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Abstract—The NavChair Assistive Wheelchair Navigation Sys-
tem [19] is being developed to reduce the cognitive and physical
requirements of operating a power wheelchair for people with
wide ranging impairments that limit their access to powered
mobility. The NavChair is based on a commercial wheelchair
system with the addition of a DOS-based computer system,
ultrasonic sensors, and an interface module interposed between
the joystick and power module of the wheelchair. The obstacle
avoidance routines used by the NavChair in conjunction with the
ultrasonic sensors are modifications of methods originally used
in mobile robotics research. The NavChair currently employs
three operating modes: general obstacle avoidance, door passage,
and automatic wall following. Results from performance testing
of these three operating modes demonstrate their functionality.
In additional to advancing the technology ofsmart wheelchairs
the NavChair has application to the development and testing of
“shared control” systems where a human and machine share
control of a system and the machine can automatically adapt
to human behaviors.

Index Terms—QObstacle avoidance, power wheelchairs, smart
wheelchairs, wheelchair control, wheelchair navigation.

I. INTRODUCTION

HE NavChair Assistive Wheelchair Navigation System
[19], shown in Fig. 1, is being developed to provide ¥ :
mobility to individuals who would otherwise find it difficult or rig. 1. prototype of the NavChair assistive wheelchair navigation system.
impossible to use a powered wheelchair due to motor, sensory,
perceptual, or cognitive impairments. The NavChair shares ve- . . .
hicle control decisions with the wheelchair operator regardifgV€!S; ach of which requires varying degrees of control from
obstacle avoidance, safe object approach, maintenance P& Wheelchair user.
straight path, and other navigational issues, to reduce the motof\t one level of the hierarchy the user is responsible for path-
and cognitive requirements for operating a power wheelchaianning and most of the navigational responsibilities while the
The NavChair's broad range of potential users possesdNavChair restricts itself to minor navigational responsibilities
very large variety of abilities and needs. If a “smart wheeRnd collision-avoidance. This operating level works well with
chair” such as the NavChair is to accommodate this diversigQntinuous input methods such as a joystick but is less suited
it must be capable of responding to many different operatirtg discrete methods such as voice control. Examples of users
requirements. The NavChair is thus being built to provideho might benefit from this level of assistance would include
navigation assistance in the form of a hierarchy of operatitigose with quadriplegia or quadripareses resulting from spinal
Manuscript received May 11, 1998; revised July 1, 1999 and August Z%Qrd injury, neuromuscular disease, or cerebral palsey, as well
1999. as those with cognitive or perceptual impairments resulting
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Physlcgl Medicine and Rehabilitation and Biomedical Engineering, Umvers%vel requiri dditi | trol f the NavChai t
of Michigan, Ann Arbor, Ml 48109 USA. » requiring adaitional control from the NavChair system,
D. A. Bell is with the Amerigon Corporation, Irwindale, CA 91706 USA. is appropriate when voice control or another discrete control
L. A. Jaros is with PhaseMedix Consulting, Farmington Hills, Ml 4833%ethod is used to operate the NavChair and the system must

USA. . .. . .
R. C. Simpson is with Texas Robotics and Automation Center (TRACLabd))ake some of the path planning decisions. This level of assis-

Ho\l(JStE”r TX 77(?5? UBSA- ol i the Deoartment of Mechan tance might be appropriate for those with more severe motor

. oren an . orenstein are wi e epartment o echanica) . . . . ..

Engineering, University of Michigan, Ann Arbor, Ml 48109 USA. nlnpalrments (i.e., very high Igvgl _splnal cord injury or more
Publisher Item Identifier S 1063-6528(99)09068-0. severe cerebral palsey, brain injury, stroke, neuromuscular

