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Abstract

Reactive control for mobile manipulation involves a tight coupling of sensors to motor
response. Pseudo-forces exerted on the end-effector and limbs of the mobile manipu-
lator must be distributed over the entire structure. Pseudo-joint damping provides a
mechanism for this process.

Damping functions were used to create motion of the end-effector which emulated the
characteristics of biological systems. The target biological characteristics were a general
bell-shaped curve of the end-effector speed profile, an initial and final end-effector speed
of zero, and a scaling of the speed profile with distance to goal. The damping functions
were then evaluated for time, distance, safety, and flexibility to determine if the biological
characteristics corresponded to improved performance of the mobile manipulator.

The simulations showed that by reproducing the characteristics of biological systems,
improved performance of the mobile manipulator was realized. The set of linear and
square damping functions were found to perform best in a series of varying environments.
Both damping functions were shown to produce different ending configurations of the arm,
and to be more or less aggressive by varying the damping parameters in the functions.
This allows the performance of the mobile manipulator to be adjusted based on any a
priori information about the environment.

Introduction

An approach to deal with an unmodeled or changing environment which can react in real
time is needed to perform in a truly Flexible Manufacturing System. The robot will need
to avoid unmodeled obstacles and be able to approach a target object even if the goal has

changed locations.

The approach used in this research employs reactive control for a mobile manipulator
that consists of an integrated mobile robot base and robotic arm. The path the robot takes
to reach a goal is heavily dependent on the feedback of sensors during the movement. A
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complete planned trajectory is never formed. Instead, the reactive controller reacts at each
point in time based upon current sensor readings, continuously updating its motion. The
result is that the mobile manipulator can react in real-time to incoming sensor data in a
changing world.

The mobile manipulator used in this research consists of a Denning MRVII mobile robot
base and an integrated CRS A251 robotic arm (Figure 1) The base is a three wheel configura-
tion with a ring of 24 ultrasonic sensors covering 360 degrees and shaft encoders for recovering
distance traveled, direction, speed, and acceleration. The CRS arm has five degrees of free-
dom including waist, shoulder, elbow, wrist pivot, and wrist rotate. Shaft encoders are used
for joint position, speed, and acceleration. The end-effector js a two-finger open/close gripper
with an added force-torque sensor between the wrist and gripper used during interaction with
the part being manipulated.

Figure 1: Mobile Manipulator

2. Related Work

There has been considerable research in the general area of mobile manipulation. This
section is not intended to be an exhaustive compilation of this research, but rather is a
representative selection of different approaches.

Control strategies for a mobile manipulator can be divided into two general categories.
The first approach involves complete trajectory planning while the second involves reactive
control or dynamic path planning. Complete path planning assumes that the geometry of
the robot and the environment are known beforehand and do not change during execution




(e.g., [9,19,22]). The task is to define a complete path based on information available before
any movement has occurred, and then to follow it. Emphasis is placed on optimization.
The drawback of this approach involves the assumption that the world is static. If the
environment changes, the path has to be re-formulated based on the new constraints. As
trajectory planning based on well-founded a priori knowledge is a different problem than the
one addressed in this research we will not further review this area.

The second approach, dynamic path planning or reactive control, assumes that the envi-
ronment is not completely known or that changes in the environment occur during movement
of the mobile manipulator. The controller reacts to the environment for an incremental move-
ment, updates the constraints of the environment using sensing, and reacts again. Although
the use of reactive control techniques in mobile robot navigation is now widespread (e.g.,
[2,6,12,14,20], there are few instances of this technique applied to the mobile manipulator
problem.

Reactive control holds paramount the ability for a mobile manipulator to create a path
on-the-fly. This approach does not consider the robot omniscient, where everything about the
world is well known. The path the robot takes is determined by moving into the environment,
sensing what is necessary, and reacting accordingly. The robot then senses again and responds
appropriately.

In [11], Connel uses a subsumption-based architecture to control a mobile manipulator.
The mobile manipulator, consisting of an arm mounted on a mobile base, is given the task
of collecting soda cans in a cluttered, changing environment. A collection of fifteen modules
interact through nodes to provide the necessary behaviors. The modules can be grouped
into “levels of competence” (e.g., Cradle, Grip, Path, Park, Skim). As required during the
task, different modules dominate and force certain behaviors to be active. Characteristic of
subsumption architectures is that only one of the competing modules has control of the node
at a time (arbitration).

A drawback to this system is apparent in the motion of the mobile manipulator. The
motions of the base and the arm compete for control, therefore concurrent movement is not
possible. Thus when approaching a can to be retrieved, the base travels to the area where
the can is located and then parks. After the base is parked, the arm reaches out for the can.
Only after the can has been retrieved and the arm motion stops will the base move.

Biological studies have also contributed to the control of mobile manipulators. Models
drawn from this type of research are currently being studied as control systems and can serve
as the basis for emergent behavior. Some of the studies which influenced our research follow.

Bizzi et al [5], studied the central nervous system of a frog by surgically disconnecting
the spinal cord from the brainstem and stimulating different areas of the spinal cord. The
result of the experiment was a mapping of the forces exerted by various positions of the leg
for each different area of brainstem stimulation. They showed that for each location on the
spinal cord, a unique potential force resulted which converged at one point; one position of




the leg was at equilibrium. Further experiments combined the stimulation of two areas on
the spinal cord, and showed that the movement corresponded to a vector addition of the two
potential fields.

