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Abstract

An R&D project to build a series of intelligent autonomous wheelchairs is discussed. A standardized autonomy
management system that can be installed on commercially available well-engineered power chairs has been developed
and tested. A behavior-based approach was used to establish sufficient on-board autonomy at minimal cost and material
usage, while achieving high efficiency, maximum safety, Iransparency in appearance, and extendability. So far, the add-on
system has been installed and tried on two power wheelchair models. Initial results are highly encouraging.

1. Introduction
In recent years, with the concept of applying robots to service
tasks [Gomi, 92] and with the accelerated rate of aging of the
population being reported in many post-industrial countries,
demand for more robotic assistive systems for people with
physical ailments or loss of mental control is expected to
increase. This is a seemingly major application area of service
robots in the near future. For the past five years, we have
been developing a range of autonomous mobile robots and
their software using the behavior-based approach [Brooks,
86] [-Maes, 92]. In my experience the behavior-based
approach [Brooks 86, 91a][Steels, 93] [Pfeifer and Scheier,
96] [Maes, 92] allows developers to generate robot motions
which are more appropriate for use in assistive technology
than traditional Cartesian intelligent robotic approaches
[Gomi, 96a]. In Cartesian robotics, on which most
conventional intelligent robotics approaches are based,
planning for the generation of motion sequence and
calculation of kinematics and dynamics for each planned
motion occupy the center of both theoretical interest and
practice. By adopting a behavior-based approach, I felt,
wheelchairs which can operate daily in complex real-world
environments with increased performance in efficiency,
safety, and flexibility, and greatly reduced computational
requirements can be built at less cost. In addition,
improvements in the robustness and graceful degradation
characteristics were expected.
In the summer of 1995, an autonomy management system for
a commercially available Canadian-made power wheelchair
was successfully designed and implemented. The system
looks after both longitudinal (forward and backward) and
angular (left and right) movements of the chair as well 
limited vocal interactions with the user. The results were
exhibited in August 1995 at the Intelligent Wheelchair Event

organized by David Miller at the International Joint
Conference on Artificial Intelligence (IJCAI’95) held 
Montreal Despite a very short period (a little over a month),
the chair performed remarkably well at the exhibition.
Encouraged bythe initial success, I implemented a three year

plan to develop a fully autonomous power wheelchair for use
by people with various types and degrees of handicap. The
intelligent wheelchair project, now called TAO Project,
intends to establish a methodology to design, implement, and
test an effective add-on autonomy management system for use
in conjunction with most common commercially available
power wheelchairs. In order to demonstrate the principle, the
project will build, during its life, an autonomy management
system for four well-established electric wheelchair models
currently available on the market throughout North America
and Japan.
In late 1995, a sister R&D company was established in Japan
exclusively for the development of intelligent robotic
technologies for the disabled. With the initiative of this new
R&D group, the development of TAO-2 autonomous
wheelchair began in the spring of 1996.
Based on the experience gained in the past year, methods

used and some issues related to the application of the
behavior-based approach to realize an intelligent wheelchair
and possibly other assistive technologies are discussed.

2. Desirable characteristics of robots for the

handicapped
2.1 Background
Since around 1992, AAI began a number of exchanges with

people with various handicaps and Individuals who assist
them. This was proceeded by a few years of on-going
Interactions with the handicapped community through
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marketing, installing, servicing, and training individuals on a
speech-to-text voice interface system for computers. This
device proved to be effective for people with several types of
handicap, particularly for individuals who had lost arm/hand
usage. Since late 1995, voluntary work has been attempted
by members of AAI at two institutions for the mobility
handicapped in Japan: a senior citizen’s hospice for severe
physical/mental problems, and an institution for people with
severe physical handicaps. A considerable amount of time
practising physical assistive work has been carried out by
members of the R&D team, including the designer involved
in the conceptual design of the robots, engineers and a
technician responsible for the construction of the robots, and
the project manager and administrators of the robotics
projects. In early 1995, an individual with a severe physical
disability (a quadriplegie) joined AAI as a regular data
entry/bookkeeping clerk and as a future tester of autonomous
wheelchairs.
Based on these exposures, as well as earlier volunteer work

by myself and some of my colleagues, a preferable approach
to robotics for service tasks [Gomi, 96b] and a tentative list of
deskable characteristics for future robots built for the purpose
of interacting directly with severely handicapped or fully
disabled individuals has been compiled. Some of the
desirable characteristics are discussed below.