1063-6528/99$10.001 1999 IEEE



444 IEEE TRANSACTIONS ON REHABILITATION ENGINEERING, VOL. 7, NO. 4, DECEMBER 1999

disease, etc.). An even higher level of the hierarchy is needmuy specific alterations to the environment. They do, however,
when the user supplies the target destination and the NavChaguire more planning and continuous effort on the part of the
completely plans the path and navigates to the destinatiovheelchair user and are only appropriate for users who can
A good example of a user requiring this level of assistanedfectively plan and execute a path to a destination. Finally, a
would be a person with a motor impairment requiring poweretird group of smart wheelchairs offers both autonomous and
mobility who is also blind. The main focus of this paper is osemi-autonomous navigation [10], [13], [15], [17].
the first level of operation for continuous input methods. Another useful method of distinguishing smart wheelchairs
The goal in developing the NavChair is to try to providés based on whether or not a given wheelchair offers mul-
the user with an appropriate level of havigation assistance tligte configurations (or operating modes), each designed for
allows them to independently operate a powered wheelchair.specific set of tasks and input methods. For example,
In working to achieve this goal every attempt is also made tbe NavChair offers three distinct operating modes for 1)
provide the highest level of performance possible. In practiteversing a room while avoiding obstacles, 2) passing through
this can be determining by how close NavChair can come doorways, and 3) following a wall down a hallway. Other
the performance of a “fully capable user” using a standasinart wheelchairs that offer task specific behaviors [10], [13],
power wheelchair. [15], [29] are able to accommodate a wider range of needs
and abilities but present the added requirement of selecting
Il. BACKGROUND the most appropriate configuration for a given task.

The responsibility for selecting the most appropriate oper-

To date, prototypes of several smart wheelchairs have beegn g mode can be performed by the user (manual adaptation
developed, but none has made the transition to a commerfi !

product. Two North American companies, KIPBnd Applied 10 o0 1ask requiiements) or the smart wheelchal (-
Al,? sell smart wheelchair prototypes for use by researchela P ' P

but neither system is intended for use outside of a research I%g. example of manual adaptation. Users can change the

The CALL Center of the University of Edinburgh, Scotlandsenimtg :f a ?'?/liéo dspéectl;‘]y t\t]v?\ arrc;]uriwrt oofnoi)hs tactlﬁ ?Vr? 'iinfﬁ
has described the use of a wheelchair with bump sensors aav?:ﬁai?e(;sodesiribgd inea cc?ricaiio.n a eeri[ZTS]) an ,thee
the ability to follow tape tracks on the floor as part of ﬁ' P pap

wheeled-mobility training program [22], but they have yet toAO systems_ [1.3]’ use a_utomatlc _adaptatlon. Th_e N_avCha|r
. . uses probabilistic reasoning techniques to combine informa-
produce a commercial product from their work.

The majority of smart wheelchairs represent outgrowths an from the sonar sensors and a topological map to make

. . . adaptation decisions, while the TAO system’s subsumptive
mobile robotics research. The NavChair, for example, beg?é]asonin approach allows the most appropriate behavior to
as an application of the VFH [6], [7] and VFF [6] obstacle 9 app . . pprop

merge from a collection of potential behaviors.

avoidance routines developed by Borenstein and Koren. L L .
Wheelesly and TAO [13] smart wheelchairs are exampl Sel'he NavChair incorporates a combination of several innova-

of subsumption-based systems [11] originally developed gve features that distinguish it from the other smart wheelchair
P y ginaty P stems described above. Unlike many of the systems, the

Brooks. The University of Texas smart wheelchair [14] is & avChair is designed to function as a shared control system

application of Kuiper's Spatial Semantic Hierarchy [18]. with an obstacle avoidance algorithm specifically developed

One useful way to classify smart wheelchairs is based on . )
Y fy ?od meet the vehicle’'s shared control needs and permit the

how they allocate control between the wheelchair operator . . .
y P ZEaVChalr to dynamically allocate control of the wheelchair

the wheelchair itself. Some smart wheelchairs [12], [24], [22], . .
[28], [30] operate in a manner very similar to autonomousased on current task demands. The NavChair also provides
' everal operating modes to allow users with varying abilities

robots, the user gives the wheelchair a final destination a{s1d erate the chair in a variety of environments. Einally. it
supervises as the chair plans and executes a path to the ta%eotp y : Y,

location. To reach their destination, these systems typical orporates a mechanism for automatically selecting between

require either a complete map of the area through which theyese modes during operation (described in [25]).

navigate or some sort of modifications to their environment
(e.g., tape tracks placed on the floor or markers placed on the ll. HARDWARE

walls), and are usually unable to compensate for unplannedrhe NavChair prototype is based on a LafRceower
obstacles or travel in unknown areas. Smart wheelchairs in thjfeelchair. The components of the NavChair system are
category are most appropriate for users who 1) lack the abilgtached to the Lancer and receive power from the chair's
to plan and/or execute a path to a destination and 2) spend #ageries. As shown in Fig. 2, the NavChair system consists of
majority of their time within the same controlled environmenthree units: 1) a DOS-based, 33 MHz, 80486 computer, 2) an
Other smart wheelchairs confine their assistance to CO”iSigﬂ‘ay of 12 ultrasonic transducers mounted on the front of a
avoidance, and leave the majority of planning and navigati@fandard wheelchair lap tray, and 3) an interface module which
duties to the wheelchair user [21], [19], [26], [29]. Thes@rovides the necessary circuits for the system.
systems do not normally require prior knowledge of an area orThe Lancer’s controller is divided into two components: 1)
1KISS Institute for Practical Robotics; 10719 Midsummer Dr.; Reston, VA€ joystick module, which receives input from the user via the

20191 USA. joystick and converts it to a signal representing desired direc-
2ppplied Al Systems, Inc; Suite 600; 340 March Road; Kanata, Ont.,
Canada K2K 2E4. SEverest and Jennings, 4203 Earth City Expressway, St. Louis, MO 63045.
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selected by VFH.