Georgopoulos [15] has performed studies on the path and trajectory of reaching in humans.
He explains that the inverse kinematics for unrestrained three dimensional arm movements
are intractable [24]. His studies are concerned with the two dimensional case of a human
reaching out to a goal using the arm and shoulder only. He characterizes the movements as
being composed of two parts: an initial large amplitude movement that approaches the goal,
and a subsequent smaller amplitude movement that brings the hand to the final position. The
initial movements primarily use the elbow and shoulder joints, while the second movement
uses the wrist and fingers to orient the hand to grasp the goal.

These two characteristic movements can be labeled as ballistic and micro-manipulation
respectfully. Note that movement does occur with the wrist and fingers in the ballistic
movement when the goal is to be grasped. In this case, a gross preshaping of the hand
occurs before the final accurate positioning in the micro-manipulation. There is a trade-
off between speed and accuracy which explains the difference between the two movements.
More accurate movements require slower speeds, and conversely, faster movements are less
accurate. Therefore, in the ballistic movement where the general location of the goal is being
approached, less accurate but faster movements are used. In contrast, when the general
area of the goal is reached, more accurate and thus slower movements are used for exact
positioning of the hand.

In Georgopoulos’ work, all targets are stationary and the goal is not to grasp the target,
but to point to the target. Goodale [16] took the study of arm movements one step further by
moving the target during the motion of the arm. Again the goal of the subject was to point to
the target, not to grasp it. He showed that when the target was perturbed during the motion
of the arm, the movement distance increased by the amount that the target was perturbed. A
smooth transition occurred to the new trajectory (no secondary accelerations) showing that
initial movement completion was not necessary before implementing a new trajectory. The
study was done in the dark, using LED’s as targets so that visual feedback of hand position
was prevented.

Not considered by either Georgopoulos or Goodale was the actual grasping or interaction
of the hand with the target. All motions occur in free-space. In grasping and mug placing Ar-
bib et al [1] show that there is a final phase where the sub Ject uses tactile and force feedback.
Arbib and Hoff [17] further detail arm movements and their characteristics. Ballistic move-
ment is defined as feedforward where the whole movement is based on the initial sample of
environmental variables. Continuous feedforward control is differentiated by the adjustment
of the control signal based on the continuous sampling of relevant environmental parameters.
By these definitions, arm movements must be controlled by a continuous feedforward method
to allow a novel trajectory to begin before the initial trajectory is completed.




Arbib and Hoff also cite MacKenzie et al [18] in characterizing the effect of accuracy
demands on the speed profile of the hand. MacKenzie shows that the motion of the hand
is characterized by a bell-shaped speed profile. The profile consists of an initial acceleration
followed by a deceleration. It is shown that as accuracy demands are increased, the decel-
eration phase is lengthened. They also show that as the distance to the target is increased,
the speed profile is scaled up. Arbib and Hoff restrict themselves to the free-space paradigm,
so no interaction with the target is required. They suggest a single feedback process which
could be responsible for both the quick and the slow accurate phase. This process consists
of multiple feedforward and feedback sub-processes, some being conditionally executed based
on sensory and motivational inputs. The optimization of the path is based on the minimum
mean-squared jerk. Their results imitated human arm movements without actual interaction
with the target.

In current research in our laboratory [4,7], the control of a mobile manipulator is broken
down into the two phases detailed in the previous paragraphs. The ballistic motion described
above is considered macro-manipulation. In the macro-manipulation phase, the mobile ma-
nipulator approaches the goal placing the end-effector within reach of it. Micro-manipulation
motion is then used. In this phase, the exact placement and orientation of the end-effector
is adjusted using additional feedback through vision and force/torque sensors. This motion
replicates the biological division of motion.

This research describes the ballistic control of a mobile manipulator in an unmodeled
environment with and without obstacles. A reactive control algorithm is developed which is
capable of imitating biological arm movements but is not restricted by them. The relevant
characteristics of biological arm movements considered are:

e Use of joints with highest potential for translation at longer distances from goal
¢ Bell-shaped speed profile of the hand

o Scaling speed profile by distance to goal

Additional non-biological parametric characteristics are examined and compared to the bio-
logically motivated algorithms, with the goal being to identify those parameters which per-
form best in particular environments.

3. Approach

The central concept of mobile manipulation involves not merely treating the robot as an
arm added to a mobile base, but rather a system that completely integrates the overall control
of both. The approach is further motivated by a body of psychological and neurophysiological
evidence which documents the preshaping of the arm and hand prior to picking up an object




[1]. To make efficient use of the robot, it is necessary to preshape the robot during the
macro-motion as the mobile manipulator approaches the work area.

The preshaping of the arm is conducted by concurrently executing the motions of the
base and the arm rather than a sequential move-vehicle followed by a move-arm. The motion
is also decoupled into macro-motion and micro-motion components which permit the use of a
priori expectations from both environmental and object models. The details of this approach
appear below.

3.1 Overview

The basic concept in reactive macro-motion is to guide the arm and the base by creating
artificial (pseudo) forces that pull the end-effector towards the goal while pushing the arm
and base away from obstacles. An analogy to this paradigm is leading a child by the hand.
The leader pulls the hand of the child towards the goal while pulling the child away from
obstacles along the way as shown in Figure 2.

obstacle

Figure 2: Macro-manipulation Paradigm

The architecture for the macro-motion involves an integrated sensor-based hierarchical/re-
active planning and control architecture as discussed in [4,7]. Sensing, planning, and control
are coordinated through the use of motor and perceptual schemas [3]. A motor schema
is a basic unit of motor behavior such as move-to-goal and avoid-static-obstacle. A
perceptual schema is dedicated to serving the perceptual requirements of a motor schema.
Each active motor schema receives data from the appropriate perceptual schema and outputs
a velocity vector in a manner analogous to the potential fields method. To apply the paradigm
of leading a child by the hand, the move-to-goal schema creates a pseudo-force pulling the
end-effector towards the goal using the following equation:




f=fcu_q/ee - (1)

where u, /., is a unit vector pointing from the end-effector to the goal and f. is a constant
gain.