2.2 Softness and flexibility
Establishment of rapport between the handicapped person
and the earegiver is essential for a care to be successful. So
much so, there will be a great deal of anxiety in the mind of
those treated by future robotized arms, support boards, and
wheels. The need for set’mess realized at the physical interface
of the end effectors of such a robot and the human body
surface or limbs does not stop at simple padding of otherwise
solid effector surfaces, or use of softer materials, or passive or
active compliance of effectors. The softness must also be
architectural in that the entire physical support structure must
be able to alter, reconfigure, and even completely restructure
moment to moment reactions and responses to accommodate,
whenever necessary, changes innot only the physical but also
the perceived psychological situation of the user.
The flexibility of the system as a whole, as well as that of the
end effectors, must essentially come from this "structural
softness". The flexibility must be founded on the openness of
the design of motions the system can generate so that it does
not rely on fixed modes of operation or rigid scenarios
defined a priori. Humans in general and in most
circumstances behave without a prepared set of motion
patterns, and since we are dealing with such an existence, a
man-made system itself must not act with a fixed set of
motions which are algorilhmieally describable. This places the
appropriateness of most existing system control methods in
doubt as a tool to seriously deal with many types of physieaUy
handicapped people.

Learning has often been hailed as a scheme with which a

system can be made more adaptable. We would also have to
question this relishable notion as a candidate that would
sufficiently increase adaptability of systems such as service
robots dealing directly with humans. Learning schemes,
particularly those so far studied to a great extent and depth in
symbolic AI community, have failed to make significant
contributions to robotic systems operating in highly dynamic
application areas. In general, learning research has focused on
methods to improve the chosen performance index of systems
but variables involved in the scheme are most often not
grounded through sensors or actuators.

2.3 Fail safe and robustness
A robot arm holding a fragile human body cannot drop the

person when a bug is hit for the first time. The concept of fail
safe implies readiness of a system against possible failure. In
traditional system engineering disciplines, such as Fault
Tolerant Computer Systems (FTCS) research and practice, this
typically translates into the preparation of additional
capabilities in the form of a standby in computer hardware and
software. The concepts of hot-standby and cold-standby are
commonly employed in system design. Since it is impossible
to prepare for every possa’ole failure, the provision of
readiness should exist, however, more in the form of
capabilities spread across the system in atomic form and
meshed fine grain with the competence structure which also
functions in the normal execution of tasks. This is analogous
to the way readiness to failure is implemented in life forms
found in nature. If a small animal or an insect temporarily
loses the use of a limb, it tries to adjust to the situation by
immediately enlisting the use of other limbs or even other
portions of the body. The additional capability readied in this
formwould be quickly organized and mobilized the moment
a fault is detected.

2.4 Graceful degradation
A cousin to the concept of fail safe, graceful degradation is

more important in systems that physically interface with
humans ~han in systems that deal with materials and artifacts.
A conlrol system designed as a monolith or components with
relatively larger granularity would have less chance of
realizing the concept fully. When one loses a limb, the
resulting transition is not smooth, causing great suffering to
the individual However, as we lose a large number of brain
cells every day that we know won’t reproduce, we do not
deteriorate or lose capabilities as drastic as loosing a limb.
Systems composed of fmer grain active units seem to offer
more desirable results.

