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Abstract 

 

Cognitive impairments prevent older adults from using powered wheelchairs because of 

safety concerns, thus reducing mobility and resulting in increased dependence on caregivers. 

An intelligent powered wheelchair system (NOAH) is proposed to help restore mobility, 

while ensuring safety. Machine vision and learning techniques are described to help prevent 

collisions with obstacles, and provide reminders and navigation assistance through adaptive 

audio prompts. The intelligent wheelchair is initially tested in various controlled 

environments and simulated scenarios. Finally, the system is tested with older adults with 

mild-to-moderate cognitive impairment through a single-subject research design. Results 

demonstrate the high diversity of the target population, and highlight the need for 

customizable assistive technologies that account for the varying capabilities and requirements 

of the intended users. We show that the collision avoidance module is able to improve safety 

for all users by lowering the number of frontal collisions. In addition, the wayfinding module 

assists users in navigating along shorter routes to the destination. Prompting accuracy is 

found to be quite high during the study. While compliance with correct prompts is high 

across all users, we notice a distinct difference in the rates of compliance with incorrect 

prompts. Results show that users who are unsure about the optimal route rely more highly on 

system prompts for assistance, and thus are able to improve their wayfinding performance by 

following correct prompts. Improvements in wheelchair position estimation accuracy and 

joystick usability will help improve user performance and satisfaction. Further user studies 

will help refine user needs and hopefully allow us to increase mobility and independence of 

several elderly residents. 
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Chapter  1: Introduction 

 

1.1 Motivation 

As the aging population continues to grow, there is a greater need for technology that ensures 

continued mobility and independence, while being accessible and adaptive to user needs. 

Older adults commonly use powered wheelchairs for enhanced mobility, since they lack the 

strength to propel themselves in manual wheelchairs. However, operation of these devices 

requires significant cognitive capacity. Among the 1.5 million nursing home residents in 

America in 1995, 60-80% were diagnosed with dementia, primarily Alzheimer’s disease 

[Mar00]. These residents lack the cognitive abilities to safely maneuver powered 

wheelchairs, and are thus not permitted to use them. In addition, feelings of disorientation 

caused by dementia might be further increased by loss of vision and visuoperceptual 

difficulties related to old age and/or certain types of dementia, making independent mobility 

difficult, and, in some cases, impossible. Cognitive impairments in the elderly population 

thus lead to reduced independence and mobility, and, then in turn, to depression, social 

isolation, and an increased dependence on caregivers.   

 

We propose an intelligent wheelchair that provides navigation and obstacle avoidance help 

(NOAH) to enhance mobility and help improve the quality of life of older adults with 

cognitive impairment in long-term care facilities, while simultaneously reducing the burden 

on caregivers. Vision-based anti-collision technology is used by our system to prevent 

collisions with obstacles to overcome challenges presented by active sensors used in existing 

intelligent wheelchairs [Sim05].  In addition, audio prompts that suit the user’s needs and 
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capabilities (estimated by a user model) are provided to the user to ensure improved safety 

and timeliness during wheelchair navigation. Specifically, the wheelchair can issue reminders 

and assist in navigation to the destination, while accounting for the user’s capabilities as well 

as obstacles in his/her path. The use of audio prompts also ensures accessibility to 

cognitively-impaired users with visual impairment. The efficacy study presented in this 

dissertation, to our knowledge, is the first study that tests a collision avoidance and 

wayfinding system on a powered wheelchair with cognitively-impaired older adults.  An 

intelligent wheelchair was recently developed and tested with older adults with dementia by 

collaborators at the University of Toronto [HWM11]. This system implements a vision-based 

collision avoidance module that modifies our design described in [VBHM08] and in this 

dissertation. Specifically, their research focused on creating an embedded system with 

improved computation speed, and provided comparisons to our initial prototype, with respect 

to accuracy and runtime. It should be noted that audio prompts in their system only provided 

free space information and ignored the complex task of route planning to specific locations, 

which is an additional functionality in our system. 

 

1.2 Objectives 

The objectives of our research are to: 

1) Develop an intelligent wheelchair system for cognitively-impaired older adults in long-

term care facilities that 

 improves safety by reducing the number of frontal collisions; 

 ensures timely and effective navigation by providing audio prompts; 
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 automatically determines the frequency and type of prompts based on the user’s 

navigation ability (which might be affected by his/her cognitive and visual abilities). 

2) Test components of the system in different controlled scenarios to evaluate each 

component’s performance, and to test the entire system to identify potential weaknesses. 

3) Test the entire system with cognitively-impaired older adults, through an efficacy study, 

to evaluate system performance and usability. 

 

1.3 Research Questions 

The primary questions we aim to answer in our research are: 

1) How does NOAH impact safety during navigation with a powered wheelchair by the 

user, through vision-based collision detection? 

2) How does NOAH impact the users’ ability to navigate to a specified location, with 

respect to time and distance travelled, through adaptive audio prompts? 

3) How well does NOAH meet users’ needs in terms of satisfaction and usability? 

 

In addition, we also ask secondary questions to identify weaknesses and future improvements 

to the system: 

4) What types of errors occur while detecting and avoiding collisions? 

5) What types of errors occur while providing navigation prompts? 

6) What future improvements need to be made to increase system performance? 

7) What future improvements need to be made to increase user satisfaction? 
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1.4 Hypotheses 

Our hypotheses for the primary research questions are as follows: 

1) NOAH will increase safety during navigation with a powered wheelchair by the user by 

reducing the number of frontal collisions. 

2) NOAH will allow users to navigate to desired destinations successfully. It will reduce the 

distance traveled to reach the goal, thus possibly reducing driving times.  However, 

NOAH might increase driving times in the presence of obstacles, due to the stopping 

action of the wheelchair. 

3) NOAH will increase users’ perceived levels of safety and decrease anxiety due to the 

collision avoidance feature. It will also decrease mental/physical demands and increase 

perceived levels of performance through the navigation assistance feature. 

 

1.5 Contributions 

We describe the contributions of our research by dividing them into three main areas: 

development, testing, and the efficacy study. 

 

1.5.1 System Development 

Our research involves designing, modifying, and integrating AI and robotics methods to 

develop a collision avoidance and navigation assistance wheelchair system that adapts 

automatically to cognitively-impaired older adults in an indoor environment.  A new vision-

based collision avoidance module is developed. Existing mapping, localization and path 

planning methods are modified and integrated to determine the optimal route to desired 

locations. Trajectory generation and analysis are performed and used to determine the 
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wheelchair heading and position relative to the optimal route. A new probabilistic user model 

is also developed in order to provide adaptive audio prompts that aid in navigation.  

 

1.5.2 System Testing 

We conduct controlled testing of NOAH and its individual components as follows: 

- Collision Avoidance - in a lab environment with specific objects (Chapter 4.2) 

- Path Planning - in a realistic environment (Chapter 4.3) 

- System testing in a realistic environment in simulated scenarios (Chapter 4.4) 

 

1.5.3 Efficacy Study 

Our research includes an efficacy study (Chapter 5) to determine the effectiveness of the 

system with the target user population. Qualitative and quantitative analyses are conducted to 

evaluate the effectiveness, acceptance and usefulness of this technology.  This study provides 

key insights on the needs of the intended users, and highlights areas for further research in 

order to enable independent and safe navigation of wheelchairs by cognitively-impaired older 

adults. 

 

1.6 Thesis Overview 

The rest of the dissertation is organized as follows. Chapter 2 provides a literature survey of 

work completed in the field. Chapter 3 provides details on the implementation of the system, 

and Chapter 4 reports on the experiments conducted to test the system under controlled and 

simulated conditions. Chapter 5 discusses an efficacy study with the target user population.  
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We discuss future work and challenges in Chapter 6. Finally, we highlight the main 

conclusions of the research in Chapter 7. 
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Chapter  2: Background and Literature Survey 

 

2.1 Long-term Care Setting 

In Canada, long-term care facilities typically offer 24-hour supervision, health services, and 

personal care [Hea11]. Provincial and territorial legislation govern long-term facilities-based 

care, and the Canada Health Act does not provide insurance coverage for such care. The 

terms used to refer to these facilities, such as nursing home, personal care facility, and 

residential continuing care facility, vary by jurisdiction. Differences are also found in the 

specific services and care levels, financial coverage, as well as facility management.  

 

The research in this dissertation has been carried out in a long-term institutional care setting 

in Ontario, Canada. The Ontario Ministry of Health and Long-Term Care provides 24-hour 

nursing, care and support [Ont11].  

 

It should be noted that the terminology used to refer to different types of long-term care 

facilities tends to vary by country. In the U.S., nursing homes are generally paid by residents 

themselves; however, Medicare covers some skilled nursing support if medically required 

[Med11]. The reader is referred to [Sen12] for other terms used in the United States. 
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2.2 Mobility and Independence 

As the older adult population in Canada continues to grow, there is an increased need for 

improved health care and new assistive technologies to ensure continued independence and a 

high quality of life. Independent mobility has been identified as a key component of physical 

well-being and happiness, enabling people to interact with their surroundings [BBCK02]. 

Unfortunately, the mobility and independence of many older adults are often reduced due to 

physical disabilities. Reduced mobility often results in decreased opportunities to explore and 

socialize, leading to social isolation and depression. For example, one study has reported that 

among non-institutionalized U.S. adults, 31% of people with major mobility difficulties were 

frequently depressed or anxious, versus only 4% of those without mobility difficulties 

[IMD+01]. Loss of mobility also results in increased dependence on caregivers in order to 

fulfill daily tasks. A National Population Health Survey was conducted by Statistics Canada 

in 1995 with more than 2000 residents from 232 long-term care facilities. According to 

survey results, “half the residents spent most of the day in a bed or chair” [TM95]. 

 

Wheelchairs have been found to positively enhance the mobility of several long-term care 

(LTC) residents [PGK86]. However, independent propulsion of manual wheelchairs within 

the facility is often an unmet goal for wheelchair users [FG03]. Wheelchairs are commonly 

used by staff for seating and transporting residents; however, only 4-14% of residents use 

wheelchairs to increase self-mobility [BL99]. Despite the above evidence for inadequate 

wheelchair self-mobility, there is often minimal recognition of these issues by caregiving 

staff [PGK86]. Thus, steps need to be taken to address these concerns and to develop 

methods to increase independent wheelchair mobility of long-term care residents. 
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2.3 Prevalence and Implications of Cognitive Impairments 

Powered wheelchairs can enable independent mobility and are typically prescribed by 

clinicians to residents who lack the strength to propel themselves in manual wheelchairs. 

However, safe operation of powered wheelchairs requires a significant level of cognitive 

function, including decision-making, memory, judgment and self-awareness [Bri03]. It is 

estimated that 60-80% of residents in long-term care facilities have dementia [PSS
+
02]. 

Symptoms of impaired attention, agitation, and poor impulse control [BR97, MMS96] are 

known symptoms related to Alzheimer’s disease (the most common form of dementia in 

older adults) and severe traumatic brain injury (TBI). Elderly residents with cognitive 

impairment may thus be excluded from powered wheelchair use due to safety risks [FLS00, 

Har04], making them highly dependent on caregivers to porter them around.  

 

Other symptoms of dementia include loss of memory and disorientation, which also cause 

difficulties in remembering how to navigate to specific locations, thus resulting in wandering 

behaviors [SC08].  Visuoperceptual difficulties have been reported for several types of 

dementia including Alzheimer’s disease, dementia related to Parkinson’s disease, Lewy body 

dementia and vascular dementia (in cases where stroke-type damage is on or near the visual 

pathways in the brain) [MSF+00, MMW+04, RN98, RKJ94]. These visuoperceptual 

difficulties present further challenges in seeing and avoiding obstacles, perceiving depth and 

motion, as well as recognizing visual cues in the environment, thus making independent 

navigation challenging, and in some cases, impossible.  
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2.4 Safety Requirements and Interventions 

Safety of elderly residents in the communal living environment is of utmost concern due to 

their high vulnerability to falls. It has been reported that 73-80% of older adults trip or fall 

after being hit by a wheelchair [CCD+01]. Even a minor collision can lead to a fall, and 5–

10% of these falls result in a fracture, particularly a hip fracture, in the older adult population 

[NCK+89]. Hip fractures have serious consequences for this population, usually leading to a 

severe reduction in mobility and up to a 40% mortality rate within 6 months as a result of 

complications [JSS96].  Clinicians, who have the responsibility of prescribing powered 

wheelchair use, need to consider the trade-off between the residents’ need for independent 

mobility and the safety of drivers and others in the environment [MMB+06]. 

 

Perceptions of powered mobility safety in three long-term care facilities, two of which had a 

predominantly older adult population, are explored in [MMB+05, MMB+06]. The authors 

found that some residents “were able to drive safely despite dementia, poor motor function, 

and/or legal blindness” [MMB+06]. They suggested that eligibility for powered wheelchair 

use should be determined based on driving ability rather than the drivers’ clinical diagnosis. 

In addition, study results suggested that clinicians excluded residents who were unable to 

avoid collisions and to learn from their experience. Property damage was also stated to be a 

major concern. However, authors pointed out that exclusion of these residents overlooks the 

alternative solution of modifying the wheelchair and the environment to ensure safe and 

independent powered mobility. 
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Various methods have been used to facilitate safe operation of powered wheelchairs in long-

term care settings. Personalized training is a typical method that is commonly provided to 

new powered wheelchair users as well as users who deteriorate in their driving ability, in 

order to increase safety. The Power-mobility Indoor Driving Assessment (PIDA) [DKCG06] 

is an instrument developed specifically for long-term care residents in order to help assess 

driving performance (with respect to driving abilities and safety), and to guide power 

mobility training or interventions [DCK94]. Risk assessment protocols and driving safety 

guidelines [MPSW03, THMOP01, MMB06] have also been put in place to help inform 

clinical decisions regarding power mobility use and to minimize safety risks. However, the 

effectiveness of these approaches in improving safety is largely unknown. Additionally, in 

the event that residents are found to be ineligible for powered wheelchair use due to severe 

physical or cognitive impairment, their needs for independent mobility remain unaddressed. 

 

The issues discussed above highlight the need for intelligent systems that can compensate for 

the lack of cognitive capacity in the target population to safely maneuver powered 

wheelchairs. Automatic collision detection and avoidance would ensure that cognitively-

impaired drivers are able to navigate through their environments while posing minimal risk 

to themselves and other residents. In addition to safety, wheelchairs that provide activity 

reminders and wayfinding assistance would also improve user independence and social 

engagement. Due to high variability in abilities of the target user population, a system that is 

able to automatically determine the type of assistance required would potentially improve 

user satisfaction.  
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2.5 Intelligent Navigation/Prompting Systems for the Elderly and/or Cognitively- 

Impaired  

Several intelligent devices have been developed for the elderly and/or cognitively impaired. 

In this section, we specifically review related work in three areas that are of relevance to the 

design of NOAH: intelligent wheelchairs, intelligent wayfinding devices, and prompting 

devices to assist in activities of daily living (ADL). We further limit our review to devices 

that have been designed for and tested with the elderly and/or those with cognitive 

impairments. We review the above areas separately, since to our knowledge, NOAH is the 

first intelligent wheelchair that encompasses all three areas and has been tested with 

cognitively-impaired older adults. 

 

2.5.1 Intelligent Wheelchairs 

Several intelligent wheelchairs have been developed recently. A literature review by Richard 

Simpson [Sim05] discusses work in the field until 2005, and compares various intelligent 

wheelchairs with respect to their functionality, sensing devices, level of autonomy, user 

interface, and form factor.  The wheelchairs described in the above review are capable of 

various functionalities including collision avoidance, autonomous navigation to locations, 

wall following and virtual path following, using various active sensors (acoustic, sonar, 

infrared, laser, etc.). In addition to common joystick interfaces, some wheelchairs have also 

used brain-computer and voice recognition interfaces [JHLY07, HAB
+
10].  

 

The above wheelchairs have been developed for users with various disabilities, and thus use 

different implementation approaches. The authors in [SLC08] suggest that intelligent 
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wheelchairs capable of collision avoidance and path planning would greatly benefit 

wheelchair users with cognitive and visual impairment. A small proportion of existing 

intelligent wheelchairs, however, have been tested with cognitively-impaired individuals. 

Thus, usability issues faced by our target population are poorly understood and documented.  

 

Before discussing various intelligent wheelchairs in detail, we provide a high-level summary 

of the most common sensors used in these wheelchairs in Table 2.1, highlighting the 

advantages and disadvantages of each as noted by collaborators and other researchers in 

[Sim05, DF05, HF05, LSMN02, WGHF11]. 
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Table 2.1   Sensor comparison. 

Sensor Advantages Disadvantages 

Bump - Low cost 

- Low power 

- Can only detect obstacles that make contact with sensor 

- Increasing coverage (e.g. by using bumper skirt-like sensors) can lead to 

increased form factor and bulkiness 

- Force required to stop wheelchair must be minimal to avoid harm to 

drivers and other residents 

Ultrasonic - Low power 

- Low cost 

- Sensitive to obstacle properties (such as sound absorbing material) 

- Cannot detect very small/thin or concave obstacles 

- Cross-talk issues with other sounds or multiple ultrasonic sensors 

 

 

Laser 

Range 

Finder 

- High precision 

depth estimation 

 

- High cost (~$1000-$5000) 

- Possible eye-safety issues 

- Only detects obstacles on a plane parallel to the floor 

- High power 

Infrared 

(IR) 

- Low power - False positives in natural light (due to IR interference) 

- Sensitive to flooring materials 

- High power 

Stereovision 

Camera 

- Low power 

- Medium cost ($500-

$2000) 

- Wide horizontal and 

vertical viewing 

angle 

- Can be used for 

high-level scene 

understanding (e.g. 

object and location 

recognition) 

- Cannot detect textureless objects 

- Cannot perform in poorly lit conditions 

- Challenges posed by reflective and transparent surfaces 
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A specific comparison between time-of-flight infrared laser range and stereovision sensors 

can be found in section 4.2. Based on research carried out by collaborators and the 

performance of several of the above sensors in realistic environments, the stereovision sensor 

was chosen. The main reasons for this choice were the camera’s relatively low power 

requirements, its ability to perform well in natural environments, and the decreasing cost of 

cameras. In addition, the use of stereovision cameras for localization and high-level scene 

understanding makes it a good choice for the wayfinding task. We expect that future work 

will require integration with additional cheap sensors to overcome challenges faced by 

stereovision sensors (such as low lighting). 

 

Next, a discussion of two intelligent wheelchairs that have been developed for and tested 

with the target user population (by collaborators at the University of Toronto) is provided, 

along with the key lessons learned from these studies. Other intelligent wheelchairs that have 

been developed for younger individuals with cognitive impairment are also explored. Since 

these wheelchairs were tested with younger users, reports on system usability by the test 

subjects might not be useful for the intended target population. These systems are instead 

discussed with respect to choice of sensors, implementation methods and reported system 

performance. Brief comments on the (in)appropriateness of the system design for our target 

population are also provided.  

 

2.5.1.1 Anti-collision Wheelchair with Bumper Skirt 

The anti-collision wheelchair consists of a bumper skirt attached around the base of the 

Nimble Rocket™ powered wheelchair (Nimble Inc., Toronto, Ontario). The bumper skirt 
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stops the wheelchair automatically upon contact with an obstacle. Joystick movement 

towards the obstacle is blocked, thus only allowing users to steer away from the obstacle. 

Indicator lights are also positioned in front of the joystick to display possible directions of 

motion.  

 

The anti-collision wheelchair was tested with six nursing home residents with dementia 

[WGHF11]. The authors measured and compared the distances traveled by residents in 

manual as well as anti-collision wheelchairs. In addition, safety observations were tracked 

during device use. Two residents were found to be capable of using the device. Improved 

mobility and well-being was reported for one of these residents, while the other resident 

thought the device was “bulky and unhelpful” [WGHF11]. One of the recruited residents 

withdrew because of usability and aesthetic issues. The device was unable to make up for the 

inadequate driving skills of two other residents. In addition, the bumper skirt could not 

prevent all collisions during the study due to lack of complete coverage.  

 

The bulky appearance of the wheelchair with the addition of the bumper skirt was 

highlighted to be a key issue. Thus, sensors that are more compact and require little to no 

modification of regular powered wheelchairs would potentially increase user satisfaction. 

Wheelchair speed was also found to be a concern for one participant, suggesting the need for 

systems that are able to perform effectively at higher wheelchair speeds. The authors also 

suggested that vision-based proximity sensors might improve safety by increasing the limited 

coverage provided by the bumper skirt. Finally, the need for ongoing prompting from the 

researcher and the inability of participants to understand the purpose of the indicator lights 
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led the authors to suggest more advanced control systems, including mixed-initiative or semi-

autonomous driving modes, and automated verbal prompting strategies to encourage 

mobility. The authors suggested that a powered wheelchair capable of preventing collisions 

“could improve the well-being and mobility of some nursing home residents with complex 

physical and cognitive impairments” [Wan11]. 