The avoid-static-obstacle schema creates pseudo-forces and pseudo-torques which repel
both the robot’s joints and limbs [7]. Joint repulsion is a pseudo-force pushing each joint
directly away from an obstacle within a threshold distance. It can be envisioned as a spherical
repulsion field centered at each joint which pushes the joint away from obstacles. Limb
repulsion is a pseudo-force and pseudo-torque applied at the previous joint to rotate the limb
away from the obstacle. These pseudo-forces and torques act on each joint individually, and
are not propagated through the robot. Without limb repulsion, it would be possible for an
obstacle to strike the center of the limb (away from both adjoining limbs) unless the repulsive
sphere-of-influence distance is large.

The move-robot schema sums the output of all the active motor schemas to derive the
overall pseudo-forces and pseudo-torques acting on each joint. The schema organization is
shown in Figure 3.
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Figure 3: Schema Organization

The pseudo-forces and pseudo-torques determined in move-robot are converted to joint
pseudo-torques using the mobile manipulator’s Jacobian matrices. The Jacobian matrix is




defined as the relationship between static forces and the corresponding joint torques [7]. A
Jacobian matrix can be constructed to relate the velocity of any joint in any frame of reference
with the corresponding joint speed. The relationship between static forces on any joint and
the joint-torque required to generate those forces is also given in terms of the same matrix:

{r} = [3)7{1} ()

where 7 is the n-vector of joint torques and f is the 6-vector of forces and torques acting
on the joint.

The Jacobian for our manipulator is determined symbolically in an integrated fashion
by a Mathematica [25] package constructed for this research [7]. This package automatically
generates the code for the Jacobian matrix based on a symbolic description of the joints. The
package can handle a manipulator composed of any number of limbs connected by joints of
various types in a serial chain [8].

3.2 Damping Functions

Without any pseudo-resistance to movement in the mobile manipulator joints, the pseudo-
torques in the joints would create an unstable system. To alleviate this condition, pseudo-
damping is added to each of the joints. Since damping is the natural physical relationship
between forces and speeds (when no springs are involved), damping is an appropriate analogy.
The relationship between the pseudo-damping values in the joints and the speeds of the
joints resulting from the pseudo-torques is obvious. If the damping value is high, motion is
decreased, and for low damping, the motion is increased according to the following equation:

dg;/dt = 7i/c; 3)

where 7; is the pseudo-torque on joint i, ¢; is the artificial damping for joint ¢, and dg; /dt
is the desired speed for joint <.

If constant and equal damping is added to each of the joints in the mobile manipulator,
and a force is exerted to pull the end-effector to the goal, each joint will be used equally. The
resulting motion of the robot in the absence of obstacles is marked by the extension of the
arm towards the goal as the base translates. If the goal is not reached before the arm is fully
extended, the robot will continue to translate with the arm remaining fully extended. This
“Frankenstein walk” shown in Figure 4 needs to be avoided in areas cluttered with obstacles
and when lifting a heavy object. An extended arm amongst obstacles becomes a hazard, and
the joint torques required to lift a heavy object with the arm fully extended are very large.

A more natural movement evidenced in psychological and neurophysiological studies (e.g.,
[20]), is to use the base to translate towards the goal and to begin preshaping the arm as
the manipulator nears the goal. The preshaping ideally finishes just as the end-effector is




Figure 4: Frankenstein Walk

delivered to the goal. To provide this more natural movement, damping functions are used
to vary the joint dampings individually in a distance dependent manner. The equation takes
the form:

¢; = fi(distanceto_goal) (4)

where ¢; is the pseudo-damping of joint i, and f; is a function of distance to goal for joint

Typical joint damping functions shown in Figure 5 vary as a function of distance from the
end-effector to the goal. To provide the natural movement mentioned above, the damping
of drive and steer in the base is increased as the distance to the goal is decreased. This
results in heavy utilization of the base to translate when the goal is distant. The damping of
the remaining joints in the arm are decreased as the distance to the goal is decreased. This
results in little movement of the arm until the goal is nearby. When the robot is a short
distance from the goal, the arm damping is low, and the arm preshapes before the goal is
encountered as shown in Figure 5.

There are an infinite number of possible damping functions with an infinite number of
input parameters which could be used to modify the behavior of the mobile manipulator. It
is not possible to exhaustively search this space, thus a limited number of damping functions
and input parameters were chosen based on their expected merit. All of the chosen damping
functions are intended to loosely follow the actions of biological systems. Biological systems
are characterized by the following actions:

1. The initial and final speed of the end-effector are zero [17].
2. The speed profile of the hand is a bell shaped curve [17,18].
3. The speed profile of the hand is scaled by the distance to goal as seen in Figure 6 [18].
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Figure 6: Scaling of Bell Shaped Curve with Distance
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As a consequence, the damping of joints 0 and 1, the base drive and steer, (highest
potential for translation) are inversely proportional to the distance to the goal:

¢o,1 x 1/distance_to_goal (5)

The damping of joints 2 through 6, the arm joints, are directly proportional to the distance
to goal:

€2,3,4,5,6 X distance_to_goal (6)

Since different damping functions are compared, an attempt was made to normalize the
damping in the robot. The intent of the normalization was to keep the damping of different
functions on the same scale, The first technique normalized the joint dampings by dividing

multiplied by a constant, representing the total amount of damping to be used on the robot.
The equation took the form:

damping; = damping;/ Zdampingj * constant (7

where damping; is the damping of joint i, 2 is from j = 0 to J = n where n is the number
of joints, and constant is the total amount of damping for the robot.