Environment I

readings from the ultrasonic sensors reflecting the status of
Fig. 2. Functional diagram of the NavChair prototype’s hardware compghe immediate surroundings. An overview of these routines
nents [2]. follows.

The obstacle avoidance technique first used in the NavChair,
tion and 2) the power module, which converts the output of thiee vector field histogram method (VFH) [6], [7] was originally
joystick module to a control signal for the left and right wheadeveloped for autonomous mobile robots. The VFH algorithm
motors. During operation, the NavChair system interrupts tigillustrated in Fig. 3 and can be described briefly as follows.
connection between the joystick and the power module, with 1) |nput from the sonar sensors and wheel motion sensors
the joystick position (representing the user's desired trajec- s ysed to update a Cartesian map (referred to as the
tory) and the readings from the sonar sensors (reflecting the certainty grig centered around the chair. The map is
wheelchair's immediate environment) used to determine the  jivided into small cells, each of which contains a count
control signals sent to the power module [16]. The NavChair's ¢ iha number of times a reading has placed an object
software performs the filtering and smoothing operations that | .ihin that cell. The count within each cell, tieertainty

were o_nglnally_ performeld kliy .the Jr(])ystlctlj modulr-]f afte(rj the valug represents the probability that an object is within
navigation assistance calculations have been performed. that cell; so the more often an object is seen within a

I.Sii)nar jelnsors a;reHused bega;_sc_ad oflthelr opera&t}onal SIM- ol the higher its certainty value.
plicity and low CosL. HOWEVET, Individual sonar readings areé g certainty grid is converted into a polar histogram,
often erroneous. The method used to reduce these errors an . .
o ) ; centered on the vehicle, that mapbstacle densitya

create a sonar map of the chair’s surroundings is called the . . : .

AN : S combined measure of the certainty of an object being
Error Eliminating Rapid Ultrasonic Firing (EERUF) method L . .

. . . within each sector of the histogram and the distance

[8]. EERUF rejects bad sonar readings by detecting temporal . . N

: . . . between that object and the wheelchair) versus direction
patterns inconsistent with error-free operation. The accuracy of travel [6], [7]

of the map is further enhanced by keeping track of the . . o
wheelchair's motion via wheel rotation sensors built into the ) The polar_ histogram is sear_ched for a d|rect!on .Of
Lancer's wheel motors. The result is a sonar map that is Uavel that is as close as possible to the target direction
surprisingly accurate given the constraints of individual sonar ~ Indicated by the user, while also having an obstacle
sensors. The NavChair is able to accurately locate obstacles density beneath a predetermined safety threshold.
within five degrees of angular resolution relative to the centerAfter the VFH algorithm has been applied, the chosen
of the chair despite the fact that the resolution of an individuglirection and speed are further modified by the VFF algorithm.
sonar sensor exceeds 15 degrees [3]. Like VFH, the VFF method was originally developed for
cylindrical autonomous robots [5] and then enhanced to work
with irregularly shaped mobile robots [9]. In essence, VFF
IV. OBSTACLE AVOIDANCE METHODS works by allowing every object detected by the NavChair's
Two obstacle avoidance routines, minimum vector fielgonar sensors to exert a repulsive force on the NavChair's
histogram (MVFH) obstacle avoidance and vector force fieffirection of travel, modifying its path of travel to avoid
(VFF) obstacle avoidance, are used by the NavChair. Bathllisions. The repulsive force exerted by each object is
routines are based on methods originally developed for guroportional to its distance from the vehicle. To account for the
tonomous mobile robots that were modified to meet speciftavChair's rectangular shape, five different points on the chair
requirements for wheelchair navigation. The influence of eaahe subject to the repulsive forces (Fig. 4). The repulsive forces
routine on the NavChair’s direction of travel at any given timat each of these five points is summed and this total repulsive
is determined by the NavChair's current operating mode afmce is used to modify the NavChair's direction of travel.
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U ¥ Fig. 5. MVFH Obstacle Avoidance. The left figure shows the certainty grid

around the NavChair; the right figure shows the polar histogram at the same
instant, where® is the desired direction of travel, as indicated by the user
. ¥ with the joystick;h is the polar histogram representing obstacle densities in
’ ) each possible direction of travely is the weighting function symmetrical
Y; about the desired direction of trav@;); sis the sum oth andw; ©; is the
' l actual direction of travel selected by MVFH at the minimumsof