2.5 Evolvability
Another reason for the failure of learning in symbolic AI

would be the relatively short time the methods have typically
tried to achieve the"resulf’. In fact, we probably do not know
what desirable results are as much as we think we do. Both
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shortcomings, this and the lack of grounding, are due mostly
to the very nature of being symbolic rather than pragmatic.
In evolution, changes occur along a much longer time scale.
In situated and embodied systems, such as life forms in nature
and well-built autonomous robots, a search through a very
high dimensional space of the real world for adaptation
demands "experiments" on a vast number of combinations of
dimensional parameters, if such dimensionalization or
parameterization make sense at all. Evolutionary Robotics
(ER) is an emerging field of science and technology [Harvey,
92], where physical or virtual robots’ autonomy structures are
evolved to achieve collective trans-generational learning. ER
seems to be a scheme that could well be applied to robots
operating to tend and care for humans because of the open
nature of human autonomy and ER’s basic principle that can
provide long term learning. Here, the concept of learning
should probably be replaced by a more comprehensive
concept of evolution, which implies perpetual adaptation of an
autonomous system to a constantly changing operational
environment rather than optimization of one or more
performance indices of such a system.

2.6 The development plan
The development of autonomous wheelchairs at AAI is

carried out in the following four phases. Some of the phases
overlap in their execution.

(1) The basic safety phase,
(2) The mobility phase,
(3) The human interface phase, and
(4) The exploration phase.

Currently, we are in the second phase of the project which
began on April 1, 1996. Prior to the start of the project on July
20, 1995, a study was conducted to identify various
requirements by potential users of the autonomous wheelchair
both in Canada and Japan through interactions with people
with various types of handicap. Causes of the handicaps we
came across included gradual mobility loss by aging, recent
sudden loss of body control due to brain damage, and
prolonged motion limitations and bodily contortion due to
stroke suffered at ayoung age. The project continues to enjoy
cooperation from institutions for the handicapped and
individuals with disabilities. The TAO project is scheduled to
end in the summer of 1998. For a description of the
development plan, please refer to [Gomi and Ide, 1996].

3. Implementation of the first prototype, TAO-1
A regular battery powered wheelchair (a motorized chair)

produced and marketed in Canada (FORTRESS Model 760V)
was used as the base of the first implementation of the
concept. A set of sensors, a computerized autonomy
management unit, and necessary harnesses were built and
added to TAO-1 (Figure 1) through the summer of 1995.

3.1. Planned functions of the chair
The selection of functions to be implemented on TAO-1 was
somewhat influenced by the rules for exhibition set out for the
IJCAI’95 robotics contest. However, the later demonstrations
of our prototype and observations made at an institution for
the aged confirmed the guideline was in fact appropriate. Of
the following functions which we now follow, only the fLrst
two were attempted at our IJCAI’95 entry. However, all free
of them are currently pursued.

(a) Basic collision avoidance
This is achieved by behaviors which monitor and respond to

inputs from on-board ted cameras or those which respond to
active infrared (IR) sensors. When the chair encounters 
obstacle, it fkst reduces its speed, and then depending on the
situation it faces, stops or turns away from the obstacle to
avoid hitting it. The obstacle can be inanimate (e.g., a column
in a halhvay, a light pole on the sidewalk, a desk, a standing
human) or animate (a passerby, a suddenly opened door in its
path, an approaching wheelchair). Encountering a moving
obstacle, the chair first hies to steer around it. If it cannot, it
stops and backs off if the speed of the advancing obstacle is
slow enough (e.g., 20 centimeters per second). Otherwise, 
stays put until the obstacle passes away. Thus, if the chair
encounters another wheelchair, both chairs can pass each other
smoothly as long as there is enough space in the passage for
two chairs. A fast paced human usually does not affect the
chair’s progress and at most causes the chair to temporarily
slow down or steer away.
(b) Passage through a narrow corridor
When surrounded by walls on each side of the path, as in a

hallway, the chair travels autonomously from one end to the
other in parallel to the walls.
(c) Entry through a narrow doorway
The chair automatically reduces its speed and cautiously

passes through a narrow doorway which may leave only a
few centimeters of space on each side of the chair. Some types
of ailment such as Parkinson’s disease or polio often deprive
a human of the ability to adjust the joystick of a power
wheelchair through such a tight passage.
(d) Maneuver in a fight comer

