plans a rough path for the vehicle based on a coarse terrain map. It 
assumes that the vehicle is a point, and plans a minimum-time path from the current 
vehicle position to a goal location. Although the vehicle considered has wheels, the 
point-robot assumption is safe on a global scale. The vehicle can navigate a region 
of the terrain as long as the slope is below a predefined limit. We assume that it 
cruises at the speed of 1.0 unit on a flat horizontal region. For a given slope, the 
vehicle speed is increaseddecreased proportionally to the square root of the change 
in the vehicle elevation. This is based on the law of energy conservation, namely, 
Mgh = $Mu2. The terrain is represented with a rectangular grid containing terrain 
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elevation information. From the current position of the vehicle on the grid, the standard 
A* search method is used to find a minimum-time path to the goal point. 

The global planner was tested in simulation and the results are shown in Figure 2. 
The steep terrain to the north of the starting location prevents the vehicle from taking 
a short cut to the goal location. Notice that at point A the vehicle takes a small detour 
to lower the slope of the path. The grid size is 10x10, and the path computation time is 
under a second on a modern workstation. 

3.2 Local Planner 
Once the global planner computes a rough path in terms of a sequence of points (called 
subgoals) on the coarse grid, the local planner computes actual, detailed paths between 
successive subgoals in the rough path using a fine terrain model. Given a current and 
the next subgoal, and a detailed terrain model between them, the A* search is again 
used to compute an optimal path. The optimality criteria include the path length and 
the vehicle stability index. Unlike the global planner, the search is performed in the 
3-dimensional configuration space of the vehicle (z, y, 6) .  The I9 dimension is added to 
enforce the curvature constraint on paths of a wheeled vehicle, and to perform a detailed 
stability check using fully detailed models of the vehicle and the terrain. 

The stability check is performed as follows. Given a configuration (z, y, 19) of 
the vehicle, the terrain height at each of the wheel positions is computed. If the wheel 
contact points are co-planar, the pitch and roll of the vehicle are computed. It they are 
within the tolerance, and no part of the vehicle bottom touches the terrain, it is assumed 
to be stable. If the wheel contact points are not co-planar, the distance is computed 
between the two lines connecting the front-left-to-rear-right wheels and the front-right- 
to-rear-left wheels. If the distance is within a predefined tolerance, it is assumed that 
the wheel springs can compensate for the non-coplanarity. 

In real applications, the vehicle will deviate from the planned path due to slippage 
and unmodeled vehicle dynamics. To compensate for this uncertainty, salient features 
along the planned path need to be selected so that the robot can monitor its progress 
along the path and correct for deviations. This work is left for future work. The 
local planner was tested with a randomly generated terrain map of size 64x64 with a 
12-degree orientation resolution, and the path computation time was 5 minutes (Figure 
3). 

3.3 Robot-Base Planner 
There is no efficient algorithm that solves, in its full generality, the problem of finding 
a robot-base configuration that allows the robot hand to reach a given configuration. 
A recent algorithm based on space-filling curves [5] works well for robots with less 
than 3 degrees of redundancy. Since our mobile manipulator has 9 degrees of freedom 
(3 for the vehicle, 6 for the manipulator) and it requires only 6 degrees of freedom to 
arbitrarily position and orient its hand in 3-dimensional space, our robot has 3 degrees 
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Figure 2. A rough path planned 
by the global planner. 

Figure 3. A detailed path planned by the 
local planner on a terrain with randomly 
placed rocks and pot holes. 

of redundancy. In addition to the kinematic constraints, our robot also has to respect 
the vehicle stability and collision constraints. 

Rather than developing a fully general algorithm, we note that there is usually 
enough room over most terrains for the robotic arm to maneuver around. (A jungle is 
an exception.) In such cases, the robot base can be placed at the distance that optimizes 
a-certain dexterity measure of the robot hand. If the target position is very far from 
or near the robot base, it is hard to orient the hand arbitrarily. For example, the robot 
is likely to exceed its joint limits if the arm is extended fully and the hand is trying to 
point toward the robot base. Typically, the robot hand can be oriented arbitrarily if the 
robot arm is extended about half way. 

Define the dexterity distance as half the length of the fully-extended robot arm. 
The robot-base planner first computes the region of the terrain that is the dexterity 
distance away from the target hand position. The robot base is placed at a stable point 
in the region, and the inverse kinematics is used to check if the hand can reach the 
target without collisions. We repeat this until we find such a point. If no such base 
configuration is found from the region, its neighboring regions are examined. Figure 
4 shows a computed stable vehicle configuration along with an arm configuration to 
reach and grasp a bar in a simulated environment. 

3.4 Manipulator Planner 
Once the vehicle configuration and the manipulator configuration (in terms of its joint 
angles) that place the hand at the target are determined, the vehicle is moved to the 
planned vehicle configuration using the local planner described in Section 2.2. To move 
the manipulator from its home configuration to the planned configuration, the Sandros 
motion planner [ 11 is used. The Sandros planner finds a sequence of joint angles of 
a manipulator to move the manipulator between two configurations in a collision-free 
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manner. It is a resolution-complete planner (guarantees a solution if it exists), and one 
of the most efficient motion planners available. Figure 5 shows a motion to load the bar 
onto the vehicle computed by the Sandros planner. Refer to [I] for details. 

4 Conclusions and Future Work 
The four motion planners presented in this paper will greatly increase the autonomy of 
exploration robots in harswfriendly environments. The computation times are within 
an order of magnitude of an acceptable limit for practical applications. Future work 
includes integration of a vision module with our planners, development of an algorithm 
to select salient landmarks along the planned path for handling uncertainties and errors, 
development of a more robust robot-base planner for jungle-like environments, and 
more accurate modeling of vehicle stability and dynamics. 
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