Fig. 4. Example of VFF Operating in The NavChair. The black circleghgition, Thus, the direction indicated by the user’s input from
represent obstacles, the gray circles are the five locations at which the repul$jve

forces are calculated, the lines extending from the gray circles represent th€ Joystick receives the least amount of additional weight
repulsive forces at each of these points (size of the arrows is proportional(@bstacle densijywhile directions furthest from the user’s goal
magnitude of the rgpul._c,ive force), the (Ijas_hedlline represents the direction :’B%eive the most Weighting, predisposing the chair to pursue
user pressed the joystick, and the solid line is the direction actually chosen” . .
by VFF. a direction close to the user’s goal.
In the fourth step of the MVFH method the wheelchair’s
) o . speed is determined based on the proximity of obstacles
During development of the NavChair, it was discoveref yhe projected path of the chair. This step takes in to
that several modifications to the original VFH method werge.qnt the rectangular shape and nonholonomic nature of the
required in order for VFH to make the transition from augheeichair when calculating the projected path, which allows
tonomous mobile robots_ to Wheelc_halrs. One difficulty ighe chair to approach objects more closely than VFH while
applying an obstacle avoidance routine developed for a rob@ maintaining the safety of the vehicle. Unlike in the VFH
to a wheelchair was the different types of movement employgghqithm, the virtual force repulsion (VFF algorithm) is not
by the two platforms. Mobile robots in general (and thosg iomatically applied in the MVFH algorithm. Rather, it is
VFH was originally intended for in particular) are cylindri-yctive during the performance of some tasks, like traveling
cal and omni-directional, which simplifies the calculation oo gh a crowded room, where it helps to maintain adequate
trajectories for collision avoidance. However, when appliedearance from all obstacles, but not others like following a
to a rectangular wheelchair with arced trajectories, failurgs,| qown a hallway, where it would otherwise interfere with

of the obstacle avoidance routine are more likely. Anoth@ia \wheelchair's ability to remain close to the wall (SEee
difficulty arose from the fact that VFH could not support al\5ychair's Operating Modebelow).

of the desired functions (door passage and close approach in
particular) while still maintaining adequate obstacle avoidance . .
protection in more open environments. Finally, what wd® EXperimental Testing of MVFH
considered one of the VFH method's greatest strengths inFive tests were run, which compared the performance of
robot applications, the ability to move through a crowdedFH, MVFH, and that of an experienced wheelchair operator
environment and make abrupt changes in direction with using the unmodified wheelchair control system [1]. VFF was
minimal reduction in speed, was unacceptable behavior for thetive in combination with both VFH and MVFH for all
wheelchair application where it was likely to be considere@sts. The tests were performed in a U-shaped hallway with
“jerky” and unpredictable. two right-angle turns, and contained difficult situations typical
In response to these needs, the Minimal VFH (MVFH)f modern office buildings: mixed smooth tile and rougher
method was developed [1], [4]. The steps of the MVFioncrete walls, a section of glass wall, and narrow doorways.
algorithm are illustrated in Fig. 5. The first two steps ar€he test course was approximately 2 m wide and 30 m long.
identical to VFH. However, unlike the VFH method, the thirdn all tests, four quantitative measures of performance were
step of the process does not simply search for the closestlected to be used as the basis of comparison: average speed
direction of travel to that desired with an obstacle densi{yn/s), ride “wobble” (RMS average of the portion of the
below the given threshold. Instead, a weighting function (curvaotor command above 10 Hz), average obstacle clearance
w in Fig. 5) is summed with the polar histogram (cutveto (measured from the side of the wheelchair), and risk of a
produce curves. The direction of travel©,) is then chosen collision (collisions and near misses per second). For both
as the direction corresponding to the minimal value for cunabstacle avoidance methods, the system was configured to
s. The weighting functionw) is a parabola with its minimum produce optimal system performance as measured by these
at the direction of travel indicated by the wheelchair’s joystickariables.
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TABLE |
MVFH VEersusVFH IN THE HALLwAY ENVIRONMENT [10]. FOUR MEASURES OFPERFORMANCE (AVERAGED OVER FOUR TRIALS) ARE COMPARED FOR A
BLINDFOLDED SUBJECT USING OBSTACLE AVOIDANCE AND AN EXPERIENCED SUBJECT USING THE UNMODIFIED WHEELCHAIR CONTROL SYSTEM IN THE SMOOTH
HaLLwAY COURSE STANDARD DEVIATIONS FOR ALL MEASURES WERELESS THAN 10% OF MEAN. THE RESULTS INDICATE THAT THE BLINDFOLDED USERIS ABLE TO
TRAVEL SAFELY AT ABOUT HALF THE SPEED OF THEEXPERIENCED USER TRAVELING WITHOUT OBSTACLE AVOIDANCE. NOTE THAT OBSTACLE CLEARANCE WAS ONLY
MEASURED DURING THOSE TRIALS IN WHICH THE USER WAS BLINDFOLDED AND ACTIVELY STEERING THE WHEELCHAIR TOWARDS THE WALL (TESTS
1 AND 3), AND THAT RIDE WOBBLE WAS ONLY RECORDED WHEN THENAVCHAIR WAS PROVIDING NAVIGATION ASSISTANCE (TESTS 1-4)