Similarly, when the chair is surrounded by obstacles (e.g.,
walls, doors, humans), it is often dil~cult to handle the
situation manually. The autonomous chair should try to fmd
a break in the surroundings and escape the confinement by
itself unless instructed otherwise by the user.
(e) Landmark-based navigation
Two ccd color cameras on-board the chair are used for

functions explained in (a), (b), and (c) above. They constantly
detect the depth and size of free space ahead of the chair. The
cameras are also used to identify landmarks in the
environment so that the chair can travel from its present
location to a given destination by tracing them. An on-board
topological map is used to describe the system of landmarks.
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3.2 Hardware Structure
As a standard powered wheelchair, model 760V has two

differentially driven wheels and two free front casters.
Although they are designed to rotate freely around their
vertical and horizontal axis, these casters typically give
fluctuations in delicate maneuvers due to mechanical
hysteresis that exists in them because of design constraints
(the rotating vertical shaft of the support structure of the caster
cannot be at the horizontal center of the caster). This
sometimes causes the chair to wiggle particularly when its
orientation needs to be adjusted f’mely. Such line adjustments
are necessary typically when a wheelchair tries to enter a
narrow opening such as a doorway.
The entire mechanical and electrical structure, the electronics,

and the control circuitry of the original power wheelchair
were used without modification. The prototype autonomy
management system still allows the chair to operate as a
standard manually controlled electric wheelchair using the
joystick. The joystick can be used anytime to seamlessly
override the control whenever the user wishes even in
autonomy mode.
Physical additions to the chair were also kept to a minimum.
AI components added to the chair were made visually as
transparent as possible. Two processor boxes, one for vision-
based behavior generation and the other for non-vision
behavior generation are tacked neatly under the chair’s seat,
hidden completely by the wheelchair’s original plastic cover.
Sensors are hidden under the footrests, inside the battery case,
and on other supporting structures. Only two ccd cameras are
a little more visible: they are attached to the front end of two
armrests for a good line of sight. A small keypad and
miniature television set are installed temporarily over the left
armrest to enter instructions and for monitoring.
The non-vision behavior generator is based on a Motorola

68332 32-bit micro controller. A multi-tasking, real-time
operating system was developed and installed as the software
framewolk. This combination gave the system the capability
to receive real-time signals from a large number of sensors
and to send drive outputs to the two motors which govern the
wheels. The chair currently has several bump sensors and 12
active infrared (IR) sensors which detect obstacles in close
vicinity (less than 1 meter) of the chair. Signals from the
cameras are processed by a vision-based behavior generation
unit based on a DSP board developed by a group at MIT.
Vision processing is discussed in Section 5.5 below.

3.3 Software structure
The over-all behavior structure of TAO- l is shown in Figure

3. Smaller behaviors are lumped up to save space on the
diagram~ Software for the vision system is also built according
to behavior-based principles. The major difference between
this and conventional image processing is that it consists of
behaviors, each of which generates actualbehavior output to
the motors. It can presently detect depth and size of free space,

Figure 1 Autonomous wheelchair TAO-1. Cover is removed
to show autonomy unit.

vanishing point, indoor landmarks, and simple motions up to
10 meters ahead in its path. Indoor landmarks are a segment
of ordinary office scenery that naturally comes in view of the
cameras. No special markings are placed in the environment
for navigation.
There are also a large number of behaviors invoked by IRs
and bumpers which collectively generate finer interactions
with the environment Vision-based and non-vision behaviors
jointly allow the chair to proceed cautiously but efficiently
through complex office spaces. Note that there is no main
program to coordinate behaviors.
~tly, the autonomy program occupies about 35 KBytes

for all ofthe vision related processing and 32 KBytes for other
behavior generation and miscellaneous computation. Of the
35 KBytes for vision related processing, only about 10
KBytes are directly related to behavior generation. The rest are
involved invarious forms of signal preprocessing: generation
ofdepthmap, calculation of the size of free space, estimation
of the vanishing point, and detection of specific obstaeles in
the immediate front of the chair.
Of the remaining 25 KBytes, approximately 20 KBytes are

