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Abstract. Intelligent control and human computer interaction is investigated for 

a powered wheelchair using a simple expert system and ultrasonic sensors. The 

aim is to make driving easier. Signals from sensors and joysticks are interpreted. 

The interpreted signals are mixed so that the systems collaborate with the human 

driver to improve their control over direction and speed. Ultrasonic sensors iden

tify hazards and the system suggests a safer speed and direction. Results are 

presented from drivers completing a series of timed routes using joysticks to 

control wheelchairs both with a microcomputer and sensors assisting them and 

without. Recently published systems are used to contrast and compare results. 

The new system described in this paper consistently performed better. An addi

tional result appears to be that the amount of support from the microcomputer and 

sensors should be altered depending on surroundings and situations. The research 

is part of a bigger research project to improve mobility and enhance the quality 

of life of disabled powered wheelchair users by increasing their self-reliance and 

self-confidence. 
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1 Introduction 

Interest in enhanced quality of life is rising as modem medical treatment is improving 

survival rates and life expectancy is increasing [1]. Smart wheelchairs can help enhance 

that quality of life. They have sensors and work with cognitive techniques developed 

during research into mobile robots. But they tend not to act so autonomously. Instead 

they try to extend or complement the abilities of a disabled driver. For disabled and aging 

people who cannot walk, smart wheelchairs can provide some significant benefits and 

enhance their quality of life by maintaining their mobility, broadening ( and continuing) 

social and community activities, conserving energy and strength. But because powered 

wheelchairs can be difficult to drive, some automation can be helpful [2]. George Klein 
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invented the first powered wheelchair (with the National Research Council of Canada) 

to assist quadriplegics injured during World War Two [3]. 

Smart wheelchairs have often been thought of as mobile robots with an added seat but 

the difference between powered wheelchairs and robots is that the powered wheelchair 

becomes an extension of their human driver. The disabled driver sits on it and needs to 

be comfortable driving it (and sitting in it) [ 4]. Disability systems including intelligent 

powered wheelchairs need to accommodate many different types of disability. 

The World Health Organization suggest that 15% of the population of the world live 

with a disability, and between 2% and 4% experience considerable problems in practice. 

Global estimates of disability are rising as the world population ages and improvements 

have been made to the assessment and measurement of disability [5]. 

This paper describes a simple expert system [6, 7] to control a powered wheelchair 

[8]. Ultrasonics [9] identify obstacles and propose more suitable and safer speeds and 

directions. Systems in use now [10--13] rely on driver experience and their ability to 

see. Work described in this paper interprets sensor and joystick signals and then uses an 

expert system to make driving easier for a disabled user. 

The way humans interact might diminish effectiveness [10--15] and some ways of 

improving interaction are considered, especially if disturbance are present because of 

differences between wheels or because of hills, slopes and surfaces [16]. Algorithms 

mix data from a joystick with data from ultrasonic sensors. Drivers show a desired 

direction using a joystick and the wheelchair tends to move in that direction. Drivers 

react to disturbances and revise their desired direction if necessary. The intelligent system 

described in this paper, processed data from a joystick and from sensors and used the 

information from that to assist the disabled driver. 

Powered wheelchairs have often been guided with a joystick [10--18] although there 

are other devices: switches [19], pointers [20, 21] or virtual reality transducers [22]. 

Drivers need to drive safely and avoid obstacles (people, wheelchairs, other 

wheelchairs or vehicles) [23, 24]. Local sensing has been used with powered wheelchairs, 

for example laser or light [25], ultrasonics [10--18] or infra-red [26] and position sensing 

has used gyro, tilt, acoustic or odometry [27]. GPS [28] does not work well inside or 

when shielded but Assisted GPS [29] can be helpful. Vision [30--36] uses more pro

cessing power but as the cost of computing power has reduced [37] they have become 

more and more popular. The human driver still tends to provide the best data about the 

environment and what is to be achieved. Because they are cost effective, simple and 

robust [10--17, 38-40], ultrasonics were chosen for the work described here. 

2 The Wheelchair Systems 

Smart wheelchairs usually comprise of a standard powered wheelchair with sensors and 

a computer added, or a mobile robot base with a seat mounted on top. In this work a 

powered wheelchair with large driving wheels and trailing casters was used. Cameras 

could be attached to the front of the wheelchair in between the driving wheels. Pairs of 

ultrasonic transducers could be attached. Two above each driving wheel and a third in the 

center at the front. Receiver/transmitter pairs were attached at the front of the wheelchair 

[8, 14]. They transmitted a one millisecond pulse of sound. That pulse reflected back 
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from obstacles and then ranges were calculated from the times taken for pulses to return. 
In that way, any obstacles in front of the wheelchair could be sensed. 