Performance VFH MVFH Experienced User
Measure test 1 test 2 test 3 test 4 test 5
speed (m/s) 0.73 0.78 0.77 0.78 1.62
clearance (m) 0.44 n/a 0.45 n/a n/a
wobble 0.95 0.68 0.58 0.55 n/a
collisions 0 0 0 0 0

The first two tests evaluated VFH obstacle avoidance. In
Test 1 the user was blindfolded and traversed the course
by holding the joystick toward the wall, at approximately a

45° angle, while in Test 2 the user attempted to steer the E
chair straight down the middle of the hallway by pointing ——\—/
the joystick straight ahead. Tests 3 and 4 measured the ;

performance of MVFH but were otherwise exactly the same.

In the fifth test, an experienced user traversed the course as !
quickly as possible without navigation assistance. Each test

was repeated four times with a single user and the resuttg. 6. The course for testing of general obstacle avoidance versus no
averaged. navigation assistance.

Table | [1] presents the results of the experiment. Notice

that MVFH performed as well as or bettgr than VFH in termg,e NavChair to quickly and smoothly navigate in crowded
of every performance measure. In particular, MVFH was asvironments while maintaining a safe distance from obstacles.
fast as VFH while providing smoother travel. MVFH and VFF are both active in this mode. The weighting
There were several advantages of MVFH not brought out ynction used by MVFH is a relatively wide parabola (com-
the experimental results which deserve mention. First, USiBﬁred to the NavChair's other operating modes) centered on
MVFH, control of the chair became much more intuitive anghe joystick direction, which allows the chair a relatively large
responsive. Small changes of the joystick position resultgdgree of control over its direction of travel. Of the three
in changes in wheelchair motion, which was not alwaygodes described in this paper, this mode allocates the most
true under VFH control. Second, by modeling the exagfyigation control to the NavChair in that it has great freedom
shape of the NavChair it was possible to perform previously choosing a direction of travel while attempting to remain
unmanageable tasks, such as passing through doorways. M@sie to the direction indicated by the user.
importantly, however, MVFH provided an adaptable level of simple experiment was performed to analyze GOA
navigation assistance. By changing the shape of the weightifgge’s ability to successfully navigate the NavChair through
function, MVFH could assume more or less control over travgl crowded room [23]. The experimental environment is shown
decisions. This flexibility allowed the development of multiplgy, Fig. 6. A fully capable driver performed ten trials with the

task-specific operating modes for the NavChair. NavChair in GOA mode and ten trials with no navigation
assistance active (in other words, the NavChair behaved
V. THE NAVCHAIR'S OPERATING MODES exactly like a normal power wheelchair). In each trial the

During the design of the NavChair system it became clegfbject's task was to follow the path indicated in Fig. 6.
that in order to provide the full range of desired functionality iR€sults from the ten trials were averaged.
would be necessary to define several different operating moded he results of the experiment are shown in Table II. They
[1], [2]. This section describes the function of each of the thrégveal that GOA mode caused the NavChair to move more
operating modes currently implemented within the NavCha##lowly through the slalom course than occurred when nav-
General Obstacle Avoidance, Door Passage and Automd@gtion assistance was not active. However, the NavChair
Wall Following. The results of several experiments are al€¥so maintained a greater minimum distance from obstacles in

presented to provide performance data for each operatﬁ&’A mode, du.e to the influence of the NavChair's collision
mode. avoidance routines.

