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Abstract

~Ve aim to develop a robot which can be commanded
simply and accurately, especially by users with re-
duced mobility. Our shared control approach divides
task responsibilities between the user (high level) and
the robot (low level). A video interface shared be-
tween the user and robot enables the use of a deictic
interface. The paper describes our progress toward
this goal in several areas. A complete command set
has been developed which uses minimal environmental
features. Our video tracking algorithms have proven
robust on the types of targets used by the commands.
Specialized hardware and new tactile and acoustic sen-
sors have been developed. These and other advances
are discussed, as well as planned work.

Introduction

Our long term goal is to develop a "gopher" robot
which could be commanded to navigate to a destina-
tion, retrieve objects, and return to a human operator.
The robot will also be able to take the object back to a
destination location. The navigation skills of this robot
could also carry the person to the desired object. This
device would be particularly useful as a navigation and
reaching aid for those who use motorized wheelchairs
and as a remote gopher robot for those who are other-
wise mobility impaired. For example, consider a mobil-
ity impaired individual who has woken up early, before
their health care professional has arrived for the day.
He/she decides to read a book, but has forgotten their
book in the other room. A robot that could be di-
rected to the other room to retrieve the book would be
extremely useful for this person.

There are two basic approaches which are typically
used for controlling robotic systems: teleoperated and
autonomous. In the teleoperated approach, the human
must provide either the desired position/velocity for
each joint of the robot or the desired Cartesian space
position and orientation for the tool of the robot. For a
mobile robot, this is typically done using a joystick to
directly control the velocity and heading of the robot
(which is how standard motorized wheelchairs are con-
trolled). Similarly a three-dimensional mouse can be

used to specify the desired Cartesian position and ori-
entation of the robot tool. The advantage of the tele-
operated approach is that the human has full control of
all the degrees of freedom of the robot. In particular, if
the human is controlling the robot in joint space, then
singular conditions can be avoided. The difficulty with
this approach is that the human must control many
joints of the robot in real-time which can be difficult
depending on the physical limitations of the individ-
ual. It is also very difficult to control robots remotely
via teleoperation since the orientation and motion of
the robot do not match those of the operator and time
delays further exacerbate the operator’s intuitive sense
of the robot’s configuration.

The autonomous approach offers the most conve-
nient interface for the human operator since the robot
would interpret English-like commands such as "Get
Moby Dick from the living room coffee table.". How-
ever, the robot needs a large database of object models
to perform a reasonable set of commands. To retrieve
the book, for example, a model of the house is needed
for the robot to know how to navigate to the living
room coffee table. The robot would also need a model
of "Moby Dick" as a book so that it can recognize it
among other objects (including possibly other books)
on the coffee table. Unfortunately a gopher robot us-
ing this scenario cannot retrieve any object for which it
doesn’t have a model. While a variety of models can be
acquired from standard databases and specific models
can be trained, this can be a time-consuming and te-
dious process and standard databases will not contain
all the objects that the person may want the robot to
retrieve. Even if the models are available, identifying
objects from a large database of models can be very
time-consuming for the robot. Another difficulty with
autonomous systems is that people do not yet trust a
robot to perform a task independently. Many individu-
als want to feel in complete control of their wheelchairs
and aids. It may take a long time for the user commu-
nity to accept and trust autonomous systems.

We propose a shared control robotic system which is
easier for a human to control than a teleoperated sys-
tern and does not require the large databases of the au-

12

From: AAAI Technical Report FS-96-05. Compilation copyright © 1996, AAAI (www.aaai.org). All rights reserved. 



tonomous approach. We view the human and the robot
as working together to form the object retrieval/return
system where the human performs the high-level recog-
nition and planning tasks and the robot performs the
low-level control tasks. For example, the human per-
forms object recognition, route planning, and contin-
gency planning while the robot performs safety shutoff
and motion control. This is convenient from a sys-
tem point of view since a user could more quickly and
easily identify the book Moby Dick and plan a route
to the living room coffee table than the robot could,
for example. However, the human does not have to
perform the tedious motion control of the joints. The
robot performs local motion planning (via visual servo-
ing) and monitors safety sensors to stop any motions if
unsafe conditions are encountered. Local motion plan-
ning uses a simple control loop that moves the robot
based o11 the location of a few objects in the environ-
ment. The robot is able to quickly detect unsafe condi-
tions simultaneously at many points around the robot
(whereas the operator would constantly have to look
around the robot to determine these conditions).

We use video images as the interface between hu-
man and robot since people are accustomed to iden-
tifying objects in video images (rather than acoustic
images from sonar, for example) and since many re-
searchers have been able to demonstrate real-time con-
trol of robots using visual servoing. Therefore video
images are convenient for both user and robot.