 

2.5.1.2 IWS 

The Intelligent Wheelchair System (IWS) from the University of Toronto [HWM11] is 

designed to be an add-on component to commercially available wheelchairs. A stereovision 

camera is used to detect obstacles and a semi-autonomous control strategy is implemented as 

follows.  When an imminent collision is detected, the wheelchair is stopped and the user is 

not permitted to move in the direction of the obstacle(s).  A verbal prompt indicating the area 

with the most free space is provided to the user, thus aiding the user’s safe control of the 

wheelchair. Note that this system only provides navigation assistance in order to avoid 

collisions, and does not provide any high-level path planning assistance.  

 

The methods used in this system built on our previous work [VBHM08], and focused on 

building an embedded system with improved computational speed. Additionally, the system 

was tested recently with three cognitively-impaired older adults through two phases (baseline 

and intervention) [HWM11].  Each phase consisted of at most five trials, and the ordering of 

phases was randomized. Participants were required to navigate through an obstacle course. 

Results showed that the system was able to increase safety by decreasing the number of 

frontal collisions, although the reliance on the anti-collision system was found to vary among 
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participants. In addition, adherence to verbal prompts was found to be low. A possible reason 

was suggested to be the high error rate in prompting. A higher number of trials was 

recommended in future studies, in order to determine statistical significance of results. 

 

2.5.1.3 OMNI 

OMNI (Office Wheelchair with High Maneuverability and Navigational Intelligence for 

People with Severe Handicap) is designed for people with severe or multiple physical 

disabilities [HBJ99]. It consists of an omnidirectional base with an elevating seat system, and 

uses ultrasonic, infrared and bumper sensors for obstacle detection. Various types of 

functionality that are available through a human-machine interface include: collision 

avoidance, movements in response to the environment (e.g. wall following), recording and 

play-back of complex maneuvers, and landmark-guided movements.   

 

The wheelchair was tested with several users; however, details regarding the testing protocol 

are unavailable. The system was reported to be configurable and flexible. 

 

The large number of sensors required in this system (infrared, ultrasound, bump, and 

encoders) reduces cost-effectiveness. In addition, the mode needs to be chosen by the user, 

which is undesirable, since cognitively-impaired users might not be able to or remember how 

to switch modes. Mode selection would need to be carried out by the caregiver. Since testing 

methods were not disclosed, system usability by cognitively-impaired older adults is 

unknown. 
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2.5.1.4 Hephaestus Smart Wheelchair  

The Hephaestus system is a module that can be added on to commercial powered wheelchairs 

[SPB02]. It acts as an aid that increases safe and independent mobility, and as a training tool 

that allows users to safely acquire the ability to operate a powered wheelchair independently. 

Ultrasound and bump sensors are used for collision avoidance. When the user approaches an 

obstacle, the system slows down and eventually stops the wheelchair in front of the obstacle. 

The system also attempts to drive around obstacles in the wheelchair’s path ahead by 

modifying the user’s joystick input.  

 

This system was evaluated with four able-bodied and four disabled users (three with cerebral 

palsy and one with post-polio syndrome) [SPB99]. Participants were required to complete 

three distinct tasks in baseline (without navigation assistance) and intervention (with 

navigation assistance) phases, with four consecutive trials per phase. Results showed that 

able-bodied participants preferred the baseline condition, and found the intelligent system 

“intrusive rather than helpful” [SPB99].  In contrast, disabled participants preferred the 

intervention condition since the system increased their perceived level of security.  However, 

the system did not directly enhance the level of user performance. 

 

The experiments reported in this study suggest that a collision avoidance system could 

improve perceived level of safety for users with cognitive impairment (although the level of 

impairment and age of users was not reported). However, due to the simplicity and short 

duration of the task, no significant differences were found in the performance of users with 

and without the system. The authors suggested that future studies should involve more 
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complex and realistic tasks. In addition, since two subjects were found to demonstrate 

improved performance during the trials, the authors suggested longer training periods prior to 

actual trials to achieve stable baseline. 

 

2.5.1.5 CALL Centre Smart Wheelchair 

The CALL (Communication Aids for Language and Learning) Centre smart wheelchair is a 

commercial augmentative mobility aid for children with severe and multiple disabilities 

[OWNC00]. Upon collision with an object, bumpers are used to stop the wheelchair. The 

system then either steers away from the obstacle on its own, or allows the user to do so. The 

smart wheelchair thus provides the user with varying levels of control, and its design is 

individualized to each child to meet his/her needs. The system is also capable of line 

following and helping the user navigate between rooms and through doorways. The system 

can confirm instructions and report events back to the user using a speech synthesizer. 

 

The Centre for Cerebral Palsy in the UK conducted a study to evaluate the impact of the 

smart wheelchair on the driving skills and psychosocial outcomes of four children (aged 

between four and fourteen) with cerebral palsy [MMGT09]. The smart wheelchair was tested 

over six weeks (two one-hour sessions per week). Mixed methods (quantitative and 

qualitative) were used to collect and analyze the data. Study results showed that “three out of 

four children gained independence in at least three driving skills or more” [MMGT09]. Some 

of the reported psychosocial benefits included increased positive affect and independence. 
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The study findings highlight the psychosocial benefits of increased mobility in children with 

cognitive impairment, which might be applicable to the older population as well, where 

independent mobility has been correlated with higher quality of life [BBCK02]. Since 

collision avoidance was not a tested skill, the performance of the collision avoidance module 

is unknown.  

  

2.5.1.6 PALMA 

PALMA (assistive platform for alternative mobility) is designed to aid in the mobility and 

mental development of children with cerebral palsy [CPCJA05]. The system uses ultrasonic 

sensors for obstacle avoidance. A user board is used to control the motion of the wheelchair. 

This wheelchair also consists of an interface that enables the educator to select the desired 

level of autonomy of the wheelchair. The wheelchair has six levels of autonomy, ranging 

from autonomous driving with obstacle avoidance to fully user-controlled where the sensors 

are de-activated. The educator decides on the rate of advancement through the above levels 

of autonomy based on his/her assessment of the child’s driving ability.  

 

The system was evaluated with five children (aged between three and seven) with cerebral 

palsy. Six trials were completed by each child over two months. The children were required 

to drive in a large test environment with specific obstacles and to complete multiple tasks. 

Results showed that the children were enthusiastic about the wheelchair, and the acceptance 

was generally high. Children were able to progress to higher driving levels at varying rates 

over the course of the user study. 
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The effectiveness of the collision avoidance module using ultrasound sensors is unknown. 

This system might increase caregiver burden, since it requires the level of autonomy to be 

adjusted with continuous monitoring of the user’s performance. A system that is able to adapt 

automatically to the user’s capabilities would eliminate the need for caregiver monitoring and 

input. 

 

2.5.1.7 Collaborative Wheelchair Assistant (CWA) 

The Collaborative Wheelchair Assistant (CWA) is intended for people who are unable to 

operate a standard powered wheelchair, but are aware of their desired destination and have 

the ability to avoid collisions [ZTRB08]. The wheelchair uses wheel encoders and a barcode 

scanner for wheelchair localization. The wheelchair is pushed through the environment, and 

software is used to create virtual guide paths between the start and end locations. The desired 

path for driving is selected by users through a graphical user interface (GUI). The user is 

allowed to steer away from the guide path, while feeling a passive attraction toward the path.  

 

The system was tested with five participants (aged between sixteen and forty-eight), with 

cerebral palsy and traumatic brain injury (TBI), who had been excluded from powered 

wheelchair use [ZBT09]. The system was tested in two different modes: free mode (no 

navigation assistance was provided), and guided mode (navigation assistance was provided). 

After training with both modes, the participants were asked to navigate from one room to 

another, around obstacles (tables). The participants completed the task ten times, alternating 

between the two modes of assistance. Completion times, collisions, user interaction and 

intervention level were measured. Results showed that all collisions were eliminated by the 
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guided mode. Analysis of users’ joystick movements showed that the guided mode also 

reduced the number of joystick movements. While no participant was able to drive a 

wheelchair independently prior to the trials, all participants were able to operate the powered 

wheelchair in the guided mode, thus gaining mobility. Four out of five participants also 

successfully completed the navigation task in free mode after sufficient training. 

 

Wheelchair localization requires the addition of barcodes to the environment in this system. 

Wheel encoders are additionally used to measure distance and would need to be added to a 

commercial wheelchair. Users are required to specify the desired path. Although this 

interface would be appropriate for drivers who are aware of their route and simply lack the 

physical ability to operate the wheelchair, it would be ineffective for drivers who are 

unaware of the navigation route (such as those with memory loss).  

 

2.5.1.8 Intelligent Wheelchair (University of Zaragoza, Spain) 

The intelligent wheelchair from the University of Zaragoza is intended for users with 

cognitive disabilities and mobility impairment [MDBM10]. The wheelchair uses a planar 

laser to detect obstacles, and uses wheel encoders for odometry measurements. The 

intelligent wheelchair uses a touch screen as the primary input device. This interface was 

found to be more robust than the previously-used voice interface, which presented challenges 

in speech recognition and training [MMAM06]. Users select desired destinations through the 

visual display. The display provides a 3-D environment visualization and is constructed in 

real time by the autonomous navigation system, which drives to the selected destination 

while avoiding static and dynamic obstacles. The use of an online rather than a pre-
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constructed map allows the system to deal with dynamic obstacles and unknown scenarios 

more effectively.  

  

The system was tested with four students (aged between eleven and sixteen) with cerebral 

palsy. In the training phase, participants used a game simulator to learn to use the navigation 

interface. In the test phase, participants were required to navigate along an established route 

using the autonomous system (baseline performance was not tested). All participants were 

able to complete the navigation task. Six collisions were reported; however, these errors were 

considered to be acceptable since the experiment was carried out in a realistic and dynamic 

environment.  

 

The use of a planar laser leads to collisions with obstacles that are above or below the laser, 

resulting in lowered safety. Once again, the system required wheel encoders to be installed 

on the wheelchair. The system assumes that the user is aware of his/her destination, which 

might be an invalid assumption for cognitively-impaired users. Finally, automatic movement 

of the wheelchair might take away feelings of control and independence and possibly lead to 

confusion and frustration for the target user population. 

 

2.5.1.9 Limitations of Previous Intelligent Wheelchairs 

Several existing intelligent wheelchairs and walkers have used various non-contact active 

sensors (laser, acoustic, sonar, etc.) [Sim05, MDK
+
03].  However, these sensors are often 

large, expensive, power-hungry, unsafe, and prone to cross-talk issues as seen in Table 2.1.  

A 3D infrared sensor was used in another intelligent wheelchair to detect and prevent 
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imminent collisions with objects, and was found to operate effectively in a controlled 

environment [MEBH07]. However, the high false alarm rate in the presence of sunlight 

limited the system’s operating environment. We therefore use a passive vision-based sensor 

to detect obstacles and prevent collisions in more natural settings. In addition, through the 

use of vision-based technology, we eliminate the need for environmental and additional 

wheelchair modifications, which are required by several wayfinding components described 

above. Although stereovision sensors are known to perform poorly in environments that lack 

texture, methods that use projected light (artificial texture) are able to overcome these 

challenges [SS03], and are thus left for future integration. 

 

In addition, most of wheelchairs above leave planning and navigation to the user and only 

provide collision avoidance support. This assistance is not sufficient for users with memory 

deficits and/or poor decision-making capabilities. Wheelchairs that do assist in high-level 

navigation tend to be autonomous and require little or no supervision by the driver. This type 

of assistance might lead to confusion and frustration among users with cognitive 

impairments, particularly if they do not realize that the wheelchair is moving on its own, or if 

the wheelchair’s actions are not consistent with the user’s intent.  

 

NOAH is the first system we are aware of that has been tested with cognitively-impaired 

older adults in the tasks of both collision avoidance and high-level navigation to a specified 

location with a powered wheelchair. The anti-collision wheelchair with the bumper skirt  

[WGHF11] provides collision avoidance through a contact sensor, but does not provide any 

other form of navigation assistance.  In addition, this skirt consists of sensors requiring 
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physical contact with an obstacle in order to detect it.  Although the contact force is 

maintained below 100g, it is sufficient to startle vulnerable elderly residents in the path of the 

wheelchair and potentially result in a trip or fall, thus a non-contact sensor is preferred.  The 

IWS [HWM11] provides audio prompts to aid only in collision avoidance, and study results 

showed that adherence to prompts was low due to errors in prompting.  In addition to 

collision avoidance support, NOAH provides passive wayfinding assistance through 

adaptive, customized audio prompts using a user model. An adaptive method is used in order 

to increase effectiveness and acceptance by the target population, as suggested by [CB88]. 

 

Many intelligent wheelchairs, such as NavChair [LBJ
+
99], Wheelesley [Yan98] and MAid 

[PSF01], remain untested with their target populations, possibly due to the difficulties in 

study recruitment.  In addition, some of these systems might not be robust enough for clinical 

use.  Thus, there is a lack of understanding of the user acceptance of these technologies. 

Further clinical evaluation is imperative in building systems that will help the intended user 

population. Although the specific wheelchairs described above (OMNI, PALMA, etc.) have 

been tested with children with cognitive impairment, only the IWS and the bumper skirt have 

been tested with cognitively-impaired older adults. It is not clear whether all systems that 

have been tested only with children will be able to achieve the same level of efficacy with the 

older adult population, especially since older adults generally have multiple medical 

problems that might affect intelligent wheelchair use. In 1999, 24% of Medicare 

beneficiaries, aged 65 years or older, had four or more chronic conditions [WSA02]. In 

addition, intra-individual variability in latency is greater in individuals diagnosed with mild 

dementia than in adults who are neurologically intact, regardless of their health status 
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[HMHLS00]. Thus, it is imperative that systems are tested with cognitively-impaired older 

adults in order to ensure that they are appropriate for this population. We hope that the 

insights provided by the research in this dissertation will further our understanding of the 

needs of older adults with cognitive impairment, and thus help us in restoring their mobility 

and independence. 

 

2.5.2 Intelligent Wayfinding Devices 

Recently, a hierarchical shortest path planning algorithm was developed for wheelchair users 

[YM07]. However this approach relies on the user to specify preferences and constraints 

(such as dynamic obstacles). The intelligent wheelchair must be able to detect obstacles 

automatically and avoid them.  Other wayfinding systems designed for older adults include 

the Nursebot Project [PMPRT03], which provides reminders and assists the elderly in 

navigating their environment. Baus et al. [BWA
+
02] developed a system for people with 

visual impairments and older adults that uses auditory perceptible landmarks to assist in 

pedestrian navigation. The system was tested in a field experiment on a university campus. A 

study in [GBG05] showed that an electronic pedestrian image-based navigation device based 

around landmarks was more effective for older adults than an analogous paper version. A 

feasibility study [LHK
+
06] of user interface was conducted by the University of Washington 

using a “Wizard of Oz” approach with cognitively-impaired older adults during indoor 

navigation. Users preferred image-based cues in comparison with speech and text cues, 

however only one of them used a mobility device (powered wheelchair). Another system 

uses radio-frequency identification (RFID) to provide wayfinding assistance at decision 

http://www.jneuroengrehab.com/content/7/1/45#B17
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points [CPW
+
10]. This system was tested with six cognitively-impaired users and was found 

to be effective.  

 

Although the above systems use AI techniques for planning and/or reminding, they do not 

incorporate user modeling. Opportunity Knocks [PLG
+
04] and another project at the 

University of Washington [LFK04] provide text-based wayfinding directions during public 

transportation for users with GPS-enabled cellular phones as part of the Assisted Cognition 

Project. The system learns user behaviors to determine when assistance is required. However, 

this system, similar to most outdoor wayfinding systems, relies on GPS, which is unreliable 

in indoor settings.  The indoor wayfinding systems mentioned above typically use beacon 

and RFID technologies, which require modifications to the environment.  

 

Assistive wayfinding systems have also been implemented on walkers. GUIDO is an 

advanced walker for people with visual and/or mental deficiency [RMJL05]. This system 

integrates multiple sensors for map construction and navigation, localization, obstacle 

detection, and presents audio prompts to the user. The MIT robotic walker also provides 

collision avoidance support and wayfinding assistance through a visual display of the desired 

direction of travel [MDK
+
03]. These systems, however, do not contain a user model and 

require manual selection of the operation mode (such as manual or automatic). In addition, 

powered wheelchair driving, and specifically joystick operation, might require additional 

effort and cognitive abilities in comparison to walker usage. 

 

 

http://www.jneuroengrehab.com/content/7/1/45#B14
http://www.jneuroengrehab.com/content/7/1/45#B15
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2.5.3 Prompting Devices for ADL 

A vision-based system. called COACH, for assisting persons with dementia during the 

handwashing task is described in [HVCPA10]. This system contains a user model that 

estimates the cognitive state of the user and issues adaptive prompts. This system was tested 

in an efficacy study conducted with six older adults with moderate-to-severe dementia 

[MBCH08]. Results showed that participants with moderate-level dementia were able to 

complete an average of 11% more handwashing steps independently and required 60% fewer 

interactions with a human caregiver when the COACH system was used. Four of the 

participants achieved complete or very close to complete independence. With regards to 

system performance, the majority (78%) of COACH's actions were considered clinically 

correct. Thus, adaptive prompts were found to be effective for older adults with moderate 

dementia. 

 

Similar user models are also found in a system designed to aid users with dementia in making 

a cup of tea [HPJ
+
11], as well as in an art therapy system for older adults with dementia 

[MBB
+
10], however these systems have not been formally tested with their target users. 

Archipel recognizes user intent during the task of cooking, and provides adaptive prompting 

(audio, video, and strategic lighting) based on a pre-determined cognitive impairment level 

[PLBGL08]. Autominder uses artificial intelligence (AI) techniques and sensors to schedule 

daily events and to detect the status of activities [Pol06]. If required, the system provides the 

user with context-aware reminders regarding unattended activities. The Gator Tech Smart 

House uses sensors distributed throughout the house to recognize user activity and context 

[HME+05]. It can also provide medication reminders and automatically order soap and toilet 

paper refills.  
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A Wizard-of-Oz study of powered wheelchair use with five cognitively-impaired older adults 

evaluated the effectiveness of a multi-modal feedback interface for a simulated collision-

avoidance system [WMDF11]. Although this wheelchair was not “intelligent” since collision 

avoidance was performed by the researcher, the study allowed investigation of the feedback 

interface and preference for specific modalities. Movement of the wheelchair was stopped by 

the researcher when the user approached nearby obstacles, and audio, haptic and visual 

feedback was provided. Results suggested that the system was effective in assisting residents 

with basic driving tasks. It allowed residents to achieve their personal objectives for indoor 

mobility. In addition, high levels of user satisfaction were reported. Residents found the 

additional feedback useful in avoiding obstacles. Three out of five residents found all 

feedback modes helpful. Audio feedback was the preferred modality for all participants. 

Haptic feedback was also found to be effective in guiding most users around obstacles, 

although one resident found this modality “too controlling” and expressed a desire for 

warning prompts before the wheelchair is stopped. 

 

2.6 Design Considerations for NOAH and User Studies 

The limitations discussed in previous intelligent wheelchairs, wayfinding devices, and 

prompting aids need to be addressed in several ways. Firstly, the needs of the target user 

population with respect to powered mobility is poorly understood due to the small number of 

user studies carried out with this population. Studies reported in [HWM11, WGHF11] do 

however suggest that collision avoidance is an important feature in a powered wheelchair for 

the target users and can result in increased independence. Prompting devices for the target 

population such as [WMDF11, MBCH08] also show that audio prompting is an effective 
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means of assistance for older adults with cognitive impairment. In tasks relating to both 

handwashing and collision avoidance, older adults with mild-to-moderate impairment are 

found to follow instructions that they hear and/or see delivered by an adaptive system. We 

thus employ a similar prompting approach and conduct user studies to evaluate the 

effectiveness of these techniques in the task of wheelchair navigation to desired destinations. 

Several of these authors also indicate the need for a higher number of trials to effectively 

compare performance. We therefore perform multiple baseline and intervention runs in order 

to produce useful comparisons. 

 

Cost-effectiveness and the ability to perform reliably in various indoor environments with 

little or no modification are desirable characteristics of the system, thus leading to a 

stereovision camera as the choice of sensor over others described in Table 2.1.  Compactness 

and more high-level assistance are also prioritized as important improvements suggested by 

[WGHF11, HWM11]. High prompting accuracy is also recommended by [HWM11] in order 

to possibly overcome the low level of prompting adherence found in their study. 

 

Finally, the system should be able to compute the optimal route automatically, unlike some 

of the wayfinding systems mentioned above, since the user might not be aware of his/her 

destination. The system should also provide passive navigation assistance through audio 

prompts to maximize user independence and prevent any frustration that might be caused by 

wheelchairs that move on their own. A system that adapts to the users’ needs through a user 

model would also help to promote user independence while increasing effective navigation.  
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Chapter  3: System Development 

 

3.1 System Objectives 

In order to address the limitations of existing devices, we suggest an intelligent wheelchair 

that provides supportive, semi-autonomous navigation assistance in order to increase 

independence, while ensuring safety. We provide assistance not only in avoiding collisions, 

but also in high-level path planning to navigate to specific locations. We choose audio 

prompting to allow target users with visual impairment to benefit from the navigation 

assistance provided, and to minimize distractions that might be caused by the use of visual 

cueing.  In addition, we seek to build a system that is portable, cost-effective, performs 

reliably in real-world settings and requires minimal or no modifications to the environment in 

order to facilitate large-scale deployment of the system. To this end, we develop a system 

that relies on a stereo-vision camera for sensing, due to its low power consumption, ability to 

perform in natural environments, and relatively low cost. In addition, cameras capture and 

provide a richer dataset than can be used for high-level scene understanding to build maps 

and determine what type of room the wheelchair is in (e.g., kitchen).  