This normalization caused significant problems in the simulation. Since the total damp-
ing allotted to the robot was distributed by the relative amount of damping in each Jjoint, it
was impossible to heavily damp all the joints in the arm without having the total amount
of damping for the robot very high. If the total damping was set high to facilitate locking
the arm, it became impossible to have little damping in the joints of the arm without heav-
ily damping the base. The normalization of the joint damping also confuses the damping
functions, making the damping a function of distance and of other joint dampings.

To keep the various damping functions on the same scale, the functions had the same
maximum and minimum damping values for all joints. The difference between damping
functions was the functions that were used to transition from maximum to minimum damping.
This method does not guarantee that one damping function uses the same amount of overall
damping as another, but it does at least keep the amount of damping used on the robot on
the same scale.

Many damping functions have been simulated to survey the resulting movements of the
mobile manipulator. Constant, step, linear, square, and cubic functions of distance to goal
were investigated in many different environments. The simulation results follow.

4. Simulation

The simulation program calculates the resulting joint speeds from the effects of goal
pseudo-forces, obstacle pseudo-forces, and damping values in each joint. The joint speeds are
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Figure 7: Snapshot of Simulation

sent to the robot for actual movement and/or sent to a display package using sphigs [13] for
visualization as seen in Figure 7.

The simulation begins by initjalizing the start X,Y location of the robot base, the begin-
ning joint angles in the base and arm, the goal X,Y,Z position, the obstacle X,Y,Z positions,

and to the world coordinate systems. The distances from the end-effector to the goal in the
X,Y,and Z directions, are then compared to the goal tolerance value to determine if the
goal has been reached. If the distance to the goal in each direction is less than the tolerance
value, the goal has been reached, and the robot is stopped. If any one of the distances is
greater than the tolerance, new joints speeds are calculated.

New joint speeds are determined by first calculating the individual Joint damping values.
The individual damping functions use the distance to the goal and the current joint angles to
return individual joint damping values. The function used js described by a set of four param-
eters: maz._dist, min.dist, maz_damp, and min_damp, which correspond to two points in a

the function, and the damping values at these distances, The simulator automatically deter-
mines the equation which fits these endpoints. Beyond the maximum distance, the damping
value is held constant at the maximum damping value. Inside the minimum distance, the
damping value is held constant at the minimum damping value. For example, to determine
the square function (y = Az? + C), two equations corresponding to (maz_dist, maz_damp)
and (min.dist, min_damp) and two unknowns, A and C, are solved.
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The pseudo-forces and pseudo-torques acting on the robot from the goal are then deter-
mined. The pseudo-forces from the goal are applied on the end-effector directly towards the
goal by first determining the current end-effector and goal positions in robot coordinates.
The positions in X, Y, and Z of the end-effector are then subtracted from the X, Y, and Z
positions of the goal to determine the distance to the goal in each direction. The magnitude
of the goal pseudo-forces in each direction are calculated by multiplying a gain factor by the
distance to the goal in that direction divided by the straight line distance to the goal.

F, = GAIN  dz/(dz? + dy? + d2*)%* (8)
F, = GAIN xdy/(dz® + dy? + d2*)*® (9)
F, = GAIN xdz/(dz? + dy? + d2*)°° (10)

where F;, F,, and F, are the pseudo-forces acting on the end-effector in each direction;
GAIN is a constant; and dz, dy, and dz are the distances from the end-effector to the goal
in each direction.

Additional pseudo-torques required to turn the wheels and the waist of the arm towards
the goal are calculated by similar equations. A small torque to pull the wheels towards the
arm waist direction is added to keep the wheels and the waist of the arm headed in the same
direction:

Tuheels = GAIN x (goal_angle) + GAIN * (Quaist — Guheels)/2.0 (11)

Twaist = GAIN * (gOal-ﬂngle + Quheels — qwaiat)(ll) (12)

where 7 is the pseudo-torques acting on the wheels and the arm waist; GAIN is constant;
goal_angle is the angle between the direction of the wheels and the direction of the goal; and
g is the angle of the wheels and the waist of the arm.

The pseudo-forces and pseudo-torques acting on the robot joints and links from obstacles is
determined subsequent to the calculation of the positions of the obstacles in robot coordinates.
The repulsive pseudo-forces from the obstacles are determined for the robot by calculating
the distance from each limb and joint to the obstacle in X, Y, and Z. The distance to the
obstacle is calculated by modeling the obstacle as a sphere:

base:r = (d:r:2 + dy2)°'5 — radobstacle (13)

limbs : r = (dz? + dy? 4+ d2%)°° — radgsstacie (14)
where r is the distance to the obstacle, dz, dy, and dz are the X , Y, and Z distance to the
obstacle center, and radosstacie is the radius of the obstacle.

If the distance from the joint or limb is less than the sphere of influence of the obstacle, the
pseudo-forces and pseudo-torques required to push the joint or limb away from the obstacle
are added to the robot. The magnitude of the pseudo-force or pseudo-torque is directly
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proportional to the distance to the obstacle to increase the pseudo-forces as the obstacle gets
closer. By applying pseudo-forces from the obstacle on the limbs as well as the joints, a small
obstacle located between two joints will still push the limb away.