Links between joysticks and wheelchairs were disconnected. Instead, a microcom
puter handled control in one of three modes: 

• Ultrasonics interrogated by the microcomputer and it modifies the wheelchair bearing
using either:
- The new algorithms.
- Algorithms published recently and used for comparison.

• Wheelchair driven directly by the Joystick.

The code structure is shown in Fig. 1. Rules were: apply smooth and controlled
movements; user remains in overall control; only modify the trajectory of the wheelchair 
when necessary. An imaginary potential field was created around obstacles [36]. 

SPI 
controller 

(Assembly) 

ADC 

control 

Initialise. (C) 

High level code. (C) 

Transmitter 
control 

(Assembly) 

Fig. 1. Code structure. 

UART 
interface 

(Assembly) 

Longer sound pulses contain more energy and can detect objects further away. Sound 
waves travel at approximately 330 mis. If a pulse is three milliseconds long then the 
length of the pulse is about one meter. The minimum range is then half a meter if the 
pulse length is three milliseconds. Shorter ranges were required and lengths of 50 us, 
100 us, 500 us, and 1 ms were considered. Pulse lengths were switched automatically by 
a "range finder". If the "range finder" did not detect anything then it incremented pulse 
lengths so that range extended. 

Ultrasonics were relatively noisy and misreadings were filtered out. Volumes in 
front of the wheelchair were placed into an array of three sections: close, near and far 
away. If an object was detected then distance to the object was classified as: close, near or 
faraway. Ultrasonic transmitter/receiver pairs were attached to the front of the wheelchair 
so that their beams enclosed the volume in front of the wheelchair. The transducers are 
represented in Fig. 2. 
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Fig. 2. Three sensors and the array representing the volume ahead. 

Elements in the grid that contained an obstacle were increased by a high amount, for 

example, 5. The other elements were incremented by a smaller number, for example, 1. 

Elements had a maximum value of fifteen and minimum value of zero. 

Objects within an element of the grid prompted an increase in value within that 

element. A haphazard reading within other elements would increase them briefly, but 

those readings reduced every time the system updated. If an object relocated to another 

element then the old grid element reduced in value and the new element increased. 

Consistent measures of distance were acquired within half a second. Figure 3 shows the 

structure of the object detection process. 

3 Algorithms to Interpret the Joystick 

The Penny & Giles Joystick on the wheelchair contained two potentiometers providing 

two voltages. The voltages denoted the position of the joystick. They were read by an 

Analogue to Digital Converter and then converted from Cartesian co-ordinates to Polar 

co-ordinates: III L'.0. Where III represented desired speed and L'.0 represented desired 

direction. Standard C libraries were used for mathematical functions. 

Joystick magnitude and angle were calculated using: 

argument= JSO/JSl; opposite/adjacent (ATAN) (1) 

bearing= atan(argument); Angle of joystick in radians (2) 

Magnitude= sqrt((JSl *JS)+ (JSO * JSO)) (3)
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Fig. 3. Structure of the histograrnmic object detection process. 

Where JSl and JS0 are Cartesian co-ordinates. 

The sector occupied by the joystick was calculated using Magnitude and Angle. 

Position and confidence were denoted within an array of pairs of values: 

- Joystick position for a desired speed was represented by "Magnitude".

- Confidence a joystick is within a sector was represented by "Angle Confidence".

If joysticks were held stationary then the grid element associated with their position 

increased and the other elements reduced. That element quickly increased in value. 

Shaking hands on the joystick increased other grid elements for a moment but they then 

reduced every time the system updated. If the joystick was moved to a new grid element 

then the new grid element increased and the previous grid element reduced. 

Joystick position corresponded to a histogram and the histogram element with the 

largest value signified the preferred bearing. Figure 4 shows a joystick histogram. Posi

tion and angle of the joystick was tested by a module named JSArray. JSArray determined 

the zone inhabited by the joystick. The element corresponding to "angle confidence" 

(Aconf) increased by 40. Other Aconf elements reduced by 20. Histogram elements 

reduced in value rapidly but increased in value more gradually. 
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Fig. 4. Representation of joystick using histograms. 