 

Abandonment is a common issue faced by developers of assistive devices. Since older adults 

with dementia might differ in their individual needs for navigation assistance, an adaptive 

system that adjusts automatically to the user’s specific needs is more likely to be accepted. 

We thus implement an adaptive prompting strategy.  Specific objectives of the system are:  

 

 Reducing frontal collisions by preventing the user from moving into obstacles. 
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 Building a map of the wheelchair’s environment and automatically determining the 

current location at any time with respect to the map. 

 Reminding the user about scheduled activities and goals. 

 Providing adaptive navigation assistance: 

 Determining an optimal route to the desired location and prompt appropriately 

(upon deviation from the shortest path, failure to move, etc.). 

 Modifying the high-level route and prompts to avoid obstacles encountered as the 

wheelchair moves. 

 Automatically choosing type and timing of prompts to suit user needs and 

capabilities, and minimize user frustration. 

 

3.2 Key System Functionalities and Criteria 

Although NOAH is required to achieve all objectives above, it will be specifically assessed 

in an efficacy study in terms of its ability to do the following: 

1. Reduce frontal collisions using a vision-based sensor 

2. Issue adaptive wayfinding audio prompts based on a user model 

 

Note that we only focus on frontal collisions in this work. Future work will involve using 

cameras with wider viewing angles (i.e. 360 degrees), installing more than one camera, or the 

addition of other types of sensors to prevent side and rear collisions. 

 

An optimal navigation assistance strategy will accomplish the following (possibly 

conflicting) goals according to their order of priority: 
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1. Improve safety (through collision avoidance) 

2. Maximize effective completion of scheduled tasks (through directions and reminders) 

3. Minimize user frustration (by minimizing incorrect and excessive prompting) 

 

3.3 Overview of Design Process 

First, a thorough literature review of intelligent wheelchairs and other assistive devices for 

the elderly, as well as other populations with cognitive impairment was conducted.  

Limitations of existing devices for the target population were identified. Criteria and 

objectives for the intelligent wheelchair were outlined.  The system was broken up into key 

components/functionalities.  Objectives for each component were specified, and existing 

methods available to fulfill the objectives were investigated. Software decisions were made 

based on several criteria: 

 

1) Availability of existing code and ease of integration 

2) Ability to achieve close to real-time performance  

3) Generalizability to more complex environments/situations/models 

 

Existing methods were then modified, or new methods were created, as necessary, to fulfill 

the objectives. Each component was tested separately in simulated or controlled 

environments. Finally, all necessary components were integrated and tested with real users. 

Further details on the research process and constraints can be found in Appendix D. 
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3.4 System Design 

The NOAH system consists of a commercially available powered wheelchair, a stereovision 

camera mounted on the front of the wheelchair, and a laptop computer (see Figure 3.1). The 

wheelchair is modified with a customized directional control logic module (DCLM) 

[MEBH07], which sends signals from the laptop to the wheelchair and enables/disables 

motion of the wheelchair in specific directions. Details regarding the hardware and software 

can be found in sections 3.5 and 3.6 respectively. The stereovision camera is used as the 

main sensor for collision avoidance, mapping and path planning subsystems. In addition, it 

provides visual input required for the prompting subsystem. The laptop (placed under the 

wheelchair seat) is responsible for all computation, and its speakers (or external speakers) are 

used to play all audio prompts. Following is a discussion of the system architecture, and 

interactions between various subsystems. The system architecture is illustrated in Figure 3.2.   

 

Figure 3.1    NOAH wheelchair system prototype. The system is made up of a commercially available 

powered wheelchair equipped with a stereovision camera (a).  It also consists of a custom-made 

directional control logic module (DCLM) [MEBH07] and a laptop placed under the seat (b). 

 
 

(a) (b) 

DCLM 

Stereovision 

Camera 

Laptop 
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Figure 3.2    Architecture of the intelligent wheelchair system and its modules. Offline processes are 

indicated using dotted lines. 

 

 

 

 

We perform Mapping and Map Annotation offline once for a specific long-term-care facility.  

We also complete the User Model Specification step once and compute the optimal policy in 
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real-time. The Trajectory Generation and Analysis module receives position estimates from 

the Localization module at a pre-specified time interval, and reports the wheelchair’s heading 

relative to the optimal path (on route, off route, stopped, upcoming turn).  Obstacles are 

handled by the Collision Detector module in a reactive manner, until the user successfully 

avoids the obstacle. The Prompter module determines the system action (prompt direction, 

call caregiver/issue reminder, do nothing) based on the learned policy as it acquires noisy 

observations of the wheelchair’s position.  The Prompter module contains the user model. It 

also uses collision and free space information to ensure that wayfinding prompts do not direct 

the user into obstacles. 

 

The main sub-systems mentioned above are described in further detail below. These sub-

systems are developed independently, tested for accuracy, and subsequently integrated for 

full system testing. 

 

3.5 Hardware 

3.5.1 Wheelchairs 

Most of the experiments in this dissertation were conducted with the Nimble Rocket
TM

 

powered wheelchair (Nimble Inc., Toronto, Canada) seen earlier in Figure 3.2.  However, the 

final efficacy study was conducted with the Pride Mobility Quantum 6000z powered 

wheelchair (seen in Figure 3.3). The only software change required for the system to perform 

with the Pride Wheelchair was to allow the code to communicate with a serial interface 

rather than a parallel port interface, which was used by the old DCLM (more information on  
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Figure 3.3    Pride Mobility wheelchair with Bumblebee camera (a), laptop and newer DCLM (b). 

     

(a) (b) 

 

 

the DCLM and controllers is provided in the next section).  Thus, the system can be easily 

ported to Nimble wheelchairs and other wheelchairs that use a similar drive control system. 

 

3.5.2 Direction Control Logic Module 

The DCLM used with the Nimble Rocket wheelchair is a programmable PICSTK-2k chip, 

that uses 2 lines of analog input, 2x output, 8x digital input, and 8x digital output [MEBH07]. 

This module was designed and developed at the Centre for Studies in Aging, Sunnybrook 

Health Sciences Centre.  It acts as a filter for the control signals from the joystick to the 

wheelchair motors by preventing motion of the wheelchair in the forward direction upon 

receiving the “stop” command (sent by the collision avoidance software module through a 
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parallel port interface). The parallel port interface was constructed using an ExpressCard 

Parallel Adapter. 

 

The newer DCLM is designed for use with a proportional joystick and Pride Mobility’s 

Quantum Q-Logic (third party interface device) [Pri09], and is attached to them through two 

DB9 connections. Additionally, it uses a serial RS-232 communication line to receive 

commands from the laptop that are encoded as 8-bit ASCII characters.  Based on the 

commands received, the DCLM filters the joystick’s analog signals and sends them to the 

Quantum Q-Logic device. This interface device then converts the filtered joystick signals 

into proprietary digital signals that are used by digital motor controllers in Pride Mobility’s 

powered wheelchairs. The DCLM allows for six different regions of motion to be enabled or 

disabled (forward, forward-left, forward-right, backward, backward-left and backward-right). 

Power to the DCLM is drawn directly from the Q-logic (i.e., from the powered wheelchair) 

through the DB9 connection.  

 

Although the DCLM is not currently commercially available, it can be reproduced using 

schematics and more hardware details in [How11]. The DCLM has been custom-built for use 

with the Quantum Q-Logic device. Use of the DCLM with powered wheelchairs that use 

alternate controllers will require modifications to the DCLM, however the software will 

remain largely unchanged.  Development of a custom interface device that is able to convert 

joystick signals into many different proprietary signals in the market will allow NOAH to be 

used easily with other wheelchair brands. 
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3.5.3 Camera 

We used a Bumblebee 3D stereovision camera built by Point Grey Research, Inc., 

Vancouver, BC (www.ptgrey.com).  The camera is able to grab 640x480 resolution images at 

approximately 30 frames per second.  The camera has a 12 cm baseline, 3.8mm focal length 

and 66
o
 horizontal field-of-view.  It is pre-calibrated to within 0.1 pixel root mean square 

(RMS) error.  In addition, it includes software to grab images and provide depth estimates 

(explained further in the software section). Note that more recent releases of this camera (e.g. 

Bumblebee2) can grab images at faster rates and also capture a wider field-of-view (100
o
).  

These cameras can be investigated for future use. 

 

3.5.4 Laptop and Speakers 

We used a IBM Lenovo ThinkPad W700ds laptop for all computation.  The laptop 

specifications are as follows: 2GHz Intel Core 2 Processor Q9000, 4GB (2x2GB) RAM. 

640GB (2x320GB RAID 1) 7200rpm Hard Drive, nVIDIA Quadro FX3700M 1GB 

Graphics. The laptop was running Ubuntu 10.04 (Lucid) and consisted of a firewire port 

(IEEE 1394) and five USB ports. It also contained two ExpressCard slots (34 and 54 mm).  

Laptop speakers were used to deliver prompts in most cases. During the efficacy study, 

external speakers were used to ensure audibility for participants with hearing impairments. 

 

3.6 Software 

3.6.1 Collision Detector 

Safety of wheelchair users and those sharing the environment is a key consideration in the 

design of an intelligent wheelchair.  We thus use a non-contact method of collision avoidance  

 



  

 41 

Figure 3.4    The Collision Detector module in NOAH. 

 

 

to ensure the safety of residents in long-term-care (LTC) facilities who are particularly 

vulnerable to falls, and use a vision-based sensor to overcome the challenges presented by 

active sensors.  The Collision Detector module consists of two modules, Collision Avoidance 

and Free Space Detection (see Figure 3.4), both of which we describe next. 

 

3.6.1.1 Collision Avoidance 

The Bumblebee camera mounted on the wheelchair acquires rectified images from the left 

and right lens at 640x480 (full resolution).  Point Grey’s software 

(http://www.ptgrey.com/products/triclopsSDK) is used to generate depth maps at  

approximately 30 Hz from half-resolution images (320X240) for computation speedup.  

This software uses a fast patch-based normalized cross correlation technique, which 

generates depth estimates by computing the horizontal shift between corresponding pixels in 
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Figure 3.5    Images of a person with a cane captured using the stereovision camera: (a) original image, 

(b) depth image (brighter pixels correspond to closer objects), and (c) occupancy grid (the solid grey 

region denotes the area outside the camera’s field of view). 

 

 
 

the left and right images. An example depth map is shown in Figure 3.5(b), computed from 

the image in Figure 3.5(a).  Brighter pixels in the depth map represent closer objects. Depth 

maps are used to construct the local occupancy grid in Figure 3.5(c), which is a dynamic 2-D 

top-view representation of obstacles in the camera’s current field-of-view. The minimum 

depth value (corresponding to the closest object) in each column of the depth map is stored 

for the entire depth map in a 1-D vector.  Then, ray tracing methods are used to convert the 

1-D vector into a 2-D horizontal plane. The occupancy grid is then continually updated based 

on the position of the objects in the most recent 2-D horizontal plane as the wheelchair 

moves through its environment as in [ML00].  Each cell in the occupancy grid represents a 

1cm X 1cm space and contains a grey-scale value between 0 (black - known obstacle) and 

255 (white - free space) that represents the belief that an object occupies the cell. Initially, all 

cells are initialized to the default value 128 (grey – unknown). The value of each cell is then 

updated by a constant K. At any given time, if a cell corresponds to an occupied region in the 

current 2-D horizontal plane, then the cell value is decremented by K. If the cell corresponds 

to a free space region, then the cell value is incremented by K. Thus, as a cell becomes more 
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decremented/incremented, the belief that the cell is occupied or free increases. A larger value 

of K corresponds to a faster update rate of the occupancy grid, as well as increased sensitivity 

to random noise. The K value was set to 40, since this value was empirically determined to 

enable fast grid updates, while minimizing random noise. 

 

A stopping distance threshold is manually set (700 mm) and when an obstacle is detected 

within the threshold on the occupancy grid, the wheelchair is stopped to avoid a collision. 

This distance was chosen since it would allow the wheelchair driver to safely get out of the 

wheelchair without hitting the obstacle in front of the wheelchair (for example,  in a scenario 

where the driver needs to transfer out of the wheelchair and into his/her bed). This threshold 

can be adjusted as required. Future work could involve adapting this threshold according to 

the specific scenario at a given time. For example, while a driver might want to stop further 

away from a bed to allow a safe transfer, he/she might want to move closer to a table to allow 

docking under it during meal times. 

 

3.6.1.2 Free Space Detection 

Two types of enabling/disabling mechanisms are used in the different wheelchairs (Nimble 

and Pride).  With the Nimble wheelchair, all forward motion is stopped and free space 

detection is carried out by computing the sum of occupancy grid cell values in the left and 

right halves of the occupancy grid above the distance threshold. The region with the highest 

sum (most free space) is suggested to the driver through an audio prompt (e.g. “try turning 

left” or “try turning right”). Prompts are issued at pre-specified intervals until the driver 

successfully avoids and passes the obstacle.  
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In the Pride wheelchair, since the DCLM allows for finer directional control, three regions of 

blocked motion are defined – forward left, middle, and forward right.  Incoming depth maps 

are divided into three columns that correspond to the above regions. Motion towards regions 

that contain detected obstacles is then blocked, while other regions are determined to be safe.  

This allows users to, for example, move diagonally to the right of an obstacle that is located 

in the forward-left region of the wheelchair. Since an accurate motion model of the 

wheelchair was not available, we approximated these safe regions through experiments. If an 

accurate wheelchair motion model is acquired in the future, this model, along with the 

camera model, can be used to determine safe motion regions automatically. 

 

The second version was only used in the efficacy study with older adults since the Pride 

wheelchair was located in Toronto (where the efficacy study was conducted).  In addition, 

since adherence to collision avoidance prompts by cognitively-impaired older adults was 

found to be low in a previous study [HWM11], collision avoidance prompts issued were 

turned off in this version (only wayfinding prompts were used as described in the Prompter 

section).  

 

3.6.2 Path Planner 

In this section, we describe the components of the Path Planner module, which consists of: 

Mapping, Map Annotation, Localization and Trajectory Generation and Analysis (see Figure 

3.6). The Mapping module constructs a map of the environment. This map is annotated in the 

Map Annotation module. The Localization module determines the position of the wheelchair 

with respect to the map as the user drives through the environment. Finally, the Trajectory  



  

 45 

Figure 3.6    The Path Planner module in NOAH. Offline processes are indicated using dotted lines. 

 

 

 

Generation and Analysis module computes the optimal route to the destination and 

determines the heading of the wheelchair with respect to the route. 

 

3.6.2.1 Mapping 

In order to assist in navigation, the wheelchair must construct a map of its environment and 

be able to determine its location relative to this map (simultaneous localization and mapping 

- SLAM) [TBF00].  SLAM can be thought of as a chicken and egg problem: an accurate map 

is needed for localization, and an accurate pose estimate is needed to build that map.  Many 

statistical techniques that use Monte Carlo methods and scan matching of range data have 
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been used to solve this problem [APSL08].  Open-source code for several methods can be 

found on openSLAM.org.  

 

We use the GMapping package provided by the Robot Operating System (ROS) 

(http://www.ros.org/wiki/gmappin) to build the initial map [GSB06] since it has been well 

tested in various environments, is able to compute accurate maps quickly, and is easily 

integrated with the rest of our system. This package implements a particle filter, which 

represents the posterior distribution of the robot’s trajectory using a set of samples or 

“particles”. Each particle carries an individual map of the environment. At each time step, 

particles are extended according to a motion model in a prediction step, and maps are 

updated based on sensor observations in an update step.  Particles are then weighted 

according to the likelihood of the observations given the sampled poses and previous 

observations, and are re-sampled based on these weights in order to give a higher presence to 

highly-likely trajectories. The authors use adaptive techniques to reduce the number of 

particles in the particle filter for learning grid maps. They are also able to drastically decrease 

the uncertainty about the robot’s pose at each prediction step by taking into account not only 

the movement of the robot but also the most recent observation. They apply an approach to 

selectively re-sample particles, thus reducing the problem of particle depletion (the 

elimination of particles with low weights). With this approach, fewer than 80 particles are 

required to build accurate maps (up to 1 cm resolution) of areas as large as 250 m by 250 m. 

 

We construct this map once in every test environment offline using a robot equipped with a 

SICK laser range finder and the Gmapping software. This allows us to create an accurate and 
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dense map that can be used by the rest of the system. We built the map for our lab 

environment (part of which was used for the trial experiments described later) overnight 

autonomously using an ActivMedia Powerbot. The test environment in the efficacy study 

with cognitively-impaired users was mapped by a small Pioneer 3-AT robot driven manually 

since the region that needed to be explored by the robot was quite small (the map was built in 

less than 15 minutes). The final map is an image file in portable graymap (PGM) format and 

we used a resolution of 0.05 m. 

 

3.6.2.2 Map Annotation 

After the construction of the metric map, we need to identify potential destinations on this 

map such as “lounge”, “bathroom”, and other known areas of activity. Several methods have 

been proposed for labeling maps automatically by detecting features or objects in images or 

laser scans of the environment [RD07, Kui00, PCJC06, VS08]. 

 

In the NOAH system tested in trial experiments and with older adult users, the metric map is 

annotated with desired destinations manually.  However, we have presented methods to 

enable automated map annotation, which will facilitate large-scale deployment of intelligent 

wheelchairs that can adapt to their environments automatically. In [VMSLM09], we showed 

that objects in environments can be used in place recognition and map annotation. We have 

also reported on place recognition results using real object detections in images [VSLM10], 

as well as results combining object detections with global image descriptors in [VSLM11]. 

Preliminary results have shown that these object-centric methods are more generalizable to 

previously unseen environments and might thus prove to be useful in the NOAH system. 
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Future work involves integrating these place recognition and map annotation methods with 

NOAH. 

 

3.6.2.3 Localization 

For localization of the wheelchair during testing, we feed the map constructed by the robot to 

a vision-based SLAM package provided by ROS, vSLAM [KBC
+
09], running on the 

wheelchair. This technique uses incoming camera images to estimate the position and 

orientation of the wheelchair (a process known as visual odometry).  The initial position and 

orientation of the wheelchair is specified through a graphical user interface (GUI) provided 

by ROS, Rviz, by loading the map and clicking (and dragging) on the starting location.  

Although other vision-based SLAM methods in [ESL06, EHE12] were also investigated, the 

vSLAM algorithm was selected since it has been tested in realistic environments and 

demonstrated real-time performance with high accuracy and robustness. Its implementation 

in ROS also allows for easy integration with other wheelchair components. Unlike the 

Gmapping technique that uses a particle filter approach, vSLAM uses a constraint graph of 

relative pose information between frames.  In addition, vSLAM uses an online place 

recognition technique to perform re-localization and loop-closure. 

 

3.6.2.4 Trajectory Generation and Analysis 

Before a trajectory can be computed, we must determine the user’s goal location and provide 

a reminder to the user.  The Autominder [MP02] uses a list of tasks that the client needs to 

perform, provides an optimal schedule, and offers reminders. The ESI Planner II [MMPK05] 

from the Aphasia project also provides a daily planner and reminder system. The Activity 
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Compass learns previous routes taken by the user and estimates the destination based on the 

user’s recent motion as in [LFK04]. This approach, however, requires a large amount of 

training data corresponding to “correct” routes followed by the user to various goal locations. 

 

For this project, we bypass the scheduling problem and assume the availability of the user’s 

daily schedule, which can be provided by the user’s caregiver, for example. Goal locations 

can be directly inferred from the user’s schedule and the current time of day. In all 

experiments in this dissertation, goal locations are specified through Rviz (similar to the 

manner in which starting positions are selected, through mouse clicks on the map).  

 

Given the map, destination, and current location, the optimal path to the goal can be 

computed using Dijkstra's algorithm, which is an easy-to-program, efficient and accurate 

method for solving shortest path problems on a discrete graph using dynamic programming.  

In this project, however, we use existing code (provided by Ken Alton) that implements a 

variant of Dijkstra’s algorithm, the fast marching method (FMM), since it more accurately 

approximates the underlying continuous space by using orthogonal grid discretization. FMM 

is also shown to often produce shorter paths than Dijkstra's algorithm, which can produce 

paths that are not optimal because they follow grid lines, as was noted in simulation 

experiments. Details regarding the FMM method implemented can be found in [AM06]. 

 

The value function is computed offline and the optimal trajectory can quickly be computed 

from the wheelchair's current position using gradient descent. We use a simple forward Euler 

scheme implemented by Alton [Alt10] to compute trajectories. In order to increase 
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computational speed, the trajectory is only computed for a short distance in front of the 

wheelchair, since we provide just-in-time prompts in NOAH. 

 

We first determine whether the user's heading is correct by comparing the orientation of the 

wheelchair to the orientation required to follow the optimal trajectory. If the heading is 

incorrect (the difference between the current and required orientation is greater than 50
o
), we 

report a detour. If the user's heading is correct, we also analyze the trajectory for upcoming 

turns.  Upcoming turns are detected based on the cosine of the angle between the starting 

direction vector (at the beginning of the trajectory) and direction vectors along the trajectory 

up to a few meters ahead of the wheelchair.  If the cosine value falls below a threshold, then 

an upcoming turn is reported. In addition, the system determines whether the wheelchair is 

progressing towards the goal or regressing (or stopped) if the heading is correct by 

comparing the current path length to that in the previous step [Vis11]. The output of the route 

planner is referred to as the observed (wheelchair) status. 

 

3.6.3 Prompter 

Audio prompting is an effective technique in assisting cognitively-impaired adults with 

activities of daily living [LM06]. A study of users with cognitive impairment reports that 

speech-based prompts are more effective than image-based and text prompts in route finding, 

and are also preferred by users [SFHF07], due to difficulties faced by users in reading 

screens. In addition, we hope that providing audio rather than visual prompts will minimize 

distractions and prevent an overload of visual information. 
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Figure 3.7    The Prompter module in NOAH. Offline processes are indicated using dotted lines. 

 

 

 

We now describe the components of the Prompter module: User Model Specification, Policy 

Generation, and Prompt Generation (see Figure 3.7). The User Model Specification module 

involves the encoding of information regarding the user’s cognitive state and behavior, the 

heading of the wheelchair, as well as the costs associated with various system actions. The 

Policy Generation module computes the optimal strategy (policy) for system actions based on 

the User Model. Finally, audio prompts are selected and delivered to the user by the Prompt 

Generation module. 

 

3.6.3.1 User Model Specification 

Although we can acquire estimates regarding the position of the user and his/her behaviors 

through the camera images, these observations are often noisy due to the presence of 
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occlusions, motion blur, glares and textureless surfaces causing insufficient feature matches. 

We thus need a method that can account for these noisy observations, while also being robust 

to stochastic user behaviors. In addition, we require a system that is able to automatically 

adapt to the users’ needs and capabilities. For example, a user with only mild cognitive 

impairment might only need assistance in avoiding collisions, while one with more severe 

dementia and vision loss might require directional prompts that assist in navigation to a 

specific destination as well.   

 

Markov Decision Processes (MDPs) provide a mathematical framework for decision-making 

under uncertainty [Bel57]. At each time step, the process is in some state. The decision-

maker can choose any action available in the current state (at a pre-defined cost), causing a 

transition to a new state according to a state probability function, and resulting in a specified 

reward. In NOAH, we use an extension of an MDP called a Partially Observable Markov 

Decision Process (POMDP) [Lov91], since the state of the wheelchair is not directly 

observable. This framework enables us to determine the optimal prompting strategy, while 

accounting for noisy observations and stochastic user behaviors. It also allows us to balance 

trade-offs mentioned in the criteria of the required system (e.g. maximizing independence 

while minimizing frustration), and can adapt to specific users and scenarios.  

 

A discrete-time POMDP consists of: a finite set S of states, a finite set A of actions, a finite 

set O of observations, a stochastic transition model that specifies the probability of moving 

from state s to s' when action a is taken, an observation model that specifies the probability of 

observing o in state s, and a reward function that assigns a reward when action a is taken in s. 
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Since the state is not known with certainty, a probability distribution is maintained over all 

possible values of the state. This probability distribution is referred to as a belief state. Given 

a POMDP, our goal is to find a policy, mapping belief states into actions, that maximizes the 

expected discounted sum of rewards attained.  

 

Since the target users of NOAH are similar to those of the COACH system [HVCPA10], 

which provides handwashing assistance to users with dementia, we specify a user model 

similar to theirs. We modify their model to include states and observations in NOAH’s 

navigation task. Specifically, the planstep state that they use to describe the user’s current 

step in the handwashing process is referred to in our model as status and describes the status 

of the user with respect to the optimal route. This state is partially observable, and the noise 

in the observations, ob status, is specified using an observation function. We also model the 

user’s cognitive state using two variables, independence (defined as aware in COACH) and 

responsive, as in [HVCPA10]. These variables are used to describe whether the user is able 

to perform the task independently, and whether he/she will respond if a prompt is issued. 

Although there might be other factors that influence navigation performance in addition to 

the ones specified in COACH, we initially choose to model the same variables. Future work 

will extend the model as necessary based on efficacy study observations and results. We now 

provide a detailed description of the POMDP model seen in Figure 3.8.   
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Figure 3.8    Diagram of the user (POMDP) model used for prompting. 
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status – describes the status of the chair along the route (on_route, off_right, off_left, off_u, 

turn_left, turn_left, stopped) and is partially observable.  Turn_left and turn_right correspond 

to upcoming turns, while off_right, off_left and off_u correspond to immediate turns 

(corrections) required in order to navigate along the optimal route. 

 

behavior – describes the user’s action. Possible values for this variable are: nothing, forward, 

slight_left, slight_right, hard_left, hard_right, u_turn.  This hidden variable typically starts at 

nothing.  Based on the user's responsiveness and independence, the user will perform the 

correct/incorrect behavior given the current status and system action, with some probability 

(estimated using domain knowledge), thus inducing changes in status. For example, the user 

is highly likely to perform the correct behavior without any prompts if he/she is independent. 

However, if the user is not independent and is responsive, he/she is most likely to perform 

the correct behavior when an appropriate prompt is issued.   

 

 

Observation 

 

ob status  –  the observed wheelchair status (output from the Route Planner). It is generated 

by the status variable through an observation function and thus contains the same values. The 

observation function encodes the sensor noise (we assume 10% noise based on our 

observations during controlled experiments).  For example, the probability that the 

wheelchair is actually on route when it is observed to be (according to the Route Planner) is 

90%, and the probability that it is in one of the other states is 10%. The observation function 

can also be specified based on recall and precision values (determined empirically) of the 

Route Planner module. 
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Actions 

 

System actions are nothing, prompt_fix_right, prompt_turn_right, prompt_forward, 

prompt_fix_left, prompt_turn left, prompt_u, issue_reminder.  They induce changes in the 

user behavior, and lead to rewards. Examples of audio direction prompts are: “Move slightly 

to the right”, “Off route – turn left”, and “Move forward”. The reminder prompt was as 

follows: “[Name], try finding the [goal]” or “[Name, let’s go to the [goal]” based on the 

specified task. 

 

Rewards 

 

Directional prompts cost more than nothing, and less than issue_reminder.  Since we wanted 

to encourage the user to follow directional prompts in our study, we set the cost of the 

issue_reminder action to be very high (50) to discourage its selection, while the cost of 

nothing is 0 and prompt is 5. High rewards are received when the user is on route (+10), 

while negative rewards (-10) are received when the user is off route. In addition, when the 

user is independent, costs are increased for all prompts (since they might lead to higher 

frustration). This cost can be customized for each user if certain characteristics such as 

agitation levels are known.   

 

3.6.3.2 Policy Generation 

An optimal policy for the model specified above is computed offline using the Symbolic 

Perseus [Pou05] package with the default parameters 

(http://www.cs.uwaterloo.ca/~ppoupart/software/symbolicPerseus/). The optimal policy can 

be thought of as a decision tree that provides the optimal action (the action that maximizes 

rewards/minimizes cost) based on the observations. This policy only takes a few minutes to 
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compute. A text file specifying the user model above can be found in the online code 

repository [Vis11] and is in the format required by the Symbolic Perseus software. We used 

this software since input files are easy to specify, and future work could even allow someone 

without technical expertise to specify the model (such as the caregiver). 

 

3.6.3.3 Prompt Generation 

The optimal policy provided by the Policy Generation module is queried in real-time for an 

appropriate system action. If the optimal action is to play a specific direction or reminder 

audio prompt, the suggested prompt is selected from a list of pre-recorded prompts (recorded 

by the researcher) and is played to the user. If the optimal action is to do ‘nothing’, no 

prompt is played. If the prompt generated is deemed to be unsafe due to the detection of an 

imminent collision by the Collision Detector, the Prompt Generation module is suspended 

until the obstacle is successfully avoided. 

 

3.6.4 System Integration 

We use ROS (Robot Operating System) (http://www.ros.org) to grab images and perform 

collision avoidance as well as visual SLAM.  We choose this framework since it allows us to 

run multiple processes in a distributed fashion.  The ROS software we use is mostly 

implemented in C++ and python.  The path planning and prompting code is implemented 

separately and is integrated with the ROS software through output files.  The visual SLAM 

module outputs the most recent wheelchair position (2-D map coordinates) and orientation to 

a file. This information is read by the Path Planner module (implemented in C++) in order to 

compute the optimal route.  In addition, when an imminent collision is detected, a file is 

http://www.ros.org/
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written by the ROS software. The Prompt Generator module constantly checks for this file to 

ensure that the optimal driving direction prompted is safe. If an imminent collision is 

detected along the optimal route, the Prompt Generator is suspended until the user 

successfully avoids the obstacle. The status of the wheelchair (on-route, off-route, etc.) is 

written to a file read by the prompting module (implemented in Java and MATLAB), which 

uses this information as input to the POMDP model and generates an audio prompt.  Note 

that we use lock files to ensure the serialization of updates to any given file.  Future work 

involves re-implementing the path planning and prompting modules in ROS to eliminate the 

need for file reading/writing/locking.   
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Chapter  4: System Testing 

 

4.1 Introduction 

In this chapter, we test several individual components of the system: collision avoidance, 

map annotation and trajectory analysis. We provide information on the experimental setup, 

the results obtained, and discussions that highlight strengths and weaknesses of the system, 

as well as areas for future work.  Finally, we test the entire system in a realistic environment 

to determine system performance. We discuss the results of this experiment as they relate to 

our research questions. 

 

4.2 Collision Avoidance 

We conducted controlled experiments to assess the performance of the vision-based anti-

collision sensor.  We also compared the results to those achieved using a 3D time-of-flight 

infrared (IR) sensor (built by Canesta Inc., San Jose, CA), which was used in [MEBH07].  

This sensor uses a pulsed laser and measures the phase shift of the pulse in the reflected light 

over a complementary metal-oxide semiconductor (CMOS) chip, thus allowing depth maps 

to be generated in hardware. The following experiments and results can be found in 

[VBHM08]. 

 

4.2.1 Experimental Setup 

We tested collision avoidance and free space detection capabilities for both sensors in the 

same environment, which had fixed fluorescent lighting and no natural light. We chose this 

setup in order to control for differences that might be caused by variations in lighting rather 
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than sensor choice. Note that we also conducted preliminary experiments in the presence of 

large amounts of sunlight in order to assess lighting effects. However, due to the 

unacceptable performance of the infrared sensor seen in those settings, we simply provide an 

example of the results achieved by both sensors in indoor lighting conditions and compare 

performance. 

 

Figure 4.1    Collision avoidance test conditions. Wall, walker, cane and standing person were positioned 

at the target location directly in front of the wheelchair (a). The moving person moved from the left and 

stopped at the Target Location when the wheelchair was within the 700 mm range (b). 

 

 

(a) (b) 

 

We assessed collision avoidance performance with objects commonly found in a long-term 

care facility, namely a wall, a four-legged walker, a cane, a stationary person, and a moving 

person. An experienced driver drove the wheelchair straight towards each object initially 

positioned 3m directly in front of the wheelchair. This initial location of the test objects is 

referred to as the Target Location. The wheelchair was driven at a constant velocity 

(0.16 m/s) until the wheelchair stopped upon detecting an imminent collision or until a 

collision occurred. We used a value of 700 mm as the stopping distance threshold. Refer to 
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Figure 4.1(a) for the setup. In the ‘moving person’ condition, the person started at the left of 

the Target Location, walking towards it and stopping at the Target Location when the 

wheelchair reached the 700 mm range as in Figure 4.1(b). 

 

In order to determine the effects of wheelchair movement, we recorded distances at which 

the system detected imminent collisions with one of the objects (the cane) while the 

wheelchair was stationary. We moved the cane straight towards the stationary wheelchair in 

10mm increments at 5 second intervals until the system detected a possible collision. We 

repeated this procedure 10 times with both sensors. 

 

Figure 4.2    Free space detection test conditions. Objects were placed to the left (a) and right (b) of the 

Target Location. 

 

(a) (b) 

 

In addition to collision avoidance tests, we conducted experiments to determine the efficacy 

of the Free Space Detection module. A third of the trials had a four-legged walker placed to 

the left of the Target Location and another third of the trials had the walker placed to the 

right of the Target Location (see Figure 4.2). The last third of trials had no object present (to 
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determine false positives). Audio prompts issued by the system indicating the direction with 

the greatest amount of free space (left or right) were compared to ground truth. 

 

4.2.2 Results 

For the collision avoidance tests, we conducted a total of 120 trials with each sensor, out of 

which 100 trials were with an object present, and 20 were with no object present (to 

determine a false positive rate). The anti-collision results and average stopping distances are 

presented in Table 4.1 and Table 4.2 respectively. The results can be interpreted as follows:  

 

True positive - object present, object detected/prompt issued 

False negative - object present, no object detected/no or incorrect prompt issued 

False positive - no object present, object detected/prompt issued 

True negative - no object present, no object detected/no prompt issued  

 

In addition, we provide total precision and recall rates computed as follows: 

 

 Precision = #True positives / (#True positives + #False positives) (1) 

 Recall = #True positives / (#True positives + #False negatives) (2) 
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Table 4.1   Performance of the Collision Avoidance module for each test condition using the infrared (IR) 

and stereovision (SV) sensors. Trials per condition = 20. [PBHM08] 

 

Test Condition True Positive False Negative False Positive True Negative 

IR SV IR SV IR SV IR SV 

No Object     0 0 20 20 

Wall 20 18 0 2     

Walker 20 20 0 0     

Cane 15 18 5 2     

Person Stand 20 20 0 0     

Person Walk 20 20 0 0     

Totals 95 96 5 4 0 0 20 20 

 

Overall precision rates of the Collision Avoidance module are found to be 100% with both 

sensors.  Recall rates are found to be 95% and 96% with the IR and SV sensors respectively. 

The only test conditions that resulted in missed detections for the stereovision sensor was the 

wall and the cane, although the stereovision sensor outperformed the infrared sensor in the 

cane condition. Walls are difficult to detect with stereovision sensors due to the lack of 

texture, thus leading to insufficient visual features for depth estimation. The cane was also 

missed by both sensors due to its thin profile, and reflective surface, which is known to be 

problematic for IR sensors. 
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Table 4.2   Mean stopping distances (with standard deviation) for the infrared and stereovision sensors 

when the wheelchair was moving. The stopping distance threshold was set to 700 mm, velocity = 0.16 m/s.  

Trials per condition = 20. [PBHM08] 

 

  

 

Largest differences in mean stopping distances are noted in the ‘wall’ (due to lack of texture), 

‘walker’ and ‘person walking’ conditions. Although the stereovision sensor was always able 

to detect the walker, it often underestimated its distance from the walker. This was due to the 

fact that there was a large basket at the bottom of the walker that was hidden from the 

stereovision sensor’s view as the wheelchair moved towards the walker. The performance of 

the IR sensor was not affected by the basket since it had a larger vertical field of view. 

Finally, since the experiments for the IR and stereovision sensors were conducted on 

different days, the differences in the ‘person moving’ condition is most likely attributed to 

day-to-day variations in lighting or the walking speed of the person, which was difficult to 

control.  
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Table 4.3   Mean detection distances for when the object and wheelchair were stationary for the infrared 

(IR) and stereovision (SV) sensors. Trials per condition = 10. [PBHM08] 

 

Test  

Condition 

Detection Distance (mm) Std. Deviation (mm) 

IR SV IR SV 

Cane 627 599 113 36 

 

 

The average distance at which the system detected an imminent collision with the cane when 

the wheelchair was stationary is presented in Table 4.3.  As seen, detection distances are 

much higher (closer to the threshold distance) in the cane condition when the wheelchair is 

stationary as opposed to moving (refer to the ‘cane’ condition in Table 4.2). The above 

results suggest that motion of the wheelchair has an effect on system performance.  

 

Table 4.4   Free space detection performance for the (IR) and stereovision (SV) sensors. Trials per 

condition = 20. [PBHM08] 

 

Test 

Condition 

True Positive False Negative False Positive True Negative 

IR SV IR SV IR SV IR SV 

No Object 0 0 0 0 0 0 20 20 

Object - left 12 20 8 0 0 0 0 0 

Object - right 20 20 0 0 8 0 0 0 

Totals 32 40 8 0 8 0 20 20 

 

 

Results of the Free Space Detection module using the 4-legged walker are presented in Table 

4.4. As can be seen, the free space detection performance is higher with the stereovision 

sensor (100% precision and recall). The difference in performances is caused by the 
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difference in free space detection algorithms used by the two prototypes rather than the 

sensor itself. While the earlier prototype with the IR sensor calculated the amount of free 

space by simply adding the number of occupancy grid cells with grey-scale values above a 

specific threshold, the new system assigns higher weights to cells with higher grey-scale 

values. Thus, lighter cells contribute more towards free space than shaded cells. 

  

Figure 4.3    Original images of a room with windows (a). Occupancy grids produced by stereovision (b) 

and infrared (c) sensors with blinds closed and opened.  The noise generated by the IR sensor is circled. 

[PBHM08] 

 

 Original Image Stereovision Infrared 

Controlled lighting 

(blinds closed) 

 

Bright, natural lighting 

(blinds opened) 

 

 (a) (b) (c) 

 

Finally, we provide an example of the ability of both sensors to perform in natural/outdoor 

environments in Figure 4.3 in order to determine their usefulness in natural settings. Notice 

the “blinds opened” condition leads to the generation of noise in the occupancy grid when the 

infrared sensor is used, but does not seem to affect the occupancy grids produced by the 

stereovision camera. This can be explained by the difference in techniques used to calculate 
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depth. The infrared sensor uses a modulated infrared laser, and calculates the depth of an 

object by detecting the phase shift of the modulated light reflected from the target. Sunlight 

leads to infrared contamination (since it contains infrared light), thus resulting in noisy depth 

maps when the infrared sensor is used. The stereovision camera calculates depth by 

measuring the horizontal shift between pixels in the images acquired by the left and right 

lenses, automatically adjusting for variances in illumination in the environment. Thus, its 

performance is less affected by the presence of sunlight.  

 

Moreover, we also note the difference in appearances of the occupancy grids produced by 

both sensors in the ‘blinds closed’ condition. One of the legs of the walker is completely 

missed by the IR sensor due to its reflective surface, while the stereovision sensor is able to 

detect the edges of the leg, thus further highlighting the benefits of using a stereovision 

sensor. 

 

 

4.2.3 Discussion 

Results indicate that the stereovision camera performs as well as the infrared sensor in 

detecting objects (96% accuracy with the stereovision sensor versus 95% with the infrared 

sensor). We also achieved perfect accuracy in providing an appropriate prompt to the driver 

with the vision-based sensor.  

 

All stopping distances with both sensors were shorter than the stopping threshold. This 

outcome is mostly attributed to delays in grabbing images as well as in updating the 
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occupancy grids as the wheelchair moves towards an object. These explanations are 

supported by much longer detection distances when the wheelchair was stationary. Possible 

solutions to this problem would be to use sensors with increased frame rates (such as 

Bumblebee2 cameras that can grab images at 48 frames per second) and increasing the rate at 

which the occupancy grid adapts to environmental changes (the parameter K), although this 

might increase the amount of noise in the occupancy grid. Although stopping distances for 

some objects were shorter using stereovision, less variability was found with this sensor. 

Overall, we found that the stereovision was able to avoid collisions in most cases, thus 

potentially improving safety for drivers who are unable to do so. In addition, the absence of 

false positives would help minimize user frustration and improve usability. It is also 

important to note that while the distance threshold was set to 700 mm, the wheelchair 

continued to move a distance of 70-75 mm after the stop command was sent to the DCLM. 

Thus, stopping distances were also increased by delays in the process required to actually 

stop the wheelchair (the DCLM sending filtered signals to the joystick/ controller and the 

mechanical process of applying the brakes to stop the wheelchair). Additional delays might 

have also been caused by changes in lighting and shadowing on the object as the wheelchair 

moved towards it as well as motion blur in images acquired by the stereovision sensor. 

 

As delayed detection and/or misses are unacceptable in a clinical environment, greater 

sensitivity is required in detecting obstacles, particularly walls and thin objects such as canes. 

Detection of walls becomes a challenge when the stereovision camera is used. Since the 

construction of depth maps using stereovision relies on features in the images, objects with a 

homogenous surface lacking in features, such as a long unadorned wall, result in poor depth 
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maps. This issue can be resolved by adding markers to the surface (i.e. mounting paintings or 

small, textured objects on the wall). However, this is not an ideal solution. Structured light 

can be used to create artificial texture on plain surfaces to generate more accurate depth maps 

[SS03].  

 

Although the performance of both sensors is similar, the stereovision sensor has significantly 

lower power consumption. It is easily powered by the laptop’s USB hub (which provides 5 

volts and up to 0.5 amperes), while the Canesta sensor requires 3 amperes at 5 volts DC. In 

addition, the stereovision camera captures and provides a richer dataset, is lower in cost 

(approximately $2000 USD vs. $5000 USD for the Canesta sensor), and can perform in 

bright natural light/sunlight. Changes in lighting conditions and, specifically, infrared 

interference do not affect the maps generated by the stereovision sensor. It is also able to 

detect objects with reflective surfaces, which are problematic for IR sensors. This makes 

stereovision the more promising of the two sensors for collision avoidance.  

 

The Microsoft Kinect sensor is a cheap sensor that has stirred significant interest in the 

robotics community (www.xbox.com/kinect). This sensor includes an IR and RGB camera 

and produces depth maps from a projected IR pattern, thus showing high accuracy even with 

textureless surfaces. However, these depth maps are found to contain holes in the presence of 

reflective or transparent surfaces. On the other hand, stereo vision is able to detect disparities 

at edges of these surfaces. Recent work has shown that cross-modal stereo pairs of IR and 

RGB images can be used to improve the reliability of built-in depth maps generated by 

Kinect by combining the strengths of IR and stereovision sensors [CBF11].  Future work 
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could involve using the Kinect sensor in NOAH, although safety issues arising from the use 

of projected IR need to be investigated. 

 

Finally, although there was a high accuracy for free space detection in the trials, cluttered 

environments might require a wider field of view for free space detection. The camera can be 

mounted on a pan-tilt unit, so that regions around the wheelchair can be scanned after the 

chair stops and before a prompt is provided. 

 

4.3 Trajectory Analysis 

In these experiments, we test the accuracy of the mapping and localization, path planning and 

trajectory analysis modules.  Specifically, we show the performance of the planning and 

prompting system on twelve unique routes traveled by the wheelchair, each containing 

several deviations, stops and turns. 

 

4.3.1 Experimental Setup 

First, a map of the environment (an image file in PGM format with a resolution of 0.05 m) 

was constructed autonomously overnight using a Powerbot equipped with a SICK laser range 

finder and the Gmapping software. The map was then divided into four regions, and locations 

from each region were selected as start and end locations using the GUI. Twelve unique 

routes were then constructed using these start and end locations, and fed as input to the 

Localization and Path Planning modules respectively, at the beginning of every run (route). 

The map constructed by the mapping component using the laser range finder readings is 

shown in Figure 4.4, along with estimates made by the Localization module for one run.  
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Figure 4.4    Map of laboratory created by the mapping component.  Locations chosen as start and end 

positions are numbered 1-4.  Blue arrows denote wheelchair position and heading as estimated by the 

Localization component while driving along route “1-3”. [VALMM11] 

 

 

 

The Nimble wheelchair was driven by an able-bodied user, at a speed of 0.15 m/s, which was 

determined to be a safe driving speed for the intended user population. The environment 

chosen was realistic (a computer science lab), containing dynamic obstacles (people walking 

around in the lab). In addition, the experiments were conducted during varying times of the 

day (morning, evening, and night) in order to test the robustness of the system to different 

lighting conditions. The output of the Trajectory Generation and Analysis module during 

each run was recorded for subsequent analysis.  

1 

2 
3 

4 
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Table 4.5   Trajectory analysis results. [VALMM11] 

Route Left 

deviation 

Right 

deviation 

U-turn Upcoming 

left turn 

Upcoming 

right turn 

Stop 

TP FP FN TP FP FN TP FP FN TP FP FN TP FP FN TP FP FN 

1 – 4 3 0 0 2 0 0 3 0 0 1 0 0 0 0 0 3 0 0 

1 – 3 5 1 0 6 2 0 4 4 0 3 0 0 3 0 0 5 0 0 

1 – 2 5 0 0 7 0 0 4 0 0 3 0 0 3 0 0 0 0 0 

2 – 1 3 0 0 8 1 0 2 2 0 4 0 0 0 0 0 2 0 0 

2 – 3 3 0 0 0 0 0 1 0 0 0 0 0 2 0 0 2 0 0 

2 – 4 4 0 0 4 1 0 2 0 0 2 0 0 4 0 0 2 0 1 

3 – 1 5 0 0 4 0 0 2 0 0 3 0 1 5 0 0 3 1 0 

3 – 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

3 – 4 9 1 0 3 1 0 1 2 0 4 0 0 2 0 0 3 0 0 

4 – 1 4 0 0 0 1 0 2 0 0 0 0 0 1 0 0 2 0 0 

4 – 2 4 1 0 8 3 0 4 4 0 2 0 0 3 0 0 3 0 0 

4 – 3 3 0 0 2 2 0 2 0 0 4 0 0 1 0 0 3 0 0 

Totals 50 3 0 44 11 0 27 12 0 26 0 1 24 0 0 28 1 2 

Avg Recall  

(TP/ TP+FN) 

1.0 1.0 1.0 0.96 1.0 0.93 

Avg Precision 

(TP/ TP+FP) 

0.94 0.8 0.69 1.0 1.0 0.97 
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4.3.2 Results 

Results of the Trajectory Generation and Analysis module are shown in Table 4.5. Left and 

right deviations (of more than 50
o
) from the optimal route, 180-degree deviations (u-turns), 

upcoming turns, as well as lack of motion (stops) are identified by the system. We 

determined true positives (TP), false positives (FP), and false negatives/missed detections 

(FN) for each of the different types of detections. 

 

4.3.3 Discussion 

As seen in Table 4.5, most deviations and turns are detected with high accuracy and 

precision.  Most of the errors (specifically for right deviations and u-turns) noted during the 

experiments were caused by the following: 

1) Errors made by the localization module due to lack of texture or reflective surfaces. 

2) Inaccurate starting position estimates. 

3) Obstacles in the map that did not exist in the test environment. 

 

The first error is a common pitfall of vision-based systems, since estimating camera motion 

requires the matching of landmarks between incoming images. Untextured areas such as 

blank walls, as well as reflective surfaces such as windows, result in few, incorrect or no 

matches, thus causing localization errors that persist until the system is able to re-localize 

using previously-seen landmarks. These errors could be corrected by integrating an inertial 

measurement unit, which measures orientation and velocity, and can be used to determine 

wheelchair motion in the absence of visual landmarks. 
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In these experiments, approximate starting positions were specified by clicking on the map 

through a graphical user interface by the researcher. Since localization estimates are relative 

to the starting position, any errors in the starting position propagated throughout the route. 

Future work can involve verification of these positions using landmarks on the map, or 

acquiring these positions directly during the mapping process. Alternatively, positions of 

known landmarks in the environment can be used to correct localization estimates when 

these landmarks are detected by the camera. 

 

Since the map was generated once several months prior to these experiments, the positions of 

many movable obstacles such as chairs and boxes had changed since the mapping process. 

Thus, the planning and prompting modules occasionally instructed the user to move around 

‘invisible’ obstacles that did not exist in the test environment. Unlike the errors described 

previously, invisible objects resulted in temporary errors that the system was able to recover 

from when the user moved away from them. However, these errors can be reduced by 

reconstructing the global map when the environment changes significantly. Alternatively, a 

more feasible solution would be to update the global map when persistent changes in the 

environment are detected during real-time localization. For example, if free space is 

consistently found by the camera in a region corresponding to an obstacle in the global map, 

the obstacle can be removed from the global map.  

 

4.4 Full System Testing in Simulated Scenarios 

Several experiments were conducted to test the entire system, including adaptive navigation 

prompts (generated by the user model). The objective of these trial experiments was to 
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provide answers to secondary questions regarding system performance in a more realistic 

setting than previous experiments, and identify necessary future improvements pertaining to 

system performance. Due to the difficulties in recruiting the target users (older adults with 

cognitive impairment) for multiple experiments, these trial experiments were conducted in 

order to provide insights on system performance in a realistic indoor environment, which 

could lead to increased robustness in real-world settings. Since user behaviors were 

simulated in these experiments, system actions were evaluated qualitatively to ensure 

reasonable policies were computed by the user model, assuming that the specified user model 

was correct.  

 

P. Viswanathan and P. Alimi simulated various user cognitive states (independent and 

responsive, independent and unresponsive, etc.) while navigating through a pre-specified 

route (shown in Figure 4.6). Any missed collision events as well as false alarms (wheelchair 

stopped in the absence of an obstacle) were noted. System actions were logged and checked 

for correctness. Although we do not report on all trial experiments conducted, we summarize 

key findings and provide some examples of system behaviour. 

 

4.4.1 Results 

We do not provide any quantitative results (due to the lack of a baseline and repeatability in 

this experiment) in this section. However, we illustrate an example simulation when the user 

is not independent but is responsive. In this simulation, the user is unsure of the route and 

does not move the joystick. The system detects that the user is not independent and starts 

prompting the user. As the user responds to the prompt, the system correctly recognizes that 
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the user is responsive and continues to prompt the user throughout the task until she reaches 

the destination. 

 

Figure 4.5 shows some examples of the system actions (prompts and stops). The arrows in 

the figure indicate system estimates of the wheelchair’s position and heading obtained from 

the Localization module. As seen, the system delivers appropriate prompts and at reasonable 

times, thus allowing the participant to drive along the optimal route to the destination. Also 

note that one false positive collision event was detected due to glare in the window in front of 

the wheelchair. 

 

Figure 4.5    Example of system actions (prompts and stops) performed to assist the user. Arrows indicate 

system estimates of wheelchair position and orientation. Note that duplicate actions are omitted for visual 

display purposes. [VLMM11] 
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4.4.2 Discussion 

1) What types of errors occur while detecting and avoiding collisions? 

 

Only a few false positive collisions were detected during the trial experiments due to glares 

from one of the windows in the test environment. Specular reflection is viewpoint dependent 

and can cause large intensity differences at corresponding points in stereo images, thus 

resulting in significant depth errors. No false positives were noticed when the blinds were 

closed.   

 

2) What types of errors occur while providing navigation prompts? 

 

No errors were noted in navigation prompts. The accuracy of the Prompter module is largely 

dependent on that of the Localization module. Since no major localization errors were made, 

the system was able to provide accurate navigation prompts. 

 

3) What future improvements need to be made to increase system performance? 

 

In order to ensure robust performance in the presence of windows, which are quite common 

in home- and office-like environments, a possible solution is to detect windows in incoming 

camera images using object detection techniques and ignore depth values contained inside 

these regions. 
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Chapter  5: Efficacy Study 

5.1 Introduction 

In order to assess the effectiveness of the system with the intended users, older adults with 

cognitive impairment, we designed an efficacy study described in this chapter. The objectives 

of this study were to answer all the research questions outlined earlier with the target 

population. To this end, we tested the entire system (on the Pride wheelchair) in a controlled 

environment to allow us to evaluate system efficacy and usability. In addition, we solicited 

feedback from the users to gain a further understanding of their needs and preferences 

relating to powered mobility. 

 

5.2 Ethics and Informed Consent 

Ethics for this study was approved by the University of Toronto Research Ethics Board in 

February 2011 as a major amendment to the protocol found in [How11] (details regarding the 

amendment can be found in Appendix D). The study was conducted at Harold and Grace 

Baker Centre in Toronto (the collaborating institution). The institution acknowledged the 

ethics approval process from the University of Toronto and offered a letter of support for this 

study. 

 

The substitute decision makers (SDMs) of potential participants were contacted for informed 

consent prior to the screening process. Participation was on a voluntary basis and no 

compensation was given for this study. In addition, participants were informed of their right 

to withdraw from the study at any time and that the study had no effect on their level of care 

at Harold and Grace Baker Center. The consent form can be found in Appendix E. 
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5.3 Inclusion Criteria 

To be included in the study, participants had to: 

 

 be over the age of 65;  

 have a mild-to-moderate cognitive impairment (assessed by the Mini Mental State Exam 

MMSE) or cognitive performance scale (CPS) described below);  

 provide written consent from his/her substitute decision maker;  

 be able to sit in a powered wheelchair for an hour per day;  

 be able to follow prompts and have basic communication skills;  

 be able to operate a joystick and identify directions.  

 typically use a walker or a manual wheelchair for mobility. 

 

Priority was given to participants who, in addition to meeting the inclusion criteria, 

experienced feelings of disorientation and/or had visual impairments. 

 

MMSE and CPS scores were used in screening due to the availability of recent CPS scores 

for most residents and the ease of conducting an MMSE exam in cases where recent 

results/diagnoses were not available. Residents who score in the moderate range (10 to 25 out 

of 30) in the MMSE are especially likely to be assessed for powered mobility by clinicians 

[Wan11]. As noted, these residents are often denied access to powered wheelchairs on safety 

grounds. However, we hypothesize that they could use an intelligent powered wheelchair 

safely, thus making them ideal candidates for the efficacy study. 
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Residents with mild-to-moderate cognitive impairment (as defined by MMSE/CPS scores) of 

any diagnoses were included, without restricting the specific diagnoses, because the system is 

targeted toward users with multiple and complex cognitive impairments, who form a 

heterogeneous population. In addition, recruiting residents with only a certain diagnosis, for 

example Alzheimer’s disease, would have resulted in too few participants.  

 

The MMSE is a brief questionnaire introduced by Folstein et al. in 1975 [FFM75] that tests 

an individual’s memory, orientation and arithmetic. It is commonly used to screen for 

dementia and to estimate the severity of cognitive impairment at a given time. It is also used 

to monitor cognitive changes in an individual over time, thus making it an effective 

documentation tool for an individual's response to treatment. MMSE scores range from 0 

(severe) to 30 (intact).  

 

The Cognitive Performance Scale (CPS) combines information on memory impairment, level 

of consciousness, and executive function, with scores ranging from 0 (intact) to 6 (very 

severe impairment) [MFM
+
94]. The CPS has been shown to be highly correlated with the 

MMSE in many validation studies. Thus, in cases where only participants’ CPS scores were 

available, corresponding MMSE scores, as described in [MFM
+
94], were used (Table 5.1).   

 

5.4 Exclusion Criteria 

Participants were excluded if they had a history of aggression or significant prior experience 

with a powered wheelchair due to potential past experience-dependent effects on the validity 

of the outcome measures. 
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5.5 Participants 

A purposive sampling method was used. We first identified potential candidates based on 

recommendations by caregiving staff for residents with mild-to-moderate cognitive 

impairments that would restrict their potential for powered wheelchair use, and with the 

ability to follow basic instructions.  We also included recommendations by a researcher who 

had experiences working with residents at this facility in other studies for the COACH 

project. We then sought informed consent from SDMs of all identified candidates, 

successfully recruiting six participants who had informed consent (by SDMs) and met the 

inclusion criteria. Note that a minimum of four single subjects is suggested to give 

preliminary evidence that the initial findings did not occur by chance [BH84]. According to 

their quarterly assessments, three of the selected participants had short-term memory deficits 

(participants 1, 3 and 5), and participant 1 also had a severe visual impairment. Refer to  

Table 5.1 for information on each participant’s age, gender and dementia level. 

 

Table 5.1   Participant information 

Participant ID Age Gender Dementia Level (MMSE score) 

1 97 Female Moderate (15) 

2 71 Male Mild (19) 

3 66 Male Moderate (15) 

4 86 Female Moderate (15) 

5 91 Female Mild/Intact (25) 

6 80 Female Mild (19) 
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Figure 5.1    Maze (a) and obstacles (b) constructed using foam boards.  

  
(a) (b) 

 

5.6 Apparatus and Setup 

The study was conducted in a dedicated research room (approximately 50 m x 50 m in size) 

of the long-term care facility. A maze was assembled in this room out of Styrofoam boards 

(see Figure 5.1), with a stop sign placed on a board at the end of the maze. The use of 

Styrofoam for obstacles ensured that collisions did not harm the participants. Since one side 

of the foam boards was plain and un-textured, newspapers and colored tape were used to 

create artificial texture on these surfaces (required for obstacle detection and visual SLAM).  

The course included 5 types of movements: 90° right turn(s), 90° left turn(s), entering a 

narrow straight line path, weaving motion (around maneuverability obstacles along the route) 

and stopping. These movements were based on existing tests used to assess powered 

wheelchair mobility [DKC06, Kir08]. The maximum speed of the wheelchair was set to 0.25 

m/s to ensure safety. In order to reduce learning effects, we alternated between two different 

layouts of maneuverability obstacles (the smaller foam obstacles seen in Figure 5.1 b), so that 

subsequent runs contained slightly different positions of obstacles. The maze (position of 

START 

END 
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larger wall-like foam obstacles), was the same throughout the study, although it had to be re-

assembled and stacked away every day, as per the staff’s request. In addition, we constructed 

a random ordering of five different starting orientations, such that the participant typically 

started every run facing in a different direction than the previous run. This ordering was 

repeated in both phases. 

 

5.7 Method 

The efficacy study was an exploratory study using a concurrent mixed methods design. Both 

quantitative and qualitative approaches for data collection and analysis were used in order to 

gain a holistic understanding of the research questions [Cre08]. The rationale behind this 

mixed approach is that the combination of quantitative and qualitative methods allows a 

better understanding of the problem than either method alone.  

 

A single-subject research design is used to acquire and analyze quantitative data. Qualitative 

data collection methods that include participant observations as well as standardized and 

custom questionnaires are employed using a case study design. 

 

5.7.1 Single Subject Research Design 

The single subject research design (SSRD) is typically used to study the behavioral change 

an individual demonstrates as a result of some treatment [Dom05]. In single-subject designs, 

each participant serves as her or his own control. The participant is exposed to a baseline and 

an intervention phase and performance is measured during each phase. The behavior of the 

individual is observed repeatedly during each phase, allowing the researcher to identify 
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patterns in performance within each phase, as well as comparison of performance patterns 

across phases. The SSRD was chosen for our efficacy study for multiple reasons including its 

ability to demonstrate individual differences and treatment effectiveness, the difficulties in 

recruiting a large and homogenous group of target users and the relative ease with which it 

can be carried out [Mil11]. 

 

The efficacy study consisted of two phases: A and B. In phase A (baseline), the automated 

collision avoidance and wayfinding system was deactivated, while phase B (intervention) 

was conducted with the system in use. Each participant completed both phases, as required 

by SSRD. We used a counterbalanced study design where we randomly chose half of the 

participants for A-B phase ordering, and assigned the other half B-A ordering. Each phase 

consisted of one training session and eight driving sessions (runs). Participants completed 

only one session a day, and a total of sixteen runs over a period of a month.  

 

5.7.2 Case Study Design 

Case studies are generally used to study “complex social phenomena”, and are selected to 

answer “how” or “why” questions [Yin03]. The focus is on a “contemporary phenomenon 

within its real-life context”, where the “boundaries between the phenomenon and its context 

are not clearly evident” [Yin03]. The objective of case studies is to arrive at generalized 

theoretical propositions. In addition, due to the depth of the analysis and the high time 

requirements, a small number of case study units is expected [Mey01]. 
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5.7.3 Procedure 

At the beginning of each phase, a training session was conducted for every participant, where 

he/she was taught how to operate the powered wheelchair (with or without the anti-collision 

and wayfinding system depending on the phase being conducted) in an open area. 

Participants were taught how to navigate around sample obstacles in both phases, and were 

also taught to steer backwards when blocked by obstacles in front of them to create more free 

space. In the phase B training session, the researcher additionally explained the stopping 

mechanism of the collision avoidance and taught them how to operate the wheelchair when 

wheelchair motion in specific directions was blocked. The various audio prompts delivered 

by the system were also played to the participants during the training session in phase B 

while they were stationary. Participants were asked to adhere to the prompts and their 

responses were noted in order to ensure that they were able to hear, understand and follow all 

prompts. At the end of both training sessions, the researcher escorted the participants in their 

manual wheelchair or walker along the optimal route to the specified goal (the stop sign) at 

the end of the maze. They were informed that they had to follow this route during subsequent 

runs. These training sessions were conducted for at most twenty minutes.  

 

At the beginning of each run, the user was asked to report on whether they were confident in 

navigating along the specified route using learning transference acquired from the training 

session and/or previous runs. The participant was then asked to navigate to the stop sign by 

following the route specified during the training session. At the end of each run (that lasted 

from two to twenty-two minutes, depending on the driving abilities of the participant), the 

participant completed a survey regarding wheelchair usability.  At the end of each phase, 
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participants were asked questions regarding their level of satisfaction, as well as open-ended 

questions regarding the device. 

 

A video camera was mounted above the wheelchair to capture joystick motion while the user 

was driving, and an additional camera was used by the research assistant to capture the scene 

view. All participants provided consent to videotape their sessions and to log any verbal 

feedback or observations during the period of the study. During the trials, the researcher 

followed each participant closely in order to provide assistance in case the participant was 

confused or anxious, or to stop the wheelchair in the case of an emergency. 

 

5.7.4 Outcome Measures 

The outcome measures related to subject performance in the study were:  

 

1. The number of frontal collisions encountered with obstacles by the participant. 

A frontal collision was defined as a single point of impact between the front of the powered 

wheelchair and an obstacle. If several impacts occurred in succession, each impact was 

considered a collision. However, only a single collision was recorded if the wheelchair hit an 

obstacle and dragged/pushed it without changing the point of impact. 

 

2. The length of the route navigated by the participant. 

The length of the route navigated was determined by using a measuring wheel. Adjusting 

maneuvers (e.g. back and forth motions of less than 0.5 m) were ignored. Ideally, the system 

should enable participants to reach the goal by traveling a shorter distance, thus decreasing 
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participant fatigue. 

 

3. The amount of time taken to reach the goal. 

The total time to complete the course was measured after every run. Ideally, the system 

should enable participants to reach the goal faster, increasing usability of the system. 

 

The outcome measures related to user satisfaction were:  

 

1. NASA-TLX (Task Load Index) scores (see Appendix A.1). 

 

The NASA task load index is a subjective measure of workload imposed by a given task 

[HS88]. NASA-TLX was found to be a reliable and sensitive measure of perceived workload 

in an analysis of its psychometric properties [Nyg91]. It has been used to study adults 

(including older adults) with traumatic brain injury and their response to driving tasks 

[CSG
+
09]. 

 

A total workload score is composed of six dimensions: 1) mental demands, 2) physical 

demands, 3) temporal demands, 4) perceived performance, 5) effort, and 6) frustration (see 

Appendix A.1 for questionnaire).  Each dimension is described as follows:  

 

1)  Mental demand – the perceived amount of mental and perceptual activity required 

for the task. 

2)  Physical demand – the perceived amount of physical activity required for the task.  
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3)  Temporal demand – perceived time pressure related to the task.  

4)  Performance – perceived success at accomplishing the goals of the task.  

5)  Effort – perceived amount of work (mental and physical) put in to achieve the level 

of performance demonstrated.  

6)  Frustration – perceived levels of insecurity, discouragement, irritation, stress, or 

annoyance during the task.  

 

For this study, the task was defined as: navigating a powered wheelchair along a specified 

route in a maze with as few collisions as possible. Each of the dimensions was self-graded 

through a questionnaire process on a scale that ranged from 0 to 20, with 0 corresponding to 

minimal workload and 20 corresponding to high workload. Scores from the various 

dimensions can be added together and weighted to form a total workload score. Dimension 

weighting was not used in this study because it has a negligible impact and would complicate 

the questioning process [Nyg91]. 

  

2. Quebec User Evaluation of Satisfaction with Assistive Technology (QUEST 2.0) (see 

Appendix A.2). 

 

QUEST 2.0, or the Quebec User Evaluation of Satisfaction with Assistive Technology 

(version 2.0), is an outcome measure related to user satisfaction of their assistive devices 

[DWS02]. It has been validated for test re-test reliability, interrater reproducibility 

[DSGW99], and content validity [DWWSW99]. Reliability of the QUEST 2.0 was also 

validated with adults with multiple sclerosis [DMLAW02]. This questionnaire has been used 
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in a satisfaction survey related to wheelchairs for older adults in nursing homes and 

community dwelling settings [KCHC09]. Satisfaction of assistive technology is an important 

measure since it is likely that users with low satisfaction will abandon the assistive device.  

 

For this study, only eight questionnaire items out of the twelve were considered, since the 

other four questions were related to service of the assistive technology. The items related to 

the device were: 1) dimensions, 2) weight, 3) adjustments, 4) safety, 5) durability, 6) 

simplicity of use, 7) comfort, and 8) effectiveness of the device. Each item was graded by the 

user through a 5-point Likert scale ranging from not satisfied at all (1), to very satisfied (5). 

 

3. User’s report of self-confidence in following the route specified during training. 

 

The user was asked before each trial if he/she remembered the task (finding the stop sign) 

and the specified route. This report represents users’ perceived levels of independence during 

the navigation task. 

 

4. General feedback regarding the device obtained using the custom questionnaire (see 

Appendix A.3). 

 

The user was asked specific questions about NOAH and how they would use it. Examples of 

questions asked are: “Did you like the system?”, “Would you use the system if it was 

available to you?”, and “What would you do with it?”. Responses to these questions were 

expected to provide more qualitative feedback and be useful in designing future prototypes. 



  

90 

5. Verbal comments and visual observations relating to user interactions with the device. 

 

Verbal comments and visual observations providing cues about the user’s satisfaction and 

frustration were used to supplement information acquired through the questionnaires. Since 

some of the users had memory impairments preventing them from remembering details 

regarding system usability, this real-time feedback was expected to be useful in improving 

the system. 

 

5.7.5 Data Collection and Measurement 

During each run, the researcher recorded the number of collision events that occurred, the 

time taken to reach the goal, as well as the length of the route navigated by the participant on 

the log in Appendix B. At the end of each run, the participant answered questions for 

perceived ease of use of the powered wheelchair, using the standardized NASA-TLX 

questionnaire. At the end of each phase, the researcher administered a QUEST 2.0 

questionnaire regarding the participant’s perceived satisfaction, as well as a custom 

questionnaire to solicit general feedback from the user regarding the device and their 

mobility needs. Collision information and time taken were verified through video recordings 

of the trials. All runs were videotaped (by a research assistant) in order to capture participant 

observations during the navigation task. These observations noted during the use of the 

device were hypothesized to be valuable and less accessible during interviews at the end of 

the session, since participants were expected to have memory impairments or other cognitive 

limitations. Key observations were documented during playback of video recordings. 
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5.8 Data Analysis 

5.8.1 Quantitative Analysis of Subject Performance 

Visual analysis is often the primary method of analysis for SSRDs. Thus, frontal collisions, 

wayfinding and completion time data are analyzed visually through comparison of the 

sample mean (μ), standard deviation (σ), and trend. The C-statistic [Try82] is used to 

determine effectiveness of the treatment by determining whether there is a trend in sequential 

evaluation measures in terms of slope and magnitude of change.  This method is chosen since 

it only requires a minimum of eight data points per phase, can be used with serially 

dependent data, and is relatively easy to compute.  The logic underlying the C-statistic is 

similar to that underlying visual analysis since variability in successive data points is 

evaluated, relative to changes in slope from one phase to another [Try82]. A trend is 

identified when the C-statistic is high, and a negative C-statistic implies lack of trend. The 

standard error (SE) of C is calculated and C/SE is assumed to be normally distributed with p-

values based on the Z distribution.  The baseline data is first analyzed with the C-statistic to 

detect a significant trend (p<0.05). If a significant trend does not exist, the baseline data is 

combined with the intervention data, and the C-statistic is re-computed for the combined 

data. A statistically significant C-statistic value for the entire series might provide evidence 

for a shift in level and/or trend; however, it cannot conclude that the change was caused by 

the intervention. The key advantage of the C-statistic is that it can be computed on relatively 

small data sets without loss of power, however it is vulnerable to autocorrelation and can 

overestimate treatment effects [Blu84]. The C-statistic is thus used to supplement visual 

analysis of the data. NASA-TLX score averages are illustrated in bar graphs, although we do 

not show data for the individual categories (raw scores can be found in Appendix C).  
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5.8.2 Qualitative Analysis of Participant Observations 

Participant observations (visual and audio) from video recordings of study runs and 

interviews were examined by the researcher with techniques similar to those used in thematic 

analysis [Pat02, Wan11].   Documented observations were first annotated with a 

representative code. Subsequently, themes or categories were created using these codes, and 

observations with similar codes were grouped together. Categories were then inductively and 

iteratively explored for inter-relationships and merged into fewer categories. Formal 

validation of the themes used was not carried out during analysis, but will be carried out in 

the future to help eliminate possible researcher bias. 

 

 

5.8.3 System Performance Analysis 

Missed and false detections of obstacles were noted during the trials.  Video recordings and 

system logs were then used to identify the reason for system errors. Incorrect wayfinding 

prompts and localization errors were also found through video recordings and logs and 

analyzed. We provide graphs showing the accuracy of the prompting system during each 

trial. In addition, we provide information on user responses to the prompting system, since it 

ultimately determines the effectiveness of the wayfinding system. 

 

5.9 Efficacy Study Results 

In this section, we provide details regarding the results of the efficacy study described 

previously for each participant.  We analyze quantitative results obtained through the data 

collected throughout the study relating to the outcome measures.  In addition, we provide 

quantitative and qualitative feedback obtained from participants through surveys and 
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questionnaires, as well as verbal comments made by the participants during the study. We 

also provide information regarding system performance.  

 

5.9.1 Subject Performance 

For each participant, we report on the number of collisions, the distance traveled to the goal, 

as well as the time taken to reach the goal.  We also discuss feedback provided by each 

participant through the questionnaires/surveys.  

 

Figure 5.2 shows the sample system output for a participant (5) during a run in the 

intervention phase (B).  As seen, the system estimates that the user is not independent (since 

the user does not move forward at the beginning of the run), and thus continues to prompt the 

user throughout the trial since it also estimates that she is responsive (based on the observed 

wheelchair status after prompts are issued). 

 

Figure 5.2    Example of system prompts for Participant 5 during phase B. 

 

 

 

START 

END 
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5.9.1.1 Participant 1   

Participant 1 had a severe visual impairment. In addition, she could not understand some of 

the audio prompts during the training session, so the recordings were slightly simplified and 

modified to include words translated to her native language. She had severe mood swings, as 

indicated in her assessment, and thus her participation in the trials was highly inconsistent. 

While other participants completed all trials in approximately three weeks, participant 1 

completed trials over a month. She was able to propel herself in her manual wheelchair and 

did not have prior experience driving a powered wheelchair. Participant 1 had A-B phase 

ordering. 

 

Figure 5.3    Total frontal collisions for participant 1. Without NOAH (μ=8.0; σ=2.62), with NOAH 

(μ=1.38; σ=0.92). 

 

 

 

 

 

 

 



  

95 

Figure 5.3 shows the frontal collisions for participant 1. Visually, there is a large 

discontinuity in performance between the last baseline run and the start of the intervention 

phase (which is a criterion for acknowledging that a mean changed occurred because of the 

intervention [Ott86]). The mean of the number of collisions is lower with the intervention. 

Specifically, the minimum number of collisions in the baseline phase is greater than the 

maximum number of collisions in the intervention phase. The variance in the number of 

collisions also appears to be lower in the intervention phase. The C-statistic reveals that 

although no significant trend is found in the baseline data (Z=1.41), a significant trend is 

found when the intervention data is appended to baseline data (Z=2.53, p<0.01), suggesting 

that the magnitude of change when the intervention is introduced is unlikely to have occurred 

by chance. 

 

The results suggest that the system increased safety for participant 1.  Due to severe visual 

impairments, participant 1 could not see obstacles in front of the wheelchair and often drove 

through them when NOAH was not activated. The stopping mechanism decreased her frontal 

collisions. However, we found she was often unable to detect free space herself (due to her 

poor vision), and thus might have benefited from additional audio prompts that provided free 

space information. In addition, the participant initially did not understand how to drive 

backwards to maneuver away from obstacles (in cases where forward and sideways motions 

were restricted by the system or obstacles) and needed to be told by the researcher to pull the 

joystick towards her. However, her ability to drive backwards improved over time as she 

learnt how to operate the joystick. Participant 1 was also generally confused about joystick 

operation at times or did not push the joystick hard enough to initiate wheelchair motion. In 
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these cases, the researcher asked the participant which direction she wanted to move in and 

assisted her in operating the joystick (by telling her to push harder or pushing her hand on the 

joystick towards her desired direction for a few seconds). This suggests that further training 

or an alternate feedback mechanism (in addition to just audio prompts) might be required by 

some users. Additionally, the usability of the joystick interface on the wheelchair could be 

improved or other interfaces could be explored.  Also, although NOAH was able to reduce 

the number of front collisions, it did not completely eliminate them due to the presence or 

appearance of obstacles in the camera’s blind spots. 

 

Figure 5.4    Total length of route taken by participant 1. Without NOAH (μ=18.21m; σ=1.88m), with 

NOAH (μ=11.31m; σ=0.0m). 

 

 

 

Figure 5.4 shows the length of the route taken by participant 1. There is a large discontinuity 

in performance between the last baseline run and the start of the intervention phase. The 

mean of the route length is lower with the intervention. The minimal route length in the 

baseline phase is much greater than the maximum route length in the intervention phase. The 
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variance in the distance travelled also appears to be lower in the intervention phase. From 

inspection it appears that the intervention (NOAH) has an impact on the distance travelled for 

participant 1. A statistically significant change is found with the C-statistic (Z=2.93, p<0.01). 

 

Without the system, the participant was found to wander in the maze since she could not 

remember the specified route due to memory impairment (she also needed to be reminded of 

the task before every run), often revisiting previous locations.  However, when the system 

was in use, participant 1 was found to be very responsive to prompts, often responding to 

instructions by echoing or saying “yeah”. During one occasion, the system issued an 

incorrect prompt due to a localization error (the wheelchair was estimated to be closer to a 

turn than it really was).  It prompted her to turn left into an obstacle outside the camera’s 

view. The participant responded by saying “No sense!” and correctly ignored the prompt. 

This interaction suggests that the participant saw the system as a collaborator that helped her 

but was also likely to make mistakes, and was thus able to engage in a shared decision-

making process.  The participant was also found to laugh and respond positively to prompts 

that contained her native language, suggesting that language can help to improve usability of 

the system.   
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Figure 5.5    Total time to reach destination for participant 1. Without NOAH (μ=1125.88s; σ=216.49s), 

with NOAH (μ=702.38s; σ=71.48s). 

 

 

Figure 5.5 shows the completion time for participant 1. There is a large discontinuity in 

performance between the last baseline run and the start of the intervention phase. The mean 

completion time and variance is lower with the intervention. From inspection it appears that 

the intervention (NOAH) has an impact on the completion time for participant 1. A 

statistically significant change is found with the C-statistic (Z=1.70, p<0.05). 

 

Results indicate that driving times tended to be lower in the intervention phase (except for 

run six in the baseline phase, when the participant tended to stop less often).  This was 

mainly due to the fact that the participant was taking the shortest route to the destination 

when the system was in use, rather than wandering (as mentioned previously).  In addition, 

by encouraging the participant to stay away from obstacles, the system was able to help the 

participant to navigate in open spaces, thus saving time spent maneuvering out of major 

collisions (which the participant found difficult to do).   
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Due to language barriers, we were unable to get QUEST 2.0 ratings or feedback through the 

custom questionnaire from the participant (she said she did not understand the questions).  

However, the participant was able to respond to NASA-TLX questions (possibly because the 

questions contained simpler words that she could understand).  Although she was unable to 

provide us with the usual ratings (0-20), she was able to provide “low/good” (0), 

“medium/OK” (10) and “high/bad” (20) ratings.  Figure 5.6 shows her NASA-TLX average 

ratings. 

 

Figure 5.6    NASA-TLX average ratings for participant 1. Possible ratings were low, medium or high 

demand. 

 

 

 

Results indicate that her average ratings related to mental, physical and temporal demand 

were higher with the system. However, the participant’s perceived performance was much 

better (supported by her frequent utterance of the word “good!” as she avoided obstacles with 
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the system), and she also provided lower ratings for effort and frustration in the intervention 

phase.  It is interesting to note that when the system was in use, the participant repeatedly 

said “more!” at the end of the trial, indicating through gestures that she wanted more driving 

time, presumably since she was less fatigued due to shorter driving times.  In contrast, the 

participant would say “enough!” as she neared the destination when the system was not in 

use.  Thus overall, the system possibly lowered her fatigue (effort) by ensuring safety and 

shorter driving times. The NASA-TLX item related to frustration included information 

regarding anxiety. We noticed the participant was less anxious regarding collisions with the 

intervention, but this might have also been due to increased familiarity with the task. 

It is possible that the prompts increased mental and temporal demand since she was observed 

to pay close attention to prompts, often repeating after them. She did not understand what 

“feeling rushed” meant, and so could not provide temporal demand ratings. Instead, she 

provided ratings to describe how fast she felt she completed the task.  The increased ratings 

are explained by the fact that she finished the task much faster in the intervention phase. 

Also, it is important to note that the participant said on many occasions that “medium is 

good” for items related to physical, mental and temporal demand. The fact that the majority 

of her ratings for those items were either low or medium implies that this participant was 

fairly satisfied in both phases with respect to the first three NASA-TLX items.  

 

5.9.1.2 Participant 2  

Participant 2 had used a similar wheelchair in a few previous studies, and used a manual 

wheelchair on a regular basis, mainly propelling himself backwards. He had A-B phase 

ordering.  
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Figure 5.7 shows the frontal collisions for participant 2. There is no visual discontinuity in 

performance between the phases. The mean frontal collisions and variance are slightly lower 

with the intervention. However, the trend in the data suggests a learning effect (the 

participant had eliminated all collisions by the end of the baseline phase).  As the participant 

drove the wheelchair more, he became more comfortable with the joystick operation and was 

found to improve his performance. The C-statistic shows a statistically significant trend in 

the baseline data (Z=2.06, p<0.05), thus its usefulness is limited in this case to determine the 

effectiveness of the treatment. 

 

Figure 5.7    Total frontal collisions for participant 2. Without NOAH (μ=1.13; σ=1.89), with NOAH 

(μ=0.0; σ=0.0). 
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Figure 5.8    Total length of route taken by participant 2. Without NOAH (μ=11.31m; σ=0.0m), with 

NOAH (μ=11.31m; σ=0.0m). 

 

 
 

Figure 5.8 shows the length of the route taken by participant 2. No visual discontinuity is 

found between the phases.  The mean and variance are the same in both phases.  Thus, the 

wayfinding module did not appear to help the participant, especially since his baseline 

wayfinding performance was quite high (he was able to identify the goal and said that he 

remembered the route before every run).  This shows that although the collision avoidance 

module might benefit all users, the need for wayfinding assistance varies between users. 
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Figure 5.9   Total time to reach destination for participant 2. Without NOAH (μ=434.75s; σ=199.04s), 

with NOAH (μ=327.38s; σ=130.22s). 

 
 

Figure 5.9 shows the completion time for participant 2. There is a visual discontinuity in 

performance between the phases, with the intervention initially causing an increase in 

completion time. However, the mean completion time appears to be lower with the 

intervention. Also, there appears to be a trend in both phases, indicating that the participant is 

able to complete the task faster over time.  This learning behavior is also seen in his collision 

avoidance performance, thus further suggesting that the participant is able to improve 

performance (in terms of safety and completion rate) over time. No statistically significant 

trend is found with the C-statistic in the baseline phase (Z=1.27). In addition, no statistically 

significant trend is found when the intervention data is appended to the baseline data 

(Z=1.34). 

 

It was found that participant 2 was very motivated to learn and improve his own driving 

ability. He was also very enthusiastic about the trials and wanted to offer only positive 

feedback. He thus chose the lowest (best) score during the NASA-TLX survey (0) for all 
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items in every trial (in both phases), so we do not analyze his ratings. His perceived levels of 

safety in the QUEST 2.0 survey were also the same (“very satisfied”) in both phases. 

However, we were able to acquire more informative feedback during the custom 

questionnaire session, in which he mentioned that he did not trust himself to drive safely and 

felt that he needed the anti-collision system. This is likely because participant 2 has 

experienced minor collisions in his manual wheelchair in the long-term care facility (while 

propelling himself backwards) and is thus more concerned with safety than other 

participants.  The participant indicated during the trials and during the questionnaire session 

that he wanted to be able to drive faster (sometimes yawning or projecting a bored 

appearance), thus suggesting that acceptable driving speeds might vary between users. 

 

5.9.1.3 Participant 3   

Participant 3 had also used a similar wheelchair in a few previous studies, and used a manual 

wheelchair on a regular basis. He had B-A phase ordering.  

 

Figure 5.10 shows the frontal collisions for participant 3. No visual discontinuity is found 

between the phases.  Although the magnitude of collisions is lower with the intervention, 

there was only one collision in the baseline phase (possibly a “bad driving day”).  No 

statistically significant change is found with the C-statistic (Z=-0.25). 
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Figure 5.10   Total frontal collisions for participant 3. With NOAH (μ=0.0; σ=0.0), without NOAH 

(μ=0.13; σ=0.35). 

 

 

Although the system does not seem to have a significant impact on safety, it is able to 

completely eliminate frontal collisions for participant 3.  In a realistic environment where 

even one collision can be harmful, these results still suggest that the collision avoidance 

module can enable safer driving. 

 

Figure 5.11 shows the length of the route taken by participant 3. There is a large 

discontinuity in performance between phases. The mean route length and variance are lower 

with the intervention. There also appears to be a learning trend in the baseline phase. From 

visual inspection it appears that the intervention (NOAH) has an impact on the distance 

travelled for participant 3. No statistically significant change is found with the C-statistic 

(Z=1.02). 
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Figure 5.11   Total length of route taken by participant 3. With NOAH (μ=11.31m; σ=0.0m), without 

NOAH (μ=13.92m; σ=2.31m). 

 
 

Due to short-term memory impairment, participant 3 said he could not remember the 

specified route.  His increased route lengths during the baseline phase were mainly due to a 

detour made at the beginning of the task.  He had sufficient short-memory to remember paths 

he had already traversed along during a run, and thus was able to plan his route accurately as 

he approached the destination, without revisiting previous locations. He did learn the 

objective of the task over time (i.e. finding the stop sign).  It is unclear whether he learnt the 

route over time since his self-reports of confidence indicated that he did not, suggesting that 

the learning might have occurred sub-consciously.  It is also possible that the apparent 

learning trend might have disappeared with more trials (i.e. he just happened to guess the 

right direction at the first decision point in the last two good runs). 

 

Participant 3 was found to ignore incorrect prompts correctly when he was able to see that 

the suggested direction led to a dead-end that did not contain the stop sign. He did appear to 

rely on the wayfinding prompts when he was at a decision point (a ‘T’, ‘L’ or ‘Y’ 
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intersection) and felt that either direction could lead to the stop sign.  When asked how he felt 

about the wayfinding assistance, he mentioned that he liked the just-in-time method of 

prompting and was happy to receive directions as long as it was not excessive and 

distracting. 

 

Figure 5.12   Total time to reach destination for participant 3. With NOAH (μ=381.0s; σ=69.90s), without 

NOAH (μ=252.13s; σ=34.58s). 

 

Figure 5.12 shows the completion time for participant 3.  There appears to be a discontinuity 

between phases.  The mean completion time and variance is found to be higher with the 

intervention. A statistically significant change is found with the C-statistic (Z=2.13, p<0.05). 

 

Although participant 3 was found to travel shorter distances with the system, the stopping 

mechanism was found to slow down the participant and thus caused frustration. He said a 

few times “it’s not doing what I want it to do”.  This suggests the need for a better control 

mechanism, possibly providing automatic steering correction rather than the stopping 

behavior, although it is unclear how the users would react to wheelchair motion that is 

different than what they expect.   
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Figure 5.13   NASA-TLX average ratings for participant 3. Possible ratings were 0-20, where 0 indicates 

low demand and 20 indicates high demand.  

 

 
 

Figure 5.13 shows the NASA-TLX ratings (averaged over all trials in the phase) for 

participant 3. Although the average ratings indicate that the intervention lead to an increase 

in task load (across all dimensions except temporal demand), no visual discontinuities were 

seen in the data.  Thus, it is unclear whether the difference in results occurred due to the 

intervention or increased comfort with the task/system.  In addition, it is important to note 

that these ratings were out of 20. Thus, even though the load is higher with the intervention, 

the overall ratings are all less than 1/3 of the highest rating. The participant did show signs of 

frustration (through his body language and comments during the trials) when the system was 

activated, however. He mentioned that he wanted justification as to why the system was 

preventing motion. In some cases, he was frustrated that the system would not let him move 

closer to objects, even when he perceived the motion to be safe.  This suggests that the 



  

109 

distance threshold should also be adaptive rather than fixed, to allow safer drivers to drive 

closer to obstacles, or that the system should implement a time-to-collision approach so that 

users are allowed to move closer to obstacles if they are moving slowly. 

 

The participant’s perceived level of safety in the QUEST 2.0 survey were found to be the 

same (“quite satisfied”) in both phases. Due to the participant’s high baseline collision 

avoidance performance, he did not seem to be concerned about safety. 

 

5.9.1.4 Participant 4   

Participant 4 was unable to propel herself in her manual wheelchair and required total 

assistance to complete activities of daily living according to her assessment. She had B-A 

phase ordering. 

 

Figure 5.14 shows the frontal collisions for participant 4. There appears to be a small 

discontinuity between phases, however the mean frontal collision and variance is only 

slightly lower with the intervention.  In addition, the total magnitude of collisions in both 

phases is quite low, however the system maintains a lower overall number of frontal 

collisions. No statistically significant change is found with the C-statistic (Z=-0.87). 
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Figure 5.14   Total frontal collisions for participant 4. With NOAH (μ=0.13; σ=0.35), without NOAH 

(μ=0.25; σ=0.46). 

 

 

The system was able to eliminate all but one frontal collision. The missed detection occurred 

due to interference by the participant who tilted the camera slightly upwards.  Although the 

magnitude of collisions in the baseline phase was found to be low, the participant often 

looked away from the direction she was driving in. This behavior can lead to more and 

dangerous collisions in a realistic environment, thus suggesting the need for a collision 

avoidance module.  The participant mentioned that a collision avoidance module “wouldn’t 

hurt” and she also differentiated between the wheelchairs in the baseline and intervention as 

being “more responsive” and “more regulated”, respectively. 
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Figure 5.15   Total length of route taken by participant 4. With NOAH (μ=11.31m; σ=0.0m), without 

NOAH (μ=11.68m; σ=1.06m). 

 
 

Figure 5.15 shows the length of the route taken by participant 4. No visual discontinuity is 

found between the phases.  The mean is similar in both phases, however the system helps 

maintain a lower magnitude of route length with no variance.  In the baseline phase, there is 

one run with a large route length. No statistically significant change is found with the C-

statistic (Z=-0.25). 

 

The wayfinding module does not appear to significantly impact the participant’s 

performance. However, the participant was found to be very disoriented during the run with 

the larger route length in the baseline phase (she said she forgot where she was going), 

indicating that the participant can occasionally benefit from wayfinding assistance.  The 

system corrected the participant when she deviated from the optimal path during the 

intervention phase, thus ensuring shorter route lengths. However, at one time, the participant 

mentioned that she wanted to try a different route, and was hesitant to since the system was 
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prompting her to choose the pre-specified route. This suggests the need to differentiate 

between errors and intentional deviations.  A possible solution is to use a speech-based 

interface to confirm the user’s intention.  She also mentioned that justifications would be 

useful to inform her about why a direction was being prompted in the presence of 

alternatives, e.g. “turn left to reach the kitchen faster”. 

 

Figure 5.16   Total time to reach destination for participant 4. With NOAH (μ=252.25s; σ=94.24s), 

without NOAH (μ=155.63s; σ=43.55s). 

 

 

Figure 5.16 shows the completion time for participant 4. There is no visual discontinuity 

between the phases.   The mean and variance appear to be slightly lower in the baseline 

phases, however there is an overall trend that suggests that driving time decreases as the 

participant completes more runs.  No statistically significant trend is detected in the baseline 

phase (Z=-0.81). In addition, no statistically significant change is found when the 

intervention data is prepended to the baseline data (Z=0.75).  
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The stopping behavior was found to slow down the participant in the intervention phase; 

however, as she drove the wheelchair more, she was able to decrease her completion time. 

 

Figure 5.17   NASA-TLX average ratings for participant 4. Possible ratings were 0-20, where 0 indicates 

low demand and 20 indicates high demand.  

 

 
 

Figure 5.17 shows the NASA-TLX ratings (averaged over all trials in the phase) for 

participant 4. The average ratings indicate that the intervention lead to an increase in task 

load (across all dimensions), no visual discontinuities were seen in the data.  Visual analysis 

of the raw data shows a learning trend in all dimensions during the intervention (first) phase, 

thus suggesting that the difference in results might have occurred due to increased comfort 

with the task/system.  Once again, the overall ratings are quite low (less than 1/4 of the 

highest rating).  

 

The participant’s perceived level of safety in the QUEST 2.0 survey were found to be the 

same (“quite satisfied”) in both phases. Similar to the previous participant, participant 4 
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demonstrated high baseline collision avoidance performance, and thus did not feel that safety 

was a concern in the test environment, although she said that she could understand how the 

system might help her in more hazardous environments. 

 

5.9.1.5 Participant 5   

Participant 5 used a walker and was highly mobile, but tended to wander because of the 

memory deficits and high disorientation found in her cognitive assessment. She completed all 

sixteen runs with the same starting orientation (facing the entrance of the maze), since any 

other initial orientation was found to increase her anxiety. Participant 5 had A-B phase 

ordering. 

 

Figure 5.18   Total frontal collisions for participant 5. Without NOAH (μ=0.5; σ=0.93), with NOAH 

(μ=0.13; σ=0.35). 

 

 

Figure 5.18 shows the frontal collisions for participant 5. There appears to be a slight 

discontinuity between phases, however the mean frontal collision and variance is only 

slightly lower with the intervention.  In addition, the total magnitude of collisions in both 
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phases is quite low, however the system maintains a lower overall number of frontal 

collisions.   No statistically significant change is found with the C-statistic (Z=0.22). Note 

that the missed detection in the intervention phase occurred when the participant covered a 

lens with her hand. 

 

Figure 5.19   Total length of route taken by participant 5. Without NOAH (μ=18.91m; σ=4.27m), with 

NOAH (μ=11.94m; σ=1.17m). 

 

 

Figure 5.19 shows the length of the route taken by participant 5. There is a discontinuity in 

performance between phases. The mean route length and variance is lower with the 

intervention. From inspection it appears that the intervention (NOAH) has an impact on the 

distance travelled for participant 5. A statistically significant change is found with the C-

statistic (Z=2.02, p<0.05). 

 

Without the system, the participant wandered and revisited previous locations in the maze 

since she could not remember the specified route due to memory impairment. When the 
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system was in use, participant 5 was found to be very responsive to prompts and would often 

respond to instructions by clarifying (e.g. “left?”) or saying “yeah”. When she did not hear 

prompts, she would often ask the question “where am I going?”, thus suggesting that the 

system decreased her confusion. During runs 9 and 16, errors in the prompting system 

resulted in detours that were corrected by subsequent prompts.   

 

Figure 5.20   Total time to reach destination for participant 5. Without NOAH (μ=422.75s; σ=115.46s), 

with NOAH (μ=350.75s; σ=187.15s). 

 

 

Figure 5.20 shows the completion time for participant 5.  There is a visual discontinuity in 

performance between the phases, with the intervention initially causing an increase in 

completion time, possibly due to unfamiliarity with the collision avoidance system, 

specifically the stopping mechanism. However, the mean completion time appears to be 

slightly lower with the intervention. Also, completion time appears to drop after the first run 

in the intervention phase. This indicates that the participant, with more experience with the 

system in the maze, is able to complete the task as fast as in the baseline phase.  No 

statistically significant change is found with the C-statistic (Z=-0.43). 
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Figure 5.21   NASA-TLX average ratings for participant 5. Possible ratings were 0-20, where 0 indicates 

low demand and 20 indicates high demand.  

 

 

 

Figure 5.21 shows the NASA-TLX ratings (averaged over all trials in the phase) for 

participant 5.  Although the intervention appeared to increase load in four out of six 

dimensions, a large discontinuity was only observed in the temporal demand upon visual 

analysis of the raw data. Smaller discontinuities were observed in all other dimensions, 

except frustration, which showed no visual discontinuity.  These ratings make sense based on 

the participants’ comments during the questionnaire session.  While during the baseline 

phase, she thought of the runs as simply driving tasks, she viewed the runs in intervention 

phase as tasks that involved getting to a specific location within a specific time. She 

recognized that she was being guided to a destination.  This difference in perception might 

have directly led to the increased levels in perceived temporal demand, and indirectly led to 

the increases observed in some of the other dimensions. In addition, due to her impaired 

short-term memory, it was unclear whether she could remember enough details regarding the 

completed run in order to accurately provide the above ratings.  
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Her QUEST 2.0 ratings with regard to safety were found to be the same in both phases 

(“quite satisfied”), once again possibly due to her high baseline collision avoidance ability. 

 

5.9.1.6 Participant 6   

Participant 6 used a walker regularly and was able to navigate around the facility 

independently. She had left-right confusion, and was thus provided with markers on her 

hands to help her in identifying directions. She had B-A phase ordering. 

 

Figure 5.22   Total frontal collisions for participant 6. With NOAH (μ=0.25; σ=0.46), without NOAH 

(μ=3.13; σ=2.90). 

 

 

Figure 5.22 shows the frontal collisions for participant 6. Visually, there is a large 

discontinuity in performance between phases. The mean number of collisions is lower with 

the intervention. The variance in the number of collisions also appears to be lower in the 

intervention phase. There also appears to be a decreasing trend during the baseline phase, 

suggesting that the participant might be improving her collision avoidance performance over 
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time. From visual inspection it appears that the intervention (NOAH) reduces the mean 

number of frontal collisions for participant 6. However, no statistically significant change is 

found with the C-statistic (Z=1.27), possibly due to the large trend seen within the baseline 

phase. 

 

The results suggest that system increased safety for participant 6.  The high number of 

collisions at the start of the baseline phase also suggests that the system might be creating 

user dependence on automated collision avoidance. Over time, the participant learnt how to 

avoid collisions in the baseline phase by focusing more on the task, and stated that she had to 

“think a lot” while driving around them. The data also suggests that NOAH might not be 

useful as a training tool for powered wheelchair use, since users do not actually learn how to 

avoid obstacles while using the system.  The participant mentioned that she would want to 

use the anti-collision system since she thought driving in the facility would be dangerous 

otherwise. 

 

Figure 5.23 shows the length of the route taken by participant 6. No visual discontinuity is 

found between the phases.  The mean and variance are the same in both phases.  Thus, the 

wayfinding module did not appear to help participant 6, possibly because her baseline 

wayfinding performance was quite high (she was confident that she remembered the route 

before every run). 
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Figure 5.23   Total length of route taken by participant 6. With NOAH (μ=11.31m; σ=0.0m), without 

NOAH (μ=11.31m; σ=0.0m). 

 

 

Figure 5.24   Total time to reach destination for participant 6. With NOAH (μ=513.38s; σ=126.62s), 

without NOAH (μ=252.13s; σ=74.13s). 

 

 

 

Figure 5.24 shows the completion time for participant 6.  The mean completion time and 

variance in the baseline phase appears to be lower than in the intervention, and  there appears 

to be a slight visual discontinuity between phases. The longest completion time in the 

intervention is much higher than that in the baseline phase. A statistically significant change 
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in completion time is found with the C-statistic (Z=2.90, p<0.01). 

 

We noticed faster and more consistent completion times in the baseline phase since the 

participant had the tendency to drive over obstacles. On the other hand, the stopping 

mechanism required her to perform more joystick operation to avoid obstacles, thus slowing 

her down. 

 

Figure 5.25   NASA-TLX average ratings for participant 6. Possible ratings were 0-20, where 0 indicates 

low demand and 20 indicates high demand.  

 

 

 

Figure 5.25 shows the NASA-TLX ratings (averaged over all trials in the phase) for 

participant 6.  Average ratings indicate that the mental demand, temporal demand and effort 

ratings were lower with the intervention, and are supported by visual discontinuities in the 

raw data. Thus, the intervention was responsible for the mean differences. These ratings were 

further supported by verbal feedback from the participant. She said she had to “think too 

much” and “try hard” to avoid obstacles when the intervention was taken away, 
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corresponding to higher mental demand and effort.  The temporal demand can also be 

explained by the participant’s anxiety regarding speed. She expressed that she wanted the 

wheelchair to slow down, possibly because she was worried about collisions when the system 

was not active. We also found a higher mean rating for physical demand when the system 

was activated, supported by a small visual discontinuity in the data.  The participant did find 

it difficult and frustrating to operate the joystick when the forward motion was stopped by 

the system, thus resulting in increased physical demand to maneuver away from obstacles 

during the intervention phase.  Although a lower average frustration rating is found in the 

baseline phase, a decreasing trend is observed in the intervention phase, and an increase in 

frustration is seen when the intervention is taken away. In addition, it was found that the 

reasons offered by the participant for her frustration were often unrelated to the study (e.g., 

“my pants are too big”, “my diaper is too small”). 

 

Participant 6 was “very satisfied” with the safety of the wheelchair in both phases, although 

she expressed a high fear of collisions in the real world when she talked about car and plane 

accidents.  

 

5.9.2 Custom Questionnaire Results 

All participants liked the system, commenting that others might find the system useful. 

Except for participants 3 and 5, all said they would use the powered wheelchair (with and 

without the system activated) if they were given one. Thus, there was a strong desire for 

powered mobility.  Although participant 6 was found to be quite mobile with her walker, she 

said she would like to be able to use the wheelchair when she was too tired to walk. 
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Participant 3 was satisfied with his manual wheelchair, and said he would only use a powered 

wheelchair if it allowed him to move faster than his current mobility device. Participant 5 did 

not see herself as “handicapped” enough for a powered wheelchair, and was satisfied with 

her walker.  Participant 4 expressed that she would be able to “go to all the places [she] can’t 

currently go to” if she had a powered wheelchair.  Since she is completely reliant on her 

caregiver to porter her around the facility, she expressed that she would like the 

independence that the powered wheelchair would offer her.  When asked about the 

effectiveness of the collision avoidance and wayfinding system, all participants were 

satisfied, with participant 4 stating, “it seems to be doing what it’s supposed to be doing”. 

 

When asked about what the participants liked least about the wheelchair system, most 

responses were found to be hardware-related (relating to the commercial wheelchair) rather 

than software-related. Some participants expressed that they did not like the need to charge 

batteries. While participants 2 and 3 wanted to be able to drive faster, participants 1, 4 and 5 

were satisfied with the speed, while participant 6 wanted the chair to be slowed down. This 

suggests that speed needs to be customized for each user. We also found that users were 

often frustrated by the lack of wheelchair motion when the joystick was not pushed to its 

furthest position. The slow speed setting of the wheelchair resulted in less power, thus 

leading to reduced sensitivity to smaller joystick movements. Participants 2 and 4 found the 

chair to be bulky and preferred a smaller and lower chair, while participant 3 preferred a 

bigger chair.  
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We solicited feedback to gain insight on participants’ reactions to a completely autonomous 

wheelchair that would take them to their desired locations. Participant 5 emphatically stated, 

“I want to be in control!”. Due to her high levels of anxiety, it is highly likely that an 

autonomous system would frustrate her. However, her willingness to follow instructions 

suggests that a prompting system that allows her to make her own decisions (such as the 

system described in this thesis) is well-suited to her needs and cognitive abilities. Participants 

2, 4 and 6 said they would like to use an autonomous chair as long as it functioned correctly, 

thus suggesting that high system reliability is a crucial requirement of an autonomous 

wheelchair. Participant 3 was open to using an autonomous wheelchair, but preferred to be in 

control, only receiving assistance when required. We could not gain any feedback from 

participant 1 on this topic.  

 

5.9.3 System Performance 

For each participant, we report on system performance with respect to prompting accuracy as 

well as responses to system prompts. Compliance refers to user actions that agree with the 

system prompt, while Non-compliance refers to user actions that disagree with the system 

prompt. No response is used to refer to situations where the user does not perform any action 

upon receiving a prompt.  In addition, we also briefly comment on the user model’s estimates 

of the users’ independence and responsiveness. 

 

5.9.3.1 Participant 1 

Figure 5.26 shows the prompts issued by the system to participant 1. The overall system 

accuracy in trials with participant 1 was 89.36%, while the mean accuracy over the 8 
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intervention trials was 88.98%. The minimum and maximum accuracy seen in the 

intervention trials were 70.15% and 100%, respectively. The highest number of errors were 

seen to occur after multiple consecutive turns while entering the maze. These errors were 

corrected in intervention runs 2 and 3 when the localization component was re-initialized as 

soon as the wheelchair (driven by the user) arrived at a specified location in the maze 

(roughly mid-way to the destination). The errors in intervention run 6 occurred towards the 

end of the route due to accumulated localization error. 

 

Figure 5.26   Prompts issued to participant 1. 

 

 

Responses to all correct and incorrect prompts by participant 1 are shown in Figure 5.27 and 

Figure 5.28 respectively. While compliance with correct prompts is quite high, compliance 

with incorrect prompts is lower. Analysis of the video data reveals that participant 1 ignored 

or failed to respond to incorrect prompts that suggested motion in the direction of obstacles 

(hidden from the camera’s view). In contrast, she tended to comply with incorrect prompts 
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when she did not see obstacles blocking her path. In one run, she wanted to move forward as 

some correct prompts were suggesting, however she expressed anxiety because she saw a 

painted black line on the floor in front of her that she thought was a crack she might fall into 

(she pointed to the line and gestured the action of falling down). This led to the acts of No 

Response observed in Figure 5.27. She only moved forward when she saw the researcher 

walk across the painted line to demonstrate that the floor was even. 

 

Figure 5.27   Responses to correct prompts by participant 1. 

 

 

 

Figure 5.28   Responses to incorrect prompts by participant 1. 
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5.9.3.2 Participant 2 

 

Figure 5.29 shows the prompts issued by the system to participant 2. The overall system 

accuracy in trials with participant 2 was 92.96%, while the mean accuracy over 7 

intervention trials was 94.51% (no prompts were issued in the last intervention run). The 

minimum and maximum accuracy seen in the intervention trials were 84.48% and 100% 

respectively. Most errors were seen close to the end of the route due to accumulated 

localization error. 

 

Figure 5.29   Prompts issued to participant 2. 

 

 

Responses to all correct and incorrect prompts by participant 2 are shown in  

Figure 5.30 and Figure 5.31, respectively. While compliance with correct prompts was quite 

high, all incorrect prompts were correctly ignored. This could be due to the fact that 

participant 2 already had high baseline wayfinding  performance, and did not actually need 
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prompts to determine in which direction to drive. Morever, the total number of incorrect 

prompts was quite low, with persisent errors occurring close to the destination (in 

intervention run 1) and other isolated prompting errors occurring due to time lags and small 

localization errors.  

 

Figure 5.30   Responses to correct prompts by participant 2. 

 

 

Figure 5.31   Responses to incorrect prompts by participant 2. 

 
 

5.9.3.3 Participant 3 

Figure 5.32 shows the prompts issued by the system to participant 3. The overall system 

accuracy in trials with participant 3 was 87.27%,  while the mean accuracy over 8 

intervention trials was 87.64% . The minimum and maximum accuracy seen in the 
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intervention trials were 63.33% and 100% respectively. Errors in intervention run 2 occurred 

due to consecutive fast turns close to obstacles and were corrected by a manual re-start at the 

mid-way point. Errors in the last intervention run as well as most errors in other runs 

occurred at the end of the route due to accumulated localization error. Time lags in 

computation also caused some isolated errors. 

 

Figure 5.32   Prompts issued to participant 3. 

 

 

 

Responses to all correct and incorrect prompts by participant 3 are shown in Figure 5.33 and 

Figure 5.34, respectively. While compliance with correct prompts is quite high, compliance 

with incorrect prompts is lower. Similar to participant 1, participant 3 ignored or avoided 

responding to incorrect prompts that suggested motion in the direction of obstacles (hidden 

from the camera’s view) or dead-ends. In contrast, he tended to comply with incorrect 

prompts at junctions points, where he was often uncertain in which direction to drive, likely 

due to his poor memory.  
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Figure 5.33   Responses to correct prompts by participant 3. 

 

 

Figure 5.34   Responses to incorrect prompts by participant 3. 

 

 

 

5.9.3.4 Participant 4 

Figure 5.35 shows the prompts issued by the system to participant 4. The overall system 

accuracy in trials with participant 4 was 88.68%,  while the mean accuracy over 8 

intervention trials was 93.28% . The minimum and maximum accuracy seen in the 

intervention trials were 56.76% and 100% respectively. Errors in intervention run 2 occurred 

at the end of the route due to accumulated localization error. A manual restart was required in 

intervention 5 at the mid-way point. Other isolated errors occurred due to delayed prompts. 
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Figure 5.35   Prompts issued to participant 4. 

 

 

Responses to all correct and incorrect prompts by participant 4 are shown in Figure 5.36 

 and Figure 5.37 respectively. Once again, while compliance with correct prompts is quite 

high, compliance with incorrect prompts is lower. We also note that participant 4 

demonstrates compliance with incorrect prompts as often as non-compliance. Similar to 

participant 1, participant 4 ignored or avoided responding to incorrect prompts that suggested 

motion in the direction of obstacles (hidden from the camera’s view) or dead-ends. She did, 

however, comply with incorrect prompts leading to free space.  
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Figure 5.36   Responses to correct prompts by participant 4. 

 
 

 
Figure 5.37   Responses to incorrect prompts by participant 4. 

 

 

5.9.3.5 Participant 5 

Figure 5.38 shows the prompts issued by the system to participant 5. The overall system 

accuracy in trials with participant 5 was 84.46%, while the mean accuracy over 8 

intervention trials was 85.12%. The minimum and maximum accuracy seen in the 

intervention trials were 66.67% and 97.06% respectively. Errors in the beginning of 

intervention run 3 occurred due to consecutive fast turns close to obstacles and were 

corrected by a manual re-start at the mid-way point. Most other errors occurred close to the 

end of the route due to accumulated localization error. 
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Figure 5.38   Prompts issued to participant 5. 

 

 

 

Responses to all correct and incorrect prompts by participant 5 are shown in Figure 5.39 and 

Figure 5.40 respectively. Compliance with correct prompts is quite high, while compliance 

with incorrect prompts is lower. However, there were more cases where participant 5 

complied with incorrect prompts than cases where she was found to be non-compliant or 

unresponsive. Participant 5 only ignored or avoided responding to incorrect prompts that 

suggested motion in the direction of obstacles (hidden from the camera’s view) or dead-ends. 

She complied with incorrect prompts at junctions points, resulting in detours during the first 

and last intervention runs (leading to longer route lengths) that were corrected by subsequent 

correct system prompts. Since most incorrect prompts issued to participant 5 were at 

junctions, her overall compliance with incorrect prompts was found to be very high. 
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Figure 5.39   Responses to correct prompts by participant 5. 

 

 

Figure 5.40   Responses to incorrect prompts by participant 5. 

 

 

5.9.3.6 Participant 6 

Figure 5.41 shows the prompts issued by the system to participant 6. The overall system 

accuracy in trials with participant 6 was 78.71%, while the mean accuracy over 8 

intervention trials was 84.72%. The minimum and maximum accuracy seen in the 

intervention trials were 53.66% and 100% respectively. Errors in intervention run 4 occurred 

due to consecutive fast turns close to obstacles and were corrected by a manual re-start at the 

mid-way point. Most other errors occurred close to the end of the route due to accumulated 

localization error. 
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Figure 5.41   Prompts issued to participant 6. 

 

 

 

Responses to all correct and incorrect prompts by participant 6 are shown in Figure 5.42 and 

Figure 5.43 respectively. While compliance  with correct prompts was quite high, almost all 

incorrect prompts were correctly ignored, similar to participant 2. Participant 6 had a high 

baseline wayfinding  performance, and might not have required direction prompts, thus 

correctly ignoring incorrect prompts even at junction points.  
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Figure 5.42   Responses to correct prompts by participant 6. 

 

 
Figure 5.43   Responses to incorrect prompts by participant 6. 

 

5.9.3.7 User Model Results 

We found errors made by the user model in estimating the users’ level of independence, thus 

resulting in prompts being issued even when they might not have been necessary (i.e. when 

the user was able to navigate independently).  For example, in most runs, the system 

estimated that participants 2 and 6 were not independent, however they reported high levels 

of confidence in their memory of the specified route during every run, supported by their 

high baseline wayfinding performance.  We also found that the system sometimes estimated 

users to be unresponsive in scenarios where the users were responding correctly to prompts 

but were not pushing the joystick far or long enough to initiate wheelchair motion. 
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5.10 Efficacy Study Discussion 

In this section, we discuss the efficacy study results reported previously, quantitatively and 

qualitatively. We discuss the implications of these analyses with respect to suggested 

modifications to the system and its components. We also discuss limitations of the efficacy 

study and provide suggestions for future work.   

 

5.10.1 Subject Performance 

Study results show that there was a decrease in the mean number of frontal collisions with 

the system, regardless of phase ordering.  All participants performed at least as well in the 

intervention phase as they did in the baseline phase in the wayfinding task. In some cases, 

participants traveled much shorter distances when the system was used.  Participants with the 

largest improvements in wayfinding performance (participants 1 and 5) had shorter mean 

completion times when the system was in use. An increase in mean completion times was 

seen with other participants, except for participant 2 who had a shorter mean completion time 

with the system. 

 

5.10.1.1 Collision Avoidance 

In the task of collision avoidance, although mean collisions were lowered for all participants 

as seen in Table 5.2, we notice large differences between participants in terms of their ability. 

In the previous anti-collision study with the IWS [HWM11], a similar observation was made. 

While three participants (3, 4 and 5) had very high baseline performance, other participants 

benefited more from the collision avoidance module due to lower baseline performance. In 

addition, a learning trend was seen with one of the participants in the study (participant 2).  
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Vision impairments contributed largely to collisions for participant 1, since she was unable to 

see obstacles and free space. This suggests that the collision avoidance module is particularly 

useful to cognitively-impaired users with vision impairment, and can significantly improve 

safety for these users. Results also indicate that visually-impaired users could benefit from 

additional verbal prompts indicating free space. 

 

Table 5.2   Collision avoidance performance. Statistically significant results are bolded. 

Participant 

ID 

Mean Number of Collisions Mean Change 

between A and B Phase A (8 runs) 

(baseline) 

Phase B (8 runs) 

(intervention) 

1  8  1.38  -6.62 

2  1.13  0  -1.13 

3  0.13  0  -0.13 

4  0.25  0.13  -0.12 

5  0.5  0.13  -0.37 

6  3.13  0.25  -2.88 

 

Although frontal collisions were reduced, they were not completely eliminated in cases 

where users drove into obstacles from the side, too fast to be detected by the camera. Thus, 

using cameras with a wider viewing angle, or using additional cameras, would further 

improve safety.   

 

5.10.1.2 Wayfinding 

In the wayfinding task, we noticed that 3/6 participants did not benefit much from the 

prompts, since their baseline performance was already quite high. We found that self-ratings 
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of confidence with regard to their ability to navigate to the goal correlated highly with their 

performance.  

 

Table 5.3   Wayfinding performance. Statistically significant results are bolded. 

Participant 

ID 

Mean Length of Route Taken  

(in meters) 

Mean Change 

between A and B 

(in meters) Phase A (8 runs) 

(baseline) 

Phase B (8 runs) 

(intervention) 

1  18.21  11.31  -6.90 

2  11.31  11.31  0 

3  13.92  11.31  -2.61 

4  11.68  11.31  -0.37 

5  18.91  11.94  -6.97 

6  11.31  11.31  0 

 

Participants 1, 3 and 5 benefited most from the wayfinding module as seen in Table 5.3. 

These participants did not usually remember the task (finding the stop sign), and when they 

were reminded, did not know the location of the stop sign.  The absence of signage and the 

labyrinth-like structure of the environment might have led to increased wayfinding 

challenges experienced by these participants as suggested in [PPRT00]. Participants 2 and 6 

reported high levels of confidence regarding the route and benefited the least from the 

wayfinding module. Participant 4 was found to be disoriented on one occasion during the 

baseline, when she expressed that she had temporarily forgotten where she was supposed to 

go. 
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In general, adherence to audio prompts was found to be quite high, as highlighted in the 

results. This finding is contradictory to that in the IWS study [HWM11], where prompting 

adherence was found to be low. The main reason for low adherence was stated to be the high 

number of prompting errors. However, in our study, we found the prompting accuracy to be 

high, possibly explaining the high prompting adherence. Overall accuracy of all prompts 

issued (n=1471) was 87.02%, and the mean prompting accuracy over all trials containing 

prompts was 88.92% (over 47 trials). Although compliance with correct prompts was high 

across all users, we noticed a distinct difference in the rates of compliance with incorrect 

prompts. In particular, we noticed that while users who were confident about the route (2 and 

6) showed low compliance with incorrect prompts and tended to correctly ignore these 

prompts, participants who had poor baseline wayfinding performance (1, 3 and 5) and were 

less confident in their self-reports (4) complied more often with incorrect prompts, 

specifically at decision points. These results imply that participants with lower self-ratings of 

confidence do in fact rely more highly on the prompts for assistance, and thus are able to 

improve their wayfinding performance by following correct prompts. However, these 

participants are also more likely to comply with incorrect prompts, thus highlighting the need 

for a high level of system accuracy, specifically at decision points, to ensure effective 

navigation and minimize wandering. A large number of incorrect prompts could also lead to 

confusion and frustration among users, who might choose to ignore all prompts (including 

correct ones) as a result. 

 

Based on the above analysis, an alternate reason for users in the IWS study to ignore prompts 

could be that they simply did not feel that they needed assistance with maneuvering around 
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obstacles. Interviews with study participants might provide more insights on reasons for 

compliance and non-compliance. 

 

5.10.1.3 Completion Time 

 
Table 5.4   Completion times. Statistically significant results are bolded. 

Participant 

ID 

Mean Completion Times (in seconds) Mean Change between 

A and B (in seconds) Phase A (8 runs) 

(baseline) 

Phase B (8 runs) 

(intervention) 

1 1125.88 702.38 -423.50 

2 434.75 327.38 -107.37 

3 252.13 381.00 +128.87 

4 155.63 252.25 +96.62 

5 422.75 350.75 -72.0 

6 252.13 513.38 +261.25 

 

Completion time was a secondary outcome measure in this study, so we do not go through an 

in-depth analysis. In addition, interactions with the researcher during the trials might have 

increased completion times in some cases, thus the times reported in the results do not 

necessarily reflect true completion times. However, we observed that, because of the design 

of the collision avoidance module, some participants stopped more often when the system 

was activated (if they tended to drive close to obstacles).  Although the stopping behavior 

lowered the number of frontal collisions, it increased mean completion times for participants 

3, 4 and 6 as seen in Table 5.4, in spite of the fact that these participants traveled shorter or 

similar distances with the system. Thus, although the participants took similar or shorter 
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routes, they did not experience time savings. It is expected that a collision avoidance system 

will increase safety at the cost of speed (by slowing down the wheelchair in presence of 

nearby obstacles), however for participants who have high baseline collision avoidance 

ability, such as participants 3 and 4, this tradeoff is undesirable.  

 

Participants 1 and 5, who wandered in the baseline phase, were able to complete the 

navigation task faster due to largely decreased route length. In addition, these participants 

stopped several times during the baseline phase due to confusion and anxiety, however 

constant system prompting during the intervention phase encouraged them to continue 

moving, thus leading to faster completion rates.  

 

5.10.2 Thematic Analysis of Qualitative Data 

Below we discuss various themes discovered in the qualitative data acquired during the 

efficacy study. This data was collected through video recordings of the trials and the post-

trial questionnaires, researcher observations of the users’ performance and capabilities 

throughout the trials, as well as background information in participant files. 

 

5.10.2.1 Prior Driving Experience 

In our study, participants 3, 4 and 5 had fairly high and consistent baseline performances.  

Although they all had no significant experience driving powered wheelchairs, they had 

significant experience driving a car at some point in their lives (revealed during trials and 

interviews).  Participant 3 also had significant joystick experience while using a forklift, 

which could explain his high baseline performance. Participants 1 and 6, on the other hand, 
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had no previous experience driving an automobile (although they had used bicycles) and 

were noted to have the highest number of collisions, despite the fact that participant 6 was 

only mildly cognitively impaired. Participant 2 had been a truck driver in the past, and thus 

did have experience driving automobiles. He showed improved performance with increased 

use of the wheelchair.  This shows that there might be some correlation between wheelchair 

driving ability and experience with driving automobiles. It is difficult, however, to make any 

strong conclusions since the participants also had varying degrees and types of cognitive 

impairment, which might have also affected their driving ability. 

 

5.10.2.2 Attentiveness and Mood 

We noticed that mental state (particularly level of attentiveness) while driving affected the 

performance of participants 2 and 6. Most of the initial collisions for participant 2 were more 

as a result of inattentiveness than due to an inability to see the obstacle or determine free 

space. He had fewer collisions and drove faster when he was in a positive mind state and 

focused (e.g. watching the path ahead rather than talking to the researcher). He tended to 

drive more aggressively if he was frustrated (by the wheelchair speed) or sleepy. A similar 

trend was noticed with participant 6, who also required extra focus in order to successfully 

avoid collisions, and tended to get lazy sometimes saying “there’s too much stuff around 

here”, referring to the obstacles. However, a higher variation in attentiveness was seen in 

participant 6. Participant 4 usually had high collision avoidance skills without the 

intervention, however two collisions were noticed because she looked away to the side rather 

than forwards while driving. Thus, except for participant 1 who had visual impairments that 

prevented her from seeing obstacles clearly, collisions mainly occurred due to a lack of 
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attention. By stopping the motion of the wheelchair in the event of an imminent collision, the 

system was able to draw the users’ attention towards the obstacle and thus force them to 

navigate away from it, which they were able to do successfully.  Although the system does 

not currently monitor the user’s level of attention or frustration, future work could involve 

using methods such as eye-tracking or emotion recognition to acquire more information 

regarding driver fatigue or inattention, as in [ZJL04]. 

 

5.10.2.3 Perceptions of Safety 

It is important to consider that the foam obstacles might not have been perceived as 

dangerous by the participants, possibly making the participants more likely to drive through 

them. This intuition is supported by the fact that some participants (especially 2 and 6) often 

tried to physically move the obstacles with their hands, thus implying that they could see the 

obstacles, but were too lazy to drive around them and knew that they were light enough to 

remove from the path. A more realistic setting would include real-life obstacles; however, 

safety is a concern. 

 

We also noticed that participants’ concern for safety was directly related to their collision 

avoidance performance. While participants 1, 2 and 6 all expressed some anxiety regarding 

collisions through their remarks during surveys and conversations, other participants did not 

feel that they needed a collision avoidance system, possibly due to their high collision 

avoidance performance. 
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5.10.2.4 Social Acceptance 

Although the presence of the researcher did not seem to affect the performance of other 

participants, it did seem to affect the performance of participant 2. He considered improving 

his driving ability (including the time taken to complete the task) as a way to impress the 

researcher and improve social acceptance. This tendency was also apparent during the survey 

sessions, where he continually gave himself and the system extremely high ratings, 

regardless of his actual performance. Similar observations of positive ratings issued during 

surveys to please the researcher were reported in [WKHF10] and referred to as social 

desirability response bias [Fur86]. Thus, it is important to consider this bias when analyzing 

survey ratings.  

 

In addition, encouragement from the researcher (e.g. “good job!”), which was offered to 

participants (particularly 1 and 5) if they were found to be anxious or frustrated, seemed to 

positively impact them  by increasing their motivation to continue driving. It might be 

beneficial to incorporate such feedback into the prompting system, as in [LHK+06].  It will 

be important to evaluate user performance with the system in the absence of supervision in 

the future to determine the efficacy of the system in the realistic scenario where a caregiver 

might not be present, however this poses safety concerns.   

 

5.10.2.5 User Confidence and Intent 

Participants 2 and 6 were always confident about the route they were asked to navigate by 

responding “yes” to the question “Do you remember the route to the stop sign?”, and 

correctly identifying the first turn.  These participants traveled the specified route correctly 
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during every trial of the baseline and intervention phases, implying that they did not need any 

wayfinding assistance. Participant 4 responded with “I think so”, which was typical of her 

tendency to provide modest ratings. Although she was able to navigate the route correctly 

most of the time, she was found to be disoriented once during the baseline phase and stated, 

“I realized soon after I turned that I’d made a mistake, but decided to keep going.” During 

the intervention phase, the system corrected a deviation made by the same participant, 

preventing her from navigating along a longer route length. However in this case, the 

participant mentioned that she wanted to “try a new route”, but was hesitant to disobey the 

system prompts. This scenario presents a challenge for the system with regards to 

differentiating between user disorientation and intentional deviation.  

 

5.10.2.6 Memory and Wayfinding Abilities 

It is important to note that some differences were seen in the ways in which participants 

navigated. Although all participants were reminded of the objective at the start of the trial, 

participants 1 and 5 did not retain this information and displayed wandering behaviors, often 

revisiting parts of the route (as seen in the large route lengths in the baseline phase). 

Wandering differs from wayfinding in that the person walks without having a destination in 

mind and without knowing where she or he is [PPRT00].  This information was verified by 

repeated questions from participant 5 during the baseline phase regarding the purpose of the 

task and where she was.  Participant 1 was also unable to identify the purpose of the task 

when asked about it during the trial. They would thus constantly stop in confusion during the 

baseline phase or wander aimlessly. The wayfinding prompts that were constantly issued by 

the system in the intervention phase encouraged them to keep moving and gave them a sense 
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of direction, thus converting the wandering into a wayfinding task. This argument is 

supported by the fact that participant 5 described the task as “getting from one room to 

another…on time” when the intervention was introduced.   

 

In contrast, participant 3 was able to remember the objective (he actively screened the 

environment looking for the stop sign) and plan more reasonable routes. His wayfinding 

abilities match those reported in a study with fourteen patients with mild to moderate 

dementia who were asked to navigate to a destination in an unfamiliar hospital setting 

[PRMJ95]. Compared to normal elderly subjects, the participants with dementia had poorly 

structured overall decision plans, however, they were able to solve well-defined problems 

and develop sub-plans in routine situations when the necessary information was readily 

available. Participant 3 often guessed the first turn in the route since he was unable to see the 

stop sign from the starting location, but subsequently made (correct) turns that had higher 

probabilities of leading to paths containing the stop sign (e.g. he avoided the turn leading to a 

conspicuous dead-end without a stop sign). Thus, the increase in route length during the 

baseline phase was only due to the first incorrect turn. Since he could remember the task, he 

was motivated to continue navigating until he reached the destination without any assistance 

(as seen in the baseline phase), thus performing a wayfinding rather than wandering task.  

The initial prompts provided by the system in the intervention phase allowed him to navigate 

the shortest route in every trial by encouraging him to steer in the correct direction at the first 

intersection. Thus, initial task reminders and subsequent wayfinding prompts at intersections 

would be sufficient to ensure successful navigation for this participant in this study. 

However, longer navigation routes might require additional reminders to prevent wandering. 
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Participants 2 and 6 always remembered the goal of the task and were able to wayfind 

successfully.  Participant 4 usually remembered the route and was able to navigate along it 

most of the time.  However, she was found to wander on one occasion when she forgot the 

goal of the task (during the baseline). A timely task reminder in this case might have 

prevented wandering behaviour, and encouraged wayfinding to the goal. 

 

5.10.2.7 Wheelchair Speed 

During collision avoidance, the stopping action of the wheelchair led to some frustration 

among most participants with high baseline collision avoidance ability. Although participant 

1 tried alternate joystick movements when the wheelchair was stopped by the collision 

avoidance module, participant 5 was frustrated by the stopping action when she believed that 

she had enough room to maneuver around the obstacle. We also found that users were often 

frustrated by the lack of wheelchair motion when the joystick was not pushed to its furthest 

position, as in [WKHF10]. The slow speed setting of the wheelchair resulted in less power, 

thus leading to reduced sensitivity to smaller joystick movements.   

 

With regards to overall speed, we found that 2/6 participants wanted to be able to drive 

faster, while 3/6 were either satisfied or wanted the chair to be slowed down. We found that 

participants who wanted the wheelchair to be sped up were comparing the powered 

wheelchair speed to that of the manual wheelchairs they currently used, and wanted to be 

able to travel at least as fast as they could with their own mobility device. Participants