used in the neuralnetwolk system for detecting landmarks and
referencing atopological map. The current implementation of
the landmark system consumes only 256 Bytes per landmark,
although this figure may change in the future as more
sophisticated landmark description might become necessary.
The current system has space for up to 64 landmarks but this
can also be adjusted in the future version.
Of the 32 KBytes of non-vision processing (i.e., processing
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of inputs from IR’s, bump sensors, voice I/o, etc.), again no
more than several KBytes are spent for generating behaviors.
Altogether, there are some 150 behaviors in the current
version of TAO-1. A considerable amount of code has been
wlitten to deal with trivial periphery, such as keypad interface,
voice I/o, and LCD display. The comparable inefficiency of
ceding is because these non-behavioral processing had to be
described in more conventional algorithms.

4. The second prototype, TAO-2
Encouraged by the success of TAO-1, in late 1995 a sister

company of AAI (AAI Japan, Inc.) was established in
northern Japan. AAI Japan is dedicated to the development of
advanced intelligent robotics to aid people with various
handicaps. In May 1996, AAI Japan purchased anew power
wheelchair (Suzuki MC-13P), which is a model widely used
in Japan. MC-13P has a form of power steering in which the
two front casters alter their orientation in synchrony with the
drive wheels when a turn is indicated by joystick. The servo
controller also halts the inside turn wheel of the two drive
wheels while the chair is making a tight turn. This is a
significant departure from the way the FORTRESS model
makes a turn. The latter simply turns the two differentially
driven main wheels in opposite directions, allowing the chair
to turn in place. The intent of providing a power steering
feature on the Suzuki chair is obviously for ease of use, and
the user is freed from the wiggly caster problem descn’bed
above. However, this prevented the chair from making turns
in a tight turn circle. The feature was felt undesirable for an
autonomous chair.
Immediately following the purchase of the Suzuki chair, the

development team began building an autonomy management
system for TAO-2; a new prototype autonomous chair based
on MC-13P. The over-all computer hardware and software
structures as well as sensors are almost identical to those for
TAO-1, except for a few changes listed below to
accommodate the above mentioned and other minor
differences in characteristics.
(1) The behaviors responsible for turning TAO-2 needed

their parameters adjusted.
(2) The locations of touch sensors made up of lhin piano

wires needed to be moved forward in order to
compensate for a larger turn circle.

(3) The back bumper was not activated since it was hardly
used. The difference in turning characteristics reduced
the chance of the Suzuki chair performing frequent
switch backs.

(4) Two prominent side bumpers were added to protect
bystanders when the chair makes a turn in their
directions. This was necessitated by the lack of structure
on which to mount sensors.

TAO-2 is shown in Figure 2. It was fitted with the autonomy
management system at AAI in Canada in the span of a week.
After two days of testing, it was shipped back to Japan in time

for a public demonstration in the town of Kosaka, Akita
Prefecture.

5. Evaluation of the prototypes

5.1 Demonstrations
When TAO-1 was demonstrated at IJCAI’95 in Montreal on
the 22rid of August, itwas the 33rd day of the development of
the first prototype. Everything from the motherboard, vision
system, sensor arrangements and their harnessing, operating
system (based on an earlier prototype), a large number 
behaviors (some 60 by that time) were all developed and