A. General Obstacle Avoidance Mode B. Door Passage Mode

General Obstacle Avoidance (GOA) mode is the “default” Door Passage (DP) mode is intended for use in situations
operating mode of the NavChair and is intended to allovequiring the NavChair to move between two closely spaced
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Fig. 7. Panel A shows a situation that would where it is appropriate for the NavChair to enter DP mode. If the wheelchair operator directs the NavChair
toward the door, DP mode will act to center the chair in the doorway and move the chair through the door (Panel B). However, if the wheelchair operator
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directs the chair away from the door, DP mode will not push the chair through the door (Panel C).

TABLE 1

REsuLTS FROM EXPERIMENT COMPARING GENERAL OBSTACLE
AVOIDANCE MODE WITH NO NAVIGATION ASSISTANCE STANDARD

Door Passage Success

DEVIATIONS FOR ALL MEASURES WERELESS THAN 6% OF MEAN 100 g
90
Performance Measure General Obstacle Avoidance | No Navigation Assistance 80
Time (sec) 9.35 7.09 70 ¥
Average Speed (m/sec) 0.61 0.76 2 60 |- —o—DP
Average Minimum Obstacle 0.59 0.53 z 50 | 3 g GOA
Clearance (m) § 40 .. dmm - —a— NNA
L]

30

20 | .
obstacles, such as the posts of a doorway. DP mode acts ,,

to center the NavChair within a doorway and then steer the

chair through it. In this mode, VFF is not active and MVFH’s ©° ©

weighting function is a narrow parabola, forcing the NavChair

to a_dhere closely to the u_ser’s chosen direction of tre_WEL Fig. 8. Results from an experiment comparing the performance of door pas-
Fig. 7 shows the operation of DP mode. As the chair passgge mode (DP), general obstacle avoidance mode (GOA), and no navigation

through the doorway, MVFH acts to push the chair away froassistance (NNA) on a door passage task.

both door posts and toward the center of the door. MVFH also

acts to reduce the chair's speed as it approaches the doorwgys is noteworthy because the federal Architectural and
If the user points the joystick in the general direction of §ransportation Barriers Compliance Board [27] has declared
door, the effect is to funnel the NavChair to the center angb jnches as the minimally acceptable door width for wheel-
through an open doorway. chair accessibility in federal buildings. With no navigation
Due to the influence of obstacle avoidance, it is possible fggsistance active, the NavChair was able to pass through

the NavChair to fail to successfully pass through a doorwajyorways as small as 25 inches (63.5 cm), which corresponded
on a given attempt. Typically, this is due to the NavChayy the width of the NavChair.

approaching the door at an angle rather than from directly in
front of the door. When a failure occurs, the operator is then _ _
required to back up and approach the door again, hopefuffy Automatic Wall Following Mode

from a better direction. Automatic Wall Following (AWF) mode causes the
An experiment was performed to compare the ability aavChair to modify the user’s joystick commands to follow
GOA mode and DP mode to pass between closely spaggd direction of a wall to the left or right of the chair. In this
obstacles [23]. In this experiment a fully capable drivemode neither MVFH nor VFF is active. Instead, the NavChair
attempted to steer the NavChair through a door whose widibes the sonar sensors to the front and side of the opposite the
was varied. Twenty trials were performed at each width. Wwall being followed to scan for obstacles while the remaining
ten of the trials the NavChair was in GOA mode and in ten &bnar sensors (facing the wall) are used to navigate the chair.
the trials the NavChair was in DP mode. Results from the téthe NavChair's speed is reduced in proportion to the distance
trials for each mode were averaged and are shown in Fig. 8f the closest detected obstacle, which allows the NavChair
As can be seen from the graph, DP mode allowed the stop before a collision occurs.
NavChair to pass through significantly smaller spaces thanFig. 9 shows the operation of AWF mode. As long as the
GOA. Of particular interest, the NavChair successfully passeder points the joystick in the approximate direction of the
through spaces 32 inches (81.3 cm) wide 70% of the tim®all being followed, the chair modifies the direction of travel

e e
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TABLE I
REsULTS OF AN EXPERIMENT COMPARING THE PERFORMANCE OFAUTOMATIC WALL FOLLOWING MODE, GENERAL OBSTACLE AVOIDANCE MODE, AND NO
NAVIGATION ASSISTANCE ON AHALLWAY TRAVERSAL TASK. STANDARD DEVIATIONS FOR ALL MEASURES WERELESS THAN 6% OF MEAN

Performance Automatic Wall General Obstacle No Navigation
Measure Following Avoidance Assistance
Average Time (sec) 9.13 11.27 4.60
Average Speed (m/sec) 0.76 0.63 1.45
Average Minimum 0.41 0.56 0.32
Clearance (m)

active in wheelchair seating and mobility during all phases

of the its design and development. Additionally, informal ses-

sions with potential users have provided encouraging results.
Formal user trials are planned for the very near future.