We call our robot "deictic" since the operator points
out objects/object features in the video images to the
robot. The operator also tells the robot how to move
relative to these features. The robot performs the local
motion, then stops and waits for the operator to tell it
the next local destination. In this way, the human must
give a command to the robot every minute or so - much
less frequently than in teleoperation. In addition, our
robot does not need a model of either the environment
or the object since the robot is not performing the path
planning or the object recognition. Our system needs
only form enough of a model of the object so that it can
track the position of the object well enough to perform
a visually servoed motion.

In this paper, we describe our progress at develop-
ing the gopher robot wheelchair system. First, we
have developed a complete command set for robotic
navigation that uses corners and edges of objects as
canonical object features and plans the robot motion
relative to these object features in the environment.
We have shown successful shared navigation through
a large number of real and randomly generated envi-
ronments using this small set of commands and object
features. Second, we describe the video tracking sys-
tem that is used to track the canonical object features
for the robot visual servoing. We have successfully run
this tracker on the canonical targets that we have used
in our simulations. Next, we describe the hardware
that we have developed for our experiments. Finally,

we talk about our future plans for integrating and im-
proving the components of this system.

Deictic Control Scenario

In our deictic control scenario, the user selects the type
of motion that he/she wants the robot to perform and
then he/she selects a target in a video image relative
to which the robot will execute the command. In order
for our shared control to be useful for the disabled
community, we need to be sure that there is a minimal
set of commands. This will avoid having the user weed
through menu after menu before issuing a command.

We have discovered that a few commands can be
used to navigate the robot through a wide variety of
environments using a set of "canonical targets" (Cleary
& Crisman 1996) (Crisman 1994). Canonical targets
are the parts of objects which are important for the
robot’s motion. We have found that the robot does not
need to perform object recognition on the target, but
instead needs only track features of objects which are
important for its motions. For example, the extending
corner of an obstacle to be avoided is a canonical tar-
get. The edge of a sidewalk or building is also a canon-
ical target if the robot is following a path delineated
by the sidewalk or building edge. The robot needs not
identify the building or even the entire sidewalk sur-
face in order to navigate correctly. Specifically, we have
discovered that we can direct our robot to navigate in
almost any situation by identifying corners, edges and
polygonal patches. The video algorithm for tracking
these canonical objects is given in the next section.

Commands to the robot have a verb description
which describes the desired motion of the robot and
the noun which describes the object relative to which
the motion should be performed. The verb description
has the following components: "motion", "direction",
"target placement", and "distance or speed". These
components are easily selected from a button based
GUI, but could just as easily be implemented by a se-
quence of selections which could be accessed through
switches. A picture of our button interface for the
verb description is shown in Figure 1. First the user
selects the motion: pursue (a moving target), go (to
an object and then stop), circle (around an object) 
follow (the edge of an object). Depending on the com-
mand, the user can then indicate on which side of the
robot the target is to be located at the end of the mo-
tion. For example, if the user selects follow, he/she
can then select left to say that the robot should move
such that the target remains to its left. Next the user
can select either the distance between the target and
the robot or the speed at which the robot is to move
(the other parameter will be computed from the one
given). We have quantized the distances to ’touch-
ing’, ’very close’, ’close’, ’average’, ’far’ and ’very far’.
Similarly, we have quantized the speeds to ’standstill’,
’creep’, ’crawl’, ’amble’, ’slow walk’, ’stroll’, ’walk’ and
’run’. Finally the user can indicate if he/she wants the



=[_I Deictic Control Panel

0 STOP ~ Fwd 0 Touching 0 Standstill

OPursue OBckwd OVeryClose OCreep
0 Close 0 Crawl0 Go 0 }~’~ ~ Average 0 Amble

0 Circle ~} Left 0 Far 0 Slowwalk
~} Follow 0 Right 0 Very Far ~ Stroll

OWalk
Do It ] [Revert] ORun

Figure 1: Picture of the Deictic Control Panel for selecting the verb description.

iiiililjiiiiii

iiiiii!i i!iiiiiiiiiiiiiiiiiii!iii!iiiiiiiiiiiiiiiiiii iiiiiiiiiii iiiiiiiiiiiiiiiiiiii
Figure 2: Example of simulated robot executing a Circle closely with target on left (while moving forward) and 
Go closely with target on left (while moving forward).

robot to move forward (in the direction it is facing)
or backward. A couple examples of a robot executing
these commands in simulation are shown in Figure 2.