All of the pseudo-forces and pseudo-torques acting on the robot are converted to the
resulting joint pseudo-torques using the Jacobians as shown in Figure 3.

After the pseudo-torques acting on each joint are determined, the Jjoint pseudo-torques
are converted to joint speeds by applying the joint damping values. This is done by using
the following equation for each joint:

§S=F/D (15)

where § is the resulting joint speed in ft /sec for a prismatic joint and radians/sec for a
rotational joint, F is the applied force in lbs or torque in ft-1bs, and D is the joint damping
value. Damping has the units 16 f - sec/ ft for a prismatic joint and ft-1b 1+ sec for a rotational
joint.

The simulator then runs the robot at the calculated speed for the time step specified by
the user. If the rotation of the joint will exceed the limit after the time step, the speed is
clipped to prevent the rotation of the Joint beyond its limit. The time step used is one-tenth
of a second, which provided smooth motion in the simulated robot. The program then looped
back to determine if the end-effector had reached the goal. The loop continues until the goal
is reached.

The simulation does not include the dynamics of the robot. As a result, another level
of servo-control must be used to convert our velocity commands to motor torques when
controlling the actual robot. This is done by the CRS robot arm controller, and the Denning
robot base controller (Sec. 5.5).

The entire simulation is run inside a series of loops which iterates the program through a
set of pre-determined input worlds. The input worlds are described by the following param-
eters:

e damping function used

* beginning straight-line distance to goal
e height of goal

¢ number of obstacles

¢ X,Y position of obstacles

¢ obstacle heights

¢ obstacle radius

¢ starting position of each joint
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By varying these input parameters, a large range of possible input parameters is simulated.

The placement of the obstacles is determined according to a three by three grid. The
nine grid positions are determined by the straight line distance to the goal, the radius of the
obstacle, and the sphere of influence of the obstacles. The sphere of influence of the obstacles
defines the radius of the sphere surrounding the obstacle. Inside this sphere, the obstacle will
repulse the robot, outside the sphere, the obstacle is ignored.

In the simulation, there exists the possibility of the robot getting trapped in a singularity.
If an obstacle is located directly between the robot and the goal, the repulsive forces from
the obstacle will be equal and opposite to the attractive forces of the goal as the obstacle
is encountered. This singularity can be avoided by applying noise [2], by using learning
methods [10,21,23], or by recognizing that the robot is not making progress, and replanning
the behavioral configuration. The singularities in this simulation are avoided by placing the
goal slightly off center from the obstacles (the use of noise would avoid this problem as well
[2]). A total number of nine different worlds are simulated, placing the single obstacle at each
of the nine possible obstacle positions.

4.1 Metrics

For each simulation run, an array of metrics is stored to measure the performance of the
robot. The metrics fall under four categories: time, safety, distance, and flexibility. The
metrics used are shown in Table 1.

Time is measured by the number of programs cycles required to complete the goal ac-
quisition task. There is a maximum number of steps, set to 50,000 program cycles, that are
allowed before the simulation is halted. If the maximum number of steps reaches this point,
the program signals that the goal was not attained and saves the values of the other metrics
up to that point.

Safety is measured by the minimum distance from each joint to an obstacle. The distance
from each joint to the nearest obstacle is determined at each program step, and the minimum
value was stored. The distance traveled by each joint is determined by keeping a running
sum of the movement between each program cycle. Thus, this distance is total movement of
the joint, not the difference between beginning and ending position. The last metric used for
flexibility is the number of cycles that each joint was at its limit. A degree of freedom is lost
when a joint reaches its limit, hence flexibility is lost.

4.2 Basis for Analysis

The simulation run’s parameters for each input variable and the array of metrics are sent
to an output file to be processed after all simulations are complete. A separate program
loads the loop parameters and the array of metrics for each simulation, and post-processes
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Table 1: Metrics

Number Measure Dimension
metric[0] pProgram cycles time
metric[1] min obstacle clearance of Joint 0 (drive) safety
metric[2] min obstacle clearance of joint 1 (steer) safety
metric[3] min obstacle clearance of joint 2 (waist) safety
metric[4] min obstacle clearance of joint 3 (shoulder) safety
metric[5] min obstacle clearance of joint 4 (elbow) safety
metric[6] min obstacle clearance of Joint 5 (wrist tilt) safety
metric[7] min obstacle clearance of Jjoint 6 (wrist pivot) safety
metric[8] distance traversed of joint 0 distance
metric[9] rotation of joint 1 distance
metric[10] rotation of joint 2 distance
metric[11] rotation of joint 3 distance
metric[12] rotation of joint 4 distance
metric[13] rotation of joint 5 distance
metric[14] rotation of joint 6 distance
metric[15] cycles at limit for joint 1 flexibility
metric[16] cycles at limit for joint 2 flexibility
metric[17] cycles at limit for joint 3 flexibility
metric[18] cycles at limit for joint 4 flexibility
metric[19] cycles at limit for joint § flexibility
metric[20] cycles at limit for joint 6 flexibility
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the data. This allows the data to be analyzed by looking at the average performance of a
damping function over all of the simulations, or to look more closely at a particular world
configuration.

The post-processing program averages the performance data of a specified damping func-
tion over a particular set of input worlds. The averaged set of performance metrics is sent to
an output file to be plotted. By plotting the performance data of different damping functions
over the same set of input worlds, the damping functions are compared.

5. Results

The first step in developing the different damping functions was to compare the speed
profile characteristics of the end-effector in robot coordinates to that of the biological system
discussed in Section 2. The characteristics of the biological system which were replicated were
the initial and final speed of the end-effector approaching zero [17], general bell shape speed
profile of the end-effector speed [17,18], and scaling of the speed profile with the distance to
the goal [18]. The parameters used to describe the functions were modified until the resulting
motion of the end-effector contained the previously mentioned characteristics. Replicating the
biological systems provided a method both for tuning the damping functions and a providing
a standard for comparison.

After replicating biological systems, each function was tested in different environments,
to determine the effectiveness of the function in time, distance, safety, and flexibility.

5.1 Biological Characteristics
5.1.1 Constant and Step Damping

The first functions tested were constant damping and step function damping. The robot
was started 25 feet away from the goal, the arm was extended straight up (since the natural
Position of the arm hanging straight down was not possible), the base and waist of the arm
were in the direction of the goal, and the goal was placed at 3.5 feet above the floor. The initial
parameters used to describe the functions were modified to determine the best approximation
of the biological system. Many different damping values were tested for the constant damping
function, a representative set was 4 lbs - sec/ ft for the base drive, 2 ft - 1bs.sec for the base
steer, 2 ft-1lbs - sec for the arm waist, and 1 ft-1b; - sec for the remaining joints of the arm.
For the step damping function, the best approximation of a biological system was defined by
values of 2 and 10 Iby - sec/ ft with the step at 6 feet for the base drive, 1 and 1.5 Sft-lbs - sec
with a step at 10 feet for the base steer, 1.5 and 1 ft - Ibs - sec with a step at 10 feet for the
arm waist, and 30 and 1 ft-1b f - sec with a step at 7 feet for the remaining joints of the arm.
A plot of the functions is contained in Figures 8 and 9.
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Plots of the end-effector speed demonstrate that these functions did not resemble a bij-
ological system (as seen in Figure 10). Constant joint damping was marked by an initjal
infinite acceleration followed by a decreasing end-effector speed. The profile neither had the
bell shape nor the initial and final speed approaching zero. This scenario resembles that of
the “Frankenstein walk” discussed in Section 3.2.

The step function, however, does begin with minimal movement in the arm and has the
general bell-shaped curve of a biological system. Of concern, was the infinite acceleration at
the point of the step.

In both the constant and step damping function, an overshoot occurred. The end-effector
reached below the goal height (Z), and had to make up the difference at the end of the motion.
This is what produced the “lip” at the end of the speed profile.

The joint torque is calculated by applying the force on the end-effector to each joint
individually. The joint torque equals the end-effector force times the moment arm of that
Joint. In the only case where the arm was extended upwards and the goal was located above
the elbow and shoulder joints, the torque created in the Joints rotated the end-effector below
the Z position of the goal. It can be seen in Figure 11, even after the end-effector reaches
the correct Z location of the goal, the moment arm still creates a torque in the shoulder and
elbow joints to rotate the end-effector below the goal Z location.

The moment arm about the Jjoints was largest for the shoulder Joint, less for the elbow
joint, and smallest for the wrist. This caused a greater rotation of the larger limbs. Not until
the robot became closer to the goal, and the moment arm reversed direction in the elbow
joint, did the goal force tend to rotate the end-effector back up to the correct goal height.

A simulation which demonstrates the movement is shown in Figure 12. This phenomena
of our approach was avoided by an increase in the damping of the arm with a decrease in
the distance to the goal in the Z direction. This increased damping was used in subsequent
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Figure 11: Diagram of Robot Overshoot
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Figure 12: Simulation of Robot Overshoot

damping functions.

5.1.2 Linear Damping

Linear Damping functjons were tested next. Again, the parameters describing the linear
functions were adjusted to produce the characteristics of a biological system described earlier.
In this case, the robot was started with the arm straight up, the goal 25 feet away, and the
goal height varied from 2.5 feet to 4.5 feet. The limits the arm can reach are actually 5
feet at full extension straight up, and 2.0 feet if reaching straight down. These extremities

are apparent in Figure 14. In biological systems, there is a scaling of the profile with the
distance [18]. To provide for this scaling, the damping of the arm must be increased if the
distance to the goal in the Z direction is small, and decreased if the distance to the goal in
the Z direction is large. The next set of functions includes this addition.

The same set of goals were simulated using the new linear damping functions. These
functions adjusted the damping of the arm at the minimum distance according to the initial

minimum_damping = 3.13 - 2.0143 + d +0.37143 + d2? (16)

where dz was the inijtial distance to the goal in the Z direction.
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Figure 15: End-Effector Speed Profile Using Modified Linear Damping

As seen in F igure 15, the speed profile of the end-effector retains the bell-shaped curve
and now is scaled with the distance that the end-effector must travel. To test the linear
damping functions further, obstacles were added, and both the heading of the robot and the
starting configuration of the arm was varied.

Figure 16 plots the end-effector speed with obstacles placed at all of the nine positions
discussed in Section 4. The spikes seen in the profile are due to the interaction of the arm
and the obstacle. The obstacle with the greatest effect on the motion of the arm was, not
surprisingly, located directly in front of the goal. Because the obstacle was close to the goal,
the damping in the arm was lower, and the arm was pushed away. After the robot cleared
the obstacle, roughly the same speed profile was attained with some overshoot as explained
before. The robot took longer to reach the goal after the damping in the arm had begun to
decrease, so the arm had longer to preshape, and longer to overshoot.