The NavChair has demonstrated satisfactory performance
in all operating modes using a standard joystick controller.
This provides a good indication of the NavChair's ability to
deliver the navigation assistance needed by individuals who
can not operate or have difficulty operating a standard power
Fig. 9. Panel A shows a situation where it is appropriate for the NavChawheelchair. However, as should be expected, the NavChair's

to use AWF mode. The circle represents potential joystick inputs. If the us@lyel of performance is not equa| to that of a competent user
continues to direct the chair along a path roughly parallel to the wall (i.e., '

joystick position anywhere in the shaded portion of the circle) the NavChair 1N€ primary reason that navigation assistance does not
will follow the direction of the wall (Panel B). However, if the user directsmatch skilled driving performance is the tendency for it to re-

the chair in a direction sufficiently different from the wall (i.e., anyWheﬁjuce the wheelchair's speed. Another problem arises from the

outside the shaded portion of the circle) the NavChair will leave AWF mode . ) .
and move away from the wall (Panel C). The sonar sensors facing the w@€K Of resolution provided by the NavChair's sonar sensors.

are used to follow the wall while the sonar sensors in front of the chair ag skilled wheelchair operator, guided by visual feedback, can
used to scan for obstacles. steer much closer to obstacles without fear of collision than is
possible for the NavChair's software guided by sonar sensors.
to follow the wall while maintaining a safe distance from thdhis results in the NavChair maintaining a greater minimum
wall. However, if the user points the joystick in a directiontlistance from obstacles than is strictly necessary.
sufficiently different from that of the wall then the user's Beyond its application for people who have difficulty op-
direction is followed instead. erating a powered wheelchair, the NavChair has been used
An experiment was performed to compare the performanas a test-bed for research in automatic adaptation of hu-
of the NavChair operating in GOA mode, in AWF mode, antchan—machine systems [1], [2], [23]. The presence of multi-
without navigation assistance in a hallway traversal task [23]le operating modes necessarily creates the need to choose
In this experiment a fully capable driver performed thirty trialpetween them. One alternative is to make the wheelchair
in which he attempted to navigate the NavChair down aperator responsible for selecting the appropriate operating
empty hallway. In ten of the trials the NavChair was in GOAnode. While this may be an effective solution for some users,
mode and the subject moved the NavChair down the hallwaywould place unreasonable demands on others. Instead, the
by pointing the joystick at a 45angle to the wall. In the NavChair has been used to evaluate different methods for
second set of ten trials the NavChair was in AWF mode. In thglowing it to automatically select the correct operating mode
final set of ten trials, the NavChair's navigation assistance wagsed on user behavior and environmental status [23], [25].
not active. Results from each set of ten trials were averaged.The NavChair also has potential as an attractive test-bed for
The results of the experiment appear in Table Ill. Theyxploring alternative wheelchair interfaces. It can be used to
show that AWF mode allowed the NavChair to travel at @xamine the performance of different input (e.g., voice) and
faster speed closer to a wall then GOA mode; but did nffedback (e.g., auditory and visual) options that are currently
allow the chair to travel as fast or as close to the wall as Wagavailable on standard power wheelchairs. It also can be used

possible for an able-bodied operator using the chair witho conjunction with alternative input methods such as voice
navigation assistance. However, AWF is expected to providgntrol in order to enhance system performance.

a measurable improvement in performance for the NavChair'sgyre development work is planned in several areas. First,
target user population, defined by their inability to operate e need for formal testing of the NavChair with potential users
power wheelchair, as well as able-bodied individuals. will require that the NavChair be modified to accommodate the
multitude of seating and positioning hardware that these users
normally employ. In addition, the NavChair will also have to

While the NavChair has yet to be formally evaluated in trialsccommodate a larger variety of input methods, such as head
with potential users, feedback has been sought from clinicigjaysticks, pneumatic controllers, and switch arrays.

VI. DISCUSSION
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There is also a need to add more environmental sensorgiiz} J. Crisman and M. Cleary, “Progress on the deictic controlled wheel-
the NavChair. Currently the NavChair has very few sensors chair,” in Assistive Technology and Artificial Intelligencé. Mittal, H.