We have developed the deictic commands in simu-
lation and have demonstrated successful cooperative
navigation through a variety of environments accu-
rately modeling the real world. We have also tested
the commands in many randomly generated environ-
ments to ensure that we were considering all circum-
stances of navigation and have also navigated success-
fully through these environments. In parallel, when
simulating the robot’s motion in models of real en-
vironments, we videotaped the motion of the robot’s
expected view of these environments to perform video
tracking experiments. We describe our video tracking
algorithm in the next section.

Progress on Canonical Video Target
Tracking

The goal of canonical video target tracking is to track
edges, corners, and small surfaces as the robot is mov-
ing relative to those surfaces. This implies that the

Figure 3: Edge and Corner Model

surfaces will be changing their shape appearance in the
video sequence. Therefore, we rely mostly on color to
first "highlight" where the most likely canonical fea-
ture is located and then we match simple models to
these highlighted features.

The vision tracking can be thought of as containing
two steps: training and tracking. The training uses
the selected target from the user to form a color model
of each object feature which will enable the system to
quickly highlight object features in successive frames.

To specify a corner or an edge, the operator cursors
two or three points to locate the edge in the image.
These two edges should divide a small window into
two distinctive surfaces as shown in Figure 3. To form
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the shape model, a 64x64 window is drawn around the
image location of the corner or edge and the two edges
are extended or clipped to this window. All pixels on
one side of this pair of lines form one region, R1, and
all the pixels on the other side of the lines form the
other region, R2 (Figure 3). A similar shape model
can be formed for an edge where R1 and R2 would
be separated by a line. To track surfaces, we have
developed an algorithm that fits a deformable model
to objects. However, we use color optical flow to better
determine the motion of the surface object in the image
(Lai, Gauch, & Crisman 1994).

Unlike others’ vision processing algorithms, we do
not assume that the regions have a single surface color,
only that the distributions of colors are different for
the regions (Crisman & Thorpe 1993). The system
will quickly compute the probability density function
for R1 and R2 as P(color[R1) and P(color[R2). 
ing these density functions, we use Bayes Rule to
compute the a posteriori probability density func-
tion, P(Rl[color) for each color. By computing the
P(Rl[color) for each pixel in the image, we can high-
light the corner or edge in the image.

We have also worked extensively on finding an effi-
cient reduction algorithm for 24-bit color images that
best represents the full three-dimensional space (over
16 million colors) with many fewer colors. In particu-
lar, we have found that 52 color categories can better
represent the 16 million colors than even 256 inten-
sity values (Du & Crisman 1995) (Zeng & Crisman
1995). Moreover, this representation is much less sen-
sitive to illumination changes than either intensity or
RGB color representations and therefore our categori-
cal color images are much more conducive for tracking
object features outdoors.

We have demonstrated this tracking using right-
angle corners and vertical edges. Although the video
tracking can currently process 3 frames a second, we
expect to get even faster processing when we optimize
the algorithm. We have successfully demonstrated the
tracking of a variety of difficult situations including
tracking a corner of a wheelchair ramp where the two
regions being tracked are of the same material and
color (Chandwani 1996). In this case, the probability
calculations enhance the difference in lighting of these
two surfaces. We have also used straight edge corner
models to track the edges of bushes and other natural
objects. We have used the tracking algorithm to track
door and table corner features and have correctly con-
trolled the pan and tilt of our camera system using this
algorithm (Crisman & Cleary 1993).

Progress on Robotic Hm’dwm-e

In a shared control robotic system, one needs actua-
tors to physically perform the task, sensors to provide
feedback on the status of the task being performed and
a user interface to allow the human to communicate ef-
fectively with the robot.

Figure 4: Our Robotic Wheelchair

The gopher robot must be able to navigate, reach
out, and grasp objects. It may also need to position
sensors to keep targets in view as the robot moves. For
navigation, we have converted a motorized wheelchair
to accept motion commands from a RS-232 interface.
Figure 4 shows the wheelchair robot. We started with
an Invacare Arrow wheelchair stripped completely ex-
cept for the chair, motors, and batteries. We interfaced
the wheelchair to a 386 PC-104. Motion controller
cards from Motion Engineering provide the interface
to the motors’ power amplifiers. We installed opti-
cal encoders to measure the motion of the belt that
runs from the drive to the wheels (therefore we can
determine if the wheelchair is slipping). We have de-
veloped a "rack" that sits immediately behind the user
that holds a box containing the controlling computer,
a Cognex vision system (for the video and motion con-
trol software) and a Directed Perceptions pan-tilt unit
which moves a pair of stereo cameras. The stereo cam-
eras provide the main sensing of the system through
a single digitizing board in the Cognex. A Quad Box
combines the cameras’ NTSC signals into a single video
image which can be digitized as one. In this way, we
ensure simultaneous acquisition of stereo images.