4 Expert System 

Expert knowledge was provided by skilled wheelchair drivers and experienced rehabil

itation engineers [37-44]. The system had to work in real time [45-50] in order to help 

disabled drivers. The two real-time inputs were from the sensor system and the joystick. 

Speed and direction were provided by the wheelchair driver and data about the envi

ronment and obstacles were provided by the sensors. A module called "Expert-Sensor" 

assessed sensor data and it suggested new bearings if required to avoid collisions. If

data from the different sources disagreed then an expert called "FuzzMix" considered 

both inputs and decided on the outputs to be sent to the motor controllers. "JoyMon" 

deciphered what the wheelchair driver was trying to make the wheelchair do. The whole 

system was made up of: "GapOrDoor", "Expert-Sensor", "Joy Mon", and "FuzzMix". 

Control effort was distributed between the joystick and sensors by "FuzzMix". 

"FuzzMix" coordinated the sensor recommendation and joystick recommendation and 

any conflicts between them. "GapOrDoor", "JoyMon" and "Expert-Sensor" provided 

guidance. "Prox-Stop" was a failsafe function to stop the chair and "FuzzMix" could 

over-ride all the other inputs using "Prox-Stop". "FuzzMix" mixed joystick confidence 

and sensor data values. If joystick confidence was high then the position of the joystick 

was correctly reflecting the wishes of the wheelchair driver. In that case, the sensors had 

less effect. If confidence was low then it was necessary for the wheelchair to avoid an 

obstacle [46, 47]. 

Joystick consistency and position was checked by "Joy Mon". If the joystick position 

was held steady then that established the wishes of the wheelchair driver. If the joystick 

was moving randomly then the driver was not in control or was unsure. In that case, the 

system depended more on the sensors for steering the chair. "Expert-Sensor" employed 
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knowledge about the sensors. "Expert-Sensor" built a grid to contain data from the 

sensors and suggested potential maneuvers that would steer the wheelchair safely and 

elude collisions. "Expert-Sensor" didn't take the driver into account. "GapOrDoor" was 

the obstacle avoidance function. "GapOrDoor" used data from "Expert-Sensor" but 

could be overridden by "FuzzMix". Joystick data was merged with Sensor data so that: 

Vout(right) = InJoy(right) - Dist(left) (4) 

Vout(left) = lnJoy(left) - Dist(right) (5) 

Where: InJ oy was input joystick voltage, Vout was the controller output voltage, and 

Dist was the range to the nearest obstacle. InJoy, Vout and Dist were vectors having two 

values, right wheel and left wheel. 

"GapOrDoor" could turn the wheelchair away from the nearest object, smoothly slow 

down the wheelchair as it gets close to an obstacle and center the wheelchair between 

objects, for example the surrounding frame of a doorway. "FuzzMix" allocated control 

to the joystick or the sensors subject to the environment, situation and desires of the 

wheelchair user. The relationships were: 

• All joystick, No sensors.

• All sensors, No Joystick.

• Something in between.

"FuzzMix" assessed inputs and algorithms allocated control between joystick and

sensors. Algorithms used distance-functions to create target values for left and right 

voltages. The distance-functions were: 

RightTarg = 2.5 * InstRange[0] + 100; (6) 

LeftTarg = 2.5 * InstRange[l] + 100; (7) 

Where: InstRange[] = instantaneous distance to obstacle. 

Data from sensors was changed into a form matching Target (ADC) data. The position 

of the joystick was obtained from a joystick map divided into sectors: Forward, Stop, 

Reverse, Right Turn, Left Turn, Right Spin and Left Spin. A rule set within "Expert

Sensor" was extracted from the mapping and used to search Sensor-Byte for objects so 

that "Expert-Sensor" could suggest action. 

Software was downloaded to a micro-computer on the wheelchair. Software was 

written in a mix of low- and high-level languages. The programs were compiled and 

loaded into on board non-volatile memory. Systems were then tested in a variety of 

situations and environments. Algorithms were predictable and fast. If "Joystick" and 

"Expert-Sensor" signified "forward", then a bearing was set to drive straight ahead. 