Figure 2 TAO-2 autonomous wheelchair

tested in that period. The chair could perform functions (a)
and (b) in Section 3.1 well and functions (c) and 
moderately well although they were not initially targeted.
Function (e) was not yet implemented. In all, it performed 
well as other chairs at the exhibition most of which took much
longer time to develop. All five functions are now
implemented on TAO-1 and are undergoing continuous
improvement.
TAO-2 was demonstrated on June 4, 1996 at a gymnasium of
a local school in Kosaka. The chair ran smoothly throughout
the 1 hour demonstration persistently avoiding by-bystanders,
other obstacles and the walls. Unsolicited, a severely
handicapped spectator who could not even reach the joystick
volunteered to test ride the chair. The chair performed to her
satisfaction and excitement as it went through the gymnasium
among a large number of spectators.
The success of the two prototypes suggests that my intention

to build a standardized add-on autonomy unit is a valid one.
The concept has at least been proven in two power wheelchair
types which come from drastdcaI~ different backgrounds. The
divergence in design philosophy and practical variances in
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implementation, some fairly significant, of a base power
wheelchair can be absorbed by relatively minor hardware and
software alterations made on the standardized add-on unit.
TAO-2 also showed that the installation, testing, and
adjuslment of a separately built autonomy unit can be made in

a very short period of time. In both TAO-1 and TAO-2, no
cooperation fromthe manufactures was sought. In eaoh ease,
charaotedsties of the joystick were studied and a seamless
interface was designed around it.
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5.2 Development time
The extremely short development time required for the initial

prototype for both TAO-1 and TAO-2 can largely be
attributed to the behavior-based approach. To achieve the
demonstrated level of mobility and flexibility would normally
have required another several months to a few years in
conventional AI-based mobile robotics. In behavior-based
robotics, the operational characteristics of the sensors need not
be as precisely uniform as in conventional mobile robotics.
For example, emission strength and angular coverage of the
emitter, and the sensitivity and shape of the reception cone of
the receptor of on-board IR sensors need not be homogeneous
across all sensors, allowing the use of inexpensive sensors and
simpler testing.
All sensors, including the ccd cameras, need not be installed
at precise translational and angular coordinates. They also do
not need calibration. They were placed on the chair in a
relatively ad hoc manner at First, and continually moved
around for better results as the development went on. In fact,
the cameras and some of the sensors are attached to the chair
by velcro detachable tape, so that their location and orientation
can be adjusted easily. Such loose treatment of sensors is not
common in conventional robotics where robot’s motions are
derived after high-precision measuremeuts of the relationships
between its extremities and environment. The large tolerance
for signal fluctuation is due also to flexibility of processing
and greater adaptability inherent in Subsumption Architecture
[Brooks, 86].
With the absence of "sensor fusion", sensor inputs are

directly linked to motor output only with a simple signal
transformation and amplification (e.g., from sensor output
voltage to motor drive current). The developer only needs to

adjust the appropriateness of the definition and performance
of the sensor-action pair or behavior in terms of its output
without a detailed and precise analysis of input signal
characteristics and elaborate planning and computation of
output signal generation. Readers not familiar with the
theoreticalbasis of behavior-based AI are encouraged to read
[Brooks, 91b]. These theories are fuUy put into practice in our
development.

5.3 Software structure
During development, sensor-actuator pairs or behaviors are
simply "stacked up". They are added to the system one by one
without much consideration for the design of the over-all
software structure. Our operating system provided an
adequate framework for the incremental development process
allowing for shorter development time.
Thus, software development went totally incrementally side

by side with finer adjustment of the sensors. Only general
functions needed assigned to each sensor-actuator pair type
first. For example, depth map - motor pairs are excellent for
dealing with obstacles that suddenly appear in the path of the
chair a few meters away. But the same sensor-actuator pair
type is not at all effective for the management of the situation
in which the chair has actually made physical contact with an
obstacle.
Sometimes, competition or contradiction occurs between two

or more behaviors. Such contradicting definitions of behavior
areinmost cases easily observable and corrected quickly. An
example of more complex contradiction occurs when two IR
collision-detection sensors placed on left and right front sides
of the chair detect an approaching doorway in quick
succession~ Since the doorway is normally quite narrow, the
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Figure 4 The office space which contains the test loop
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reflection of infrared signals
received by these sensors is
usually strong enough to cause
the chair’s immediate evasive
action. As both sensors react
alternatingly, the chair can get
into an oscillatory motion,
commonly known as
"Braitenburg’s oscillation" after
[Braitenburg, 84]. In this
specific situation, other
frontally-mounted IR sensors
take in "just go ahead" signals
that invoke behaviors which can
break the tie.
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Figure 5a Output of active infrared OR) sensors