. . . . Yanco, J. Aronis and R. Simpson, Eds. New York: Springer, 1998, pp.
on its sides and does not have any sensors at all in back. This 137 149 P pring PP

can cause the NavChair to become confused when movingl T. Gomi and A. Griffith, “Developing intelligent wheelchairs for the
within a tightly confined area. In addition to sonar sensors handicapped wheelchair,” iAssistive Technology and Atrtificial Intel-

. . ligence V. Mittal, H. Yanco, J. Aronis, and R. Simpson, Eds. New
infrared range finders and bump sensors should be added to the Y%rk: Springer, 1998, pp. 151-178. P

NavChair to improve the capability of its obstacle avoidand&4] W. Gribble, R. Browning, M. Hewett, E. Remolina, and B. Kipers,
routines “Integrating vision and spatial reasoning for assistive navigation,” in
) . . . Proc. AAAI Workshop on Integrating Atrtificial Intell. Assistive Technol.
Another area for development is the addition of operating madison, wi, 1998.

modes for the NavChair. A close approach mode is envisionBdl H. Hoyer, U. Borgolte, and R. Hoelper, “An omnidirectional wheelchair
which will allow a user to “dock” the NavChair at a desk with enhanced comfort features,” Proc. ICORR’97 Bath, U.K., Apr.
or table. Modes for more autonomous operation with discrefes] L. Jaros, D. Bell, S. Levine, J. Borenstein, and Y. Koren, “NavChair:
control methods such as switches and voice are also needed Design of an assistive navigation system for wheelchairsProc. 16th

. . e . Annu. RESNA Int. ConfWashington, DC, RESNA, 1993, pp. 379-381.
[24]' For those with the most severe C_hsab”'t'es there is aISo[ﬁ] N. Katevas, N. Sgouros, S. Tzafestas, G. Papakonstantinou, P. Beattie, J.
need for a fully autonomous mode. This mode has already been Bishop, P. Tsanakas, and D. Koutsouris, “The autonomous mobile robot
successfully demonstrated informally within the laboratory SCENARIO: A sensor-aided intelligent navigation system for powered
setting and is based on a global environmental map and;g

wheelchairs,”IEEE Robot. Automat. Magpp. 6070, 1997.
. > ¢ - B. Kuipers, “A hierarchy of qualitative representations for space,” in
path planning routine available from the autonomous mobile
robot work which led to the NavChair.

Proc. Working Papers Tenth Int. Workshop Qualitative Reasoning About
Physical Syst. (QR-96AAAI Press, 1996.

S. Levine, Y. Koren, and J. Borenstein, “NavChair control system for
automatic assistive wheelchair navigation,”Rroc. 13th Annu. RESNA
Int. Conf, Washington, DC, RESNA, 1990, pp. 193-194.

D. Miller, “Semi-autonomous mobility versus semi-mobile autonomy,”
in Proc. AAAI Spring Symp. Agents Adjustable Autondatgnford, CA,
1999, pp. 79-80.

D. Miller and M. Slack, “Design and testing of a low-cost robotic
wheelchair prototype,Auton. Robotsvol. 2, pp. 77-88, 1995.

P. Nisbet, J. Craig, P. Odor, and S. Aitken, “Smart’ wheelchairs for
mobility training,” Technol. Disability vol. 5, pp. 49-62, 1995.

R. Simpson, “Improved automatic adaptation through the combination
of multiple information sources,” Ph.D. dissertation, Univ. Michigan,
Ann Arbor, 1997.

R. Simpson and S. Levine, “Development and evaluation of voice con-
trol for a smart wheelchair,” ifProc. Annu. RESNA ConfwWashington,
DC, RESNA, 1997, pp. 417-419.

, “Automatic adaptation in the NavChair assistive wheelchair
navigation system,JEEE Trans. Rehab. Engthis issue, pp. 452-463.

R. Simpson, D. Poirot, and M. Baxter, “The Hephaestus smart wheel-
chair system,” inProc. 22nd Annu. RESNA Conf.ong Beach, CA,
1999.

Uniform Federal Accessibility Standard&rchitectural and Transporta-
tion Barriers Compliance Board, 1984.

[19]

VII. CONCLUSION
[20]

Advances have been made in the technology of “smart
wheelchairs” during the development of the NavChair. Pe{z-1
formance of the NavChair has demonstrated its potential as ar}
effective approach to providing independent mobility to a widi22]
range of users who can not independently operate a powe
wheelchair system. The design of the NavChair readily allows
for different operating levels ranging from simple obstacle
avoidance to fully autonomous navigation. Additionally, th&#
NavChair provides a means for development and testing
of “shared control” methods, where a human operator afgp!
machine share control of a system. Results from research gy}
development efforts in this area should have application to a
broad range of assistive technology systems.

[27]
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