Sensors continued to be quizzed to find distances to obstacles and speed was decreased 

if a wheelchair moved close to an obstacle. If joystick requested a "Turn" then a different 

algorithm was used. 
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5 Experiments 

Experiments involved driving wheelchairs through a variety of situations and environ

ments. The response of the systems was acceptable and the wheelchair safely drove along 

corridors and aligned with the centers of door gaps with the controlling joystick held in 

a static (pushed forward) position. Paths of wheelchairs indicated that "Expert-Sensor" 

suggested suitable changes to speeds and directions. The algorithms successfully avoided 

obstacles. 

The systems were not to replace wheelchair drivers but were intended to help them. 

Systems assisted wheelchair drivers in steering their chairs. Drivers swiftly learnt to 

drive. Sets of experimental runs took place to assess speed with and without assistance 

from sensors, using an existing system [3, 9] as a control check and then using the new 

systems described in this paper. Time taken to successfully finish experimental runs was 

recorded when a human driver was: 

• Driving without any assistance,

• Assisted by existing previously published systems,

• Assisted by systems described in this paper.

Drivers drove their wheelchairs with the sensor systems helping them and researchers

recorded times using digital laboratory clocks and stop watches. Experiments were to: 

• Observe operation.

• Measure time taken by human drivers driving by themselves.

• Measure time taken with sensors and expert systems helping.

• Measure improvement.

• Capture suggestions and comments.

Experiments were conducted without any assistance. Then experiments were

repeated with assistance (using the sensors). For each experiment, an obstacle course 

was set up and drivers had to handle the following: 

LABORATORIES: Vertical walls. Objects on floor. 

EMPTY CORRIDORS: Flat and sloping surfaces. Vertical walls. Door gaps. Obstacles 

in staggered arrangements. 

COMPLICATED CORRIDORS: Flat and sloping surfaces. Vertical walls. Door gaps. 

Items on walls (e.g.: radiators). Obstacles offset. Door gaps. 

OUTSIDE ENVIRONMENTS: More complicated environments with different flat and 

sloping surfaces. Vertical and sloping edges. Human beings present. Various objects. 

Whenever possible, experiments were performed more than once. Wheelchair drivers 

could repeat experiments as often as they liked so that they learnt how the system(s) 

behaved and they could perform at their best. 

Experiments were thought to be fun and were well-liked. Experiments encouraged 

some competition and wheelchair drivers tried to beat their best times and beat other 

wheelchair drivers. 
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Experiments compared the speed of wheelchair drivers when being assisted and 
when driving by themselves in a variety of situations and environments. When a fast 
time was recorded then the driver made at least one more attempt at the other experiment 
(with/without sensors to assist) to check the result was not just because they had learnt 
more about how the systems worked. 

6 Results 

Figure 5 shows some results. The systems described in this paper were compared with 
existing systems [30, 31]. Drivers driving with assistance were compared to the same 
driver driving without assistance. Average best time to complete various courses is shown 
on the vertical scale. Drivers driving without using any sensors to assist are on the left 
in Fig. 5. Drivers using the recently published systems [3, 30] are in the center and the 
improved systems described in this paper are on the right. The different testing routes 
are listed on the horizontal scale. 

Time in □ Driver alone 
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Fig. 5. Results from experiments. 

On average, the new systems were quicker. In simpler empty corridors and laborato
ries, wheelchair drivers finished their driving tasks more quickly when they did not have 
any assistance form the sensors or computers. In more tricky outside and complicated 
corridors, wheelchair drivers completed their driving tasks more quickly with assistance 
from the sensors and computers. As gaps became narrower or environments became 
more complicated then wheelchair drivers took longer. Wheelchair drivers sometimes 
had to slow down or stop and reverse to avoid collisions. Drivers performed better with 
assistance in more complicated experiments. 
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The new system presented in this paper reliably changed wheelchair directions and 

speeds and out-performed the recently published systems. 

7 Discussion and Conclusions 

Results from experiments were placed into two sets: with sensors assisting and without. 

Pairing removed a lot of randomness and variability. Results were statistically signif

icant. Paired samples tests showed that driving was significantly different at p < 0.05 

(95% probability that the result would not occur by chance). The methods and systems 

described here were significantly better than recently published systems. The new sys

tems performed every test more quickly than recently published systems. Current work 

has now moved on to investigate new applications [51-55] and decision making [56-61]. 

Acknowledgment. Research in this paper was funded by EPSRC grant EP/S005927/1 and

supported by The Chailey Heritage Foundation and the University of Portsmouth. 
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