5.4 Priority scheme
The priority arrangement is shown in top fight comer of

Figure 4, where several output lines to the motors are joined
by O nodes or suppression nodes. Input from the left of the
node is suppressed and replaced by one coming in vertically
whenever it is active. Inputs from the joystick take the highest
priority in deciding which action the chair should take. The
electronically and mechanically seamless interface between
the joystick controller and the autonomy management system
allows the chair to nm as a standard power wheelchair simply
by operating the joystick. The second highest priority is given
to behaviors which take in signals from left and fight bmnpers
and some key frontal IR sensors. Behaviors are bundled up
in Figure 4 with implied logical relationships among input
lines to simplify the diagram. After several groups of
behaviors that mostly depend their invocation on signals from
IR sensors, behaviors invoked by signals from the voice input
system are arranged next, followed by vision-driven behaviors
as the lowest priority behavior groups. They are, in
descending order of priority, depth map, vanishing point, and
free area.
Figure 5a shows IR signals from a test run in which TAO-1

went around the test loop in our office floor shown in Figure
3 (shaded area). Note that signals from only 6 of the 12 
sensors are plotted here. The x axis in Figures 5a
through 5d shows the passage of time and its
length corresponds to the time required to
complete the loop from the workshop where the
chair began its run and back there counter-
clockwise. Note that checkpoints (1) through (6)
shown in Figure 3 are also marked on the
diagrams. When there is no reflection from an
obstacle, output of an IR is kept at 255.
Depending on the strength of the reflected signal,
a receptor may report lower values, 0 being the
lowest. When the value becomes less than a
threshold, the sensor would have "detected an obstacle." The
threshold is set as a function of speed of the chair, and in this
specific test set at 210, 180, and 150, for when the chair is

running fast, medium, and slow speed, respectively. In another
mode of obstacle detection using an IR, changes in value are
monitored for several sensor cycles. If the change is
sufficiently large, detection of an obstacle is reported. The IR
sensors take invalues at 64Hz and several consecutive values
are compared. Once invoked, a behavior corresponding to a
specific IR sensor generates a predetermined reactive motion,
altering the speed and orientation of the chair.

5.5 Vision processing
Inputs from 2 cc, d cameras are alternatively processed

through a single flame grabber into two primary vision planes
of 256 x 128 pixels each at about 8 frame sets per second.
Images in these primary vision buffers are averaged down to
64 x 32 pixel secondary vision plane by combining the left
and right vision inputs after dividing each primary plane into
left, center, and fight. All vision processing described below
occur using image data in this secondary visual plane.

Figure 5b plots three depth values (Y1, Yo and Yr) in terms
of the number of pixels in the secondary visual plane
determined according to HorswiU’s habitat constraint vision
processing [Horswill, 92]. In the absence of active bumper
and IRinvoked behaviors, the parameter set directly dictates
the orientation and speed of the wheels.
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Figure 5b Depth map parameters from the vision subprocess

Output from the vanishing point detector of the vision system
is shown in Figure 5c. The detector attempts to find a
vanishing point in the secondary visual plane and outputs its
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domestio tranaportation needs.
In April 1996, TAO-1 was brought to a local shopping mall in
Ottawa to freely roam around for an hour or so. TAO-1
skilfully skirted all internal structures of the mall such as
esoalators, flower pots, benches, signs, and showcases, as well

as allemoun shoppers. TAO- 1
and its rider visited stores as if

¢~> he was window shopping or
just strolling the mall. Virtually
all fellow shoppers failed to
notice that it was not driven
manually. This made me feel
that with proper engineering to