A Puma 200 is being used for reaching experiments.
Currently our Puma is being retrofitted with a new in-
terface to a standard 6-axis motor controller card. For
a grasping tool, we have developed a new robotic hand,
shown in Figure 5, which we call Graspar (Crisman,
Kanojia, & Zeid 1996) (Kanojia 1993). This hand 
a tendoning system which allows the hand to mechan-
ically conform its shape to the object being grasped.
The advantage of this tool is that a wide variety of ob-
jects can be grasped without needing to compute the
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Figure 5: The Graspar Robot Hand. The left side of the figure shows Graspar mounted on a Puma 200 holding
a screwdriver in a fingertip grasp. The right side shows a close up of the hand holding a soda can in an enclosing
grasp from the top of the can.

desired positions of each joint of the hand.

For safety, the robot must be able to detect when it
bumps into objects or to insure that it is moving on
flat surface. With the aid of Massa Products Corp. in
Hingham, MA, we have developed a new directional
ultrasonic transducer which has a fan-shaped beam
rather than a conical shaped beam. This transducer
gives our robot the ability to detect obstacles at a wide
angle in one direction and at a narrow angle in the op-
posing direction. This is particularly useful compared
to the standard "ultrasonic rings" that are used in mo-
bile robots. This transducer gives our robot the ability
to see obstacles that are not at standard heights and
give a higher resolution reading in the horizontal scan.
A picture of the new transducer, its electronics package
and a standard transducer and a representation of how
this transducer could be mounted on a simple robot is
shown in Figure 6.

While acoustic transducers are useful for detecting
obstacles at a distance from the robot, they can still
have problems with oblique object surfaces or highly
reflective surfaces. Therefore, we want to include ac-
tive obstacle detection on our robot as well. Rather
than whiskers that could miss a table top at a non-
standard height, we had designed a soft bumper to be
like thick "skin" that will cover our robot. If the robot
is moving at maximum speed, the bumper should be
sensitive and thick enough to stop the robot before it

damages itself or the environment. We have developed
such a sensor and tested it by mounting it on the foot-
pad of the wheelchair. The bumper is soft foam with a
thin piezo-electric film embedded in the foam as shown
in Figure 7a. The film dramatically changes its elec-
trical properties when it is bent or pressed. The foam
was carefully selected to minimize the vibrations of the
piezo-electric film when robot is moving. Filtering of
the signal further reduces the electrical signals caused
by vibrations. When large changes in this signal are
detected, the robot is immediately stopped. We have
tested the bumper by mounting such sensors on the
front of the foot pads of a wheelchair as shown in Fig-
ure 7b. We conducted many experiments where we
ran the wheelchair at full speed toward a wall. As the
wheelchair collided with the wall, it stopped before the
hard surface of the footpad touched the wall. This ex-
periment was repeated many times and was successful
in every case that we tried.

Conclusions and Continuing Work

We have made significant progress in the development
of the control and real-time sensing algorithms for de-
ictically controlled navigation on our wheelchair robot
system. We have begun to implement these algorithms
on the hardware, much of which we have developed in
our lab. In this paper, we have described a wide variety
of projects and experiments which we have performed
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Figure 6: New directional acoustic transducer produced by Massa Products Corp., Hingham, MA. The left shows
the electronic control box for properly amplifying the return signal to be in the appropriate range for analog to
digital conversion. The bottom right shows a standard Massa acoustic transducer in a mountable casing. The top
right is the directional transducer. Notice that the ceramic surface of this transducer is masked to be linear rather
than circular. The drawing on the right illustrates this transducer’s usefulness for detecting overhanging obstacles
compared to a standard conic sonar.

that are directed to accomplishing the eventual sys-
tem. We have also described some of the specialized
hardware that we have developed and obtained for this
project.

Currently, we are working on improving the speed
of the target tracking algorithms and allowing more
generally shaped corners to be tracked. We are also
extending our color algorithms to adapt the color cat-
egories that are present in the scene. We are investigat-
ing how to describe a minimal set of deictic commands
and how deictic commands can be extended to use mul-
tiple targets, for docking operations, for example.

It is our goal to have a demonstration system of the
navigation running by the fall and the first results in
reaching and grasping by the fall of next year.
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Figure 7: Soft Bumper: On the left is the piezo-electric film embedded in firm foam. On the right is the finished
bumper mounted on the footpad of the wheelchair robot. This bumper can detect any contact on the front or side
of the footpad. In the future, we envision covering the wheelchair with similar bumpers.
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