To determine the effects of the initial heading of the robot, the heading was varied from
directly towards the goal (0 degrees) to directly away from the goal (180 degrees). The robot
took longer to reach the goal as the heading was further away from the goal, but the bell
shaped curve and initjal end-effector speed of approximately zero were still attained. As the
heading of the robot approached 180 degrees, the final speed of the end-effector increased to
2 maximum of 0.025 ft/sec (Fig. 17). '

The last variation tested involved the starting configuration of the arm. Configurations
were varied by changing the angle of the shoulder, elbow, and wrist of the arm. The linear
damping functions without the addition of modifying the minimum damping according to
the Z distance to the goal were compared to linear damping functions with this addition. In
each case, the speed profile loosely followed the bell curve and the scaling without modifying
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the minimum damping, but better results were produced when the minimum damping value
was determined by equation 16. Results are shown in Figures 18 and 19.

Combinations of different goal height, obstacles, heading of the robot, and starting config-
uration of the arm all verified that the linear damping function was effective. In all situations,
the bell shaped profile of end-effector speed was retained, the initial and final end-effector
speed was approximately zero, and the profile was scaled according to the distance to the

goal.
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5.1.3 Square and Cubijc Damping
The square and cubic damping functions used took the form:

damping = C; » (distance) + C 17

both instances, the parameters had to be modified to approach a bell shaped profile for
the end-effector speed. Since the slope of the square damping function for the arm was
initially steeper, this function had to be moved closer to the goal to attain the biological
characteristics. The slope of the damping function for the base, however, was considerably
less steep initially and had to be moved further away from the goal. The resulting square
damping functions'can be seen in Figure 20.

The plot of the end-effector speed for linear, §quare, and modified square damping func-

to zero.
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Cubic damping functions were tested next. The cubic functions had a very high slope, and
Wwere approaching a step function. To modify the cubic damping functions, the arm function
had to be moved closer to the goal again, and the base function further out again. The

resulting cubic damping functions are shown in Figure 22. The resulting speed profile of the

By varying the height of the goal from 4.5 feet to 2.5 feet, similar results were found. Low
goals were marked by significant undershoot of the end-effector, while high goals were marked
by significant overshoot. As before, the same modification to the minimum distance damping
value, produced a better scaling of the end-effector speed profile, and lower end-effector speeds
at the completion of the task.

5.2  Analysis Using Metrics
5.2.1 Biological Characteristics -

The metrics of time, distance, safety, and flexibility were used to compare the constant,
step, linear, and modified linear damping functions. The purpose of the comparison was to
test the performance of the damping functions which closely represented the target biological
characteristics.
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Function Bell Shape Scale w/Dist Init. Speed Final Speed
Constant not possible poor poor good
Step good poor good poor

Linear very good poor good poor

Linear w/mod very good very good good good
Square very good poor good poor
Square w/mod very good very good good good

Cubic fair poor good good

Cubic w/mod fair very good good good

Table 2: Summary of Biological Characteristic Results

The constant, step, linear, and modified linear damping functions were tested in a series
of 360 different world configurations which varied the distance of the goal from 15 to 25 feet,
goal height from 2.5 to 4.5 feet, beginning robot heading from 0 to 90 degrees, arm starting
angles from 0 to 90 degrees, and the number of obstacles from 0 to 1 in all 9 positions of the
obstacle grid. The objective was to determine if an improvement in the performance of the
robot was associated with a closer approximation of a biological system. If this improvement
was true, the best performance would be realized by the linear damping function with the
scaling modifications, down to the worst performance by the constant damping function.

The results of the test confirmed the improvement of all robot performance metrics with
closer approximation of a biological system. The most dramatic improvements from constant
to linear damping, were seen in the time to complete the task and the number of cycles a
Joint was at its limit. The plots are shown in Figures 24 and 25.

i —J =

e (program cyches)
g
SN 8 §S%

fmcyons
Figure 24: Time to Complete Task

Average time to complete the task was decreased by more than 50% from constant to
modified linear damping functions. The time performance of the step and linear functions
were nearly identical. This trend held true for all the performance metrics.

A reduction of over 75% in average number of cycles a joint was at its limit was realized
from constant to modified linear damping. Again, the step and linear damping functions
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performed nearly identically. This highlighted the fact that the step and linear functions
produced similar end-effector speed profiles, although the step function was marked by infinite
acceleration at the point of the step.

The performance of the damping functions which produced the best match to the biolog-
ical system, modified linear, modified square, and modified cubic damping functions, were
then compared in the same set of 360 worlds used previously. Time to complete the task
'was minimized by the square damping function as seen in Figure 26. The difference between
the linear and square damping function time to completion was approximately 250 cycles, or
25 seconds at 10 cycles per second. This savings in time amounts to a 10% improvement.
More dramatic improvement in robot performance was seen in the obstacle clearance and
joint limit metrics.

"
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m
Figure 26: Time to Complete Task

The trend in distance traveled by the robot was a decrease in distance traversed by the
base and an increase in the rotation of the joints of the robot base and arm when changing
from linear to square to cubic damping functions. This is explained by the increase in initjal
slope of the damping in the joints, and a decrease in the initial slope of the damping in the
base when using higher power damping functions.
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The use of higher power damping functions comes at a cost. Base minimum obstacle
clearance is decreased and cycles at joint limits are increased as the damping function changed
from linear to square to cubic, These trends are shown in Figures 27 and 28. The decrease in
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Figure 28: Average Cycles at Joint Limit

Table 3, shows that the 25 second gain in time to complete the goal acquisition task by
using square versus linear damping, is equaled by the decrease in safety and flexibility of the
robot. It is clear, however, that these two damping functions outperform the cubic damping
function.
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Function Time

Base Dist Joint Rotate Safety Flexibility Total
Linear 3 3 1 1 1 9
Square 1 2 2 2 2 9
Cubic 2 1 3 3 3 12

metric rank: 1 = best 3 = worst

Table 3: Summary of Metric Results

5.2.2  Variation in Robot Speed

The speed of the robot as it approaches the goal can be controlled by changing the
damping value at the minimum distance. The robot will make a slower approach, if the
damping of the Joints is increased. A faster approach is made when these damping values are

world configurations,

first variation increases damping by approximately 50%, the second is identical to previous
Tuns, and the third decreases the damping by approximately 50%.

For all of the three damping functions used, (linear, square,
were found. As the speed is increased by the decreased d
complete the task is shorter, The actu
distance metric)

and cubic), the same trends

the efficiency of the robot motion is decreased. This is of special concern when the actual
robot is controlled. The delay between commands is approximately 1 second, so the speed of
the robot must be decreased to realize the same performance as in the simulation.

5.3 Specific Robot Constraints

damping functions on the ending configuration of the arm.

for this problem. This problem is discussed earlier in the article.
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5.4 Final Arm Configuration

The ending arm configuration was easily modified by changing the damping values of the
arm. What needs to be known is the starting configuration of the arm, and the desired ending
configuration of the arm. An example was a starting configuration with the arm pointing
straight up. By increasing the damping of the elbow and wrist joints, the shoulder was left

I

Side room view Front room view

(i

Figure 29: Ending Configuration Arm Extended

Another typical starting configuration is the shoulder joint at 0 degrees, the elbow at
90 degrees, and the wrist at zero degrees. To result in an ending configuration with the
arm reaching out, the wrist was heavily damped, and the shoulder and elbow joints had
decreased damping. This allowed the force on the end-effector to straighten out the arm.
The simulation is shown in Figure 31. When the bent configuration was desired, the shoulder
and elbow joint were heavily damped, and the wrist had decreased damping. This ending
configuration is shown in Figure 32.
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Figure 30: Ending Configuration Arm Bent
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Figure 31: Ending Configuration Arm Extended
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Figure 32: Ending Configuration Arm Bent

5.4.1 Goal at Limit of Arm Travel

One situation that the current robot configuration cannot solve with this method, is when
the waist of the arm is at its limit (175 degrees) when directly in front of the goal. In our
approach, the torque on the waist of the arm and the base js dependent on the angle between
the robot joint and the goal. The arm is pulled towards the goal, but cannot rotate any

5.5 Robotic Runs

The reactive contro) algorithm using damping has been successfully ported to our Den-
ning/CRS mobile manipulator. Figures 34 and 35 show specific results. Shaft encoders were

In the first run (Fig. 34) the robot starts with the arm completely extended facing the
target object (a Jjoystick) which is located approximately 10 feet away. There are no obstacles
between the mobile manipulator and the goal. A linear damping function was used. While
the robot is far from the target, most of the motion occurs within the base. As it approaches
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Figure 33: Simulation of Arm at Limit

The next run (Fig. 35) is similar, but an obstacle has been added between the robot and
the target object. As the robot enters the obstacle’s sphere of influence it is repulsed by the
obstacle while still being attracted towards the goal. The mobile manipulator successfully
circumnavigates the obstacle and reaches the goal without ever computing a global trajectory.
This reactive method has the decided advantage of being capable of handling dynamic objects
involving the motion of the target object and various obstacles in the way.

6. Conclusion.and Summary

These simulations indicate that the paradigm of an attractive pseudo-force on the end-
effector towards the goal and repulsive pseudo-forces on the joints and limbs of the robot from
obstacles, along with the use of joint pseudo-damping functions, is a useful approach for the
control of a mobile manipulator. Damping functions which produce the biological character-
istics of bell-shaped end-effector profile, initial and final end-effector speed approaching zero,
and a scaling of this speed profile with the distance to the goal are possible. By producing
these damping functions, the mobile manipulator’s performance in time, safety, distance, and
flexibility is improved.

The damping functions which best approximated the biological characteristics and had
the best performance were the modified linear damping and the modified square damping.
Modified linear damping excelled in safety and flexibility, while modified square damping
decreased, the time to complete the task with decreased safety and flexibility. If knowledge
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Figure 34:

Experimental Run 1
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Figure 35: Experimental Run 2
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of obstacle density is known a priori, the most effective damping function can be chosen.
For an environment with obstacles, the modified linear damping functions will provide the
safety and flexibility to maneuver through these obstacles. If there are few or no obstacles,
the modified square damping functions will decrease the time to complete the task.

The performance of the mobile manipulator with either of these damping functions can
be adjusted by an increase or decrease in the overall speed of the motion. An increase in
the overall speed by decreasing the damping at the minimum distance will decrease the time
to complete the task at the expense of safety and flexibility. By increasing the damping at
the minimum distance, and thus decreasing overall speed of motion, safety and flexibility are
improved with an increase in the time to complete the task. By changing the speed of the
robot using the damping functions, the metrics of time, safety, and flexibility can be adjusted
to fit the environment.

Damping functions also have an affect on the final configuration of the arm. If the
initial and final configurations of the arm are known, the damping function can be modified
to produce an approximate target final configuration. Final adjustments of the arm and
interaction with the part will occur in the micro-manipulation phase.

The affect of the arm waist limit on the acquisition of the goal is being examined. The
approach to this problem should distribute the torque of the arm to the base when the arm
is approaching its limit. By coupling these joints, the robot will be able to turn the base of
the robot away from the goal, and bring the arm within reach of the goal. The actual robot
has been driven using the identical code as in the simulations using damping functions.
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