0 make the chair further
o ~>o dependable, it can already

O
O o~oO serve as an autonomous chair

in limited application areas,

O such as strolling or window
~> shopping for the severely

t6~ handioapped.
After the modest

demonstration of TAO-2 in
Japan, which was reported in

local television news and several looal newspapers, we have
received inquiries for the chair’s availability. Needless to say,
it would be at least a few more years before even a modestly
autonomous chair can be released for use by the handicapped
at large and put into daily use only with affordable amount of
support. Maintenance would be another issue if we proceed,
not to mention various public liability issues that,
unfortunately but undoubtedly, foUow. I am not at all
optimlstio about the efforts required to establish an
infrastructure for physical and moral support that
encompasses all these and other yet to be found issues.
Nevertheless, I can foresee that we will be able to answer, in
the near future, some of the sincere wishes that already come
from people who would be most benefitted by the technology.

Figure 5c Output of vanishing point detector

Figure 5d depicts output from the area deteetor. The number
of pixels representing free space in the left, center and right
visual fields are calculated by the detector, and steering and
speed of the chair are determined by the size of available
space as in depth map processing. The behaviors associated
with area detection are invoked only when all other behaviors
are not invoked.
As the project proceeds the vision system will be enhanced
to detect more objects and events such as outdoor landmarks,
indoor landmarks that change in time, more complex and
dynamic obstaoles, and traffic signals in the path. In the fall
of 1996, a popular American wheelchair will be fitted with the
autonomy management system to become TAO-3.
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11) 12~ 131
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Figure 5d Output of the area detector

6 Lessons learned so far from the chair project
Although the experience is stiU very limited, I can state that

there is a strong expectation among the population for the
development of an autonomous wheelchair for assisting and
eventually fully taking care of the handicapped person’s

Getting into technioal issues, the list of things
yet to be done is still quite long. Landmark
detection, for example, requires a lot more
work. Although we have su~ed in
navigating the chair to go through a series of
landmarks arbitrarily chosen in the chair’s
present operational environment, this is still a
far cry from being able to state that it can run
freely in any environment traversable by a
wheelchair by detecting landmarks.
Apart from these and other shortcomings, I feel

the technology as it is, is already useful in real
world applications by individuals with certain types of
handicap. Persons with bodily contortions such as those who
suffered polio in earlier life, or individuals with involuntary
hand/ann movements such as patients of Parkinson’s disease,
now could travelthrough confined and narrow spaces such as
corridors and doorways without assistance. Other interface
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mechanisms such as neck control and voice recognizer would
also make the inlroduction of the autonomous chair easier.
Less handicapped users can use the chair as a manual power
wheelchair whenever desired, while autonomy management
can assist in mundane situations and emergencies.
Everybody we have interfaced with so far, from a passer-by

at a shopping center where TAO-1 was tested, fellow robotics
researchers, several handicapped people and caregivers who
heard about the project and came to see and even volunteered
to try an early prototype, willing investors, to journalists all
gave us positive feedback. They agree in principle that
mobility should be provided as much as and as soon as
possible to those who otherwise are not capable of going to
places by themselves. Although the development is still far
from complete, TAO-1 and 2 have so far been covered by
several TV programs and a few dozen newspaper and
magazine articles in Europe, Japan, USA, and Canada,
indicating the keen level of interest the public has on this
subject.
I wish to report our next interim results at IJCAI’97 (Kyoto,
Japan) and other occasions around that time so that results
can be shared among researchers and the concept of the
autonomous wheelchair which is manually overridable
becomes familiar to the population at large. Needs of the users
and capabilities that could be provided by the technology are
matched and better understood through frequent disclosures
through technical papers, presentations, and serious media
coverage.

7. Conclusions
Two prototype autonomous wheelchairs based on

commercially available motorized wheelchairs have been built
using behavior-based AI. The initial prototyping went very
rapidly and the size of the software is significantly smaller
than control programs for similar vehicles operating in real
world environment implemented using conventional AI and
robotics methodologies. One of the chairs is now capable of
travelling to its indoor destinations using landmark-based
navigation~ The performance of the prototypes indicates there
is a cautious possibility today to build a functional intelligent
wheelchair that is practical and helpful to people with certain
types and degrees of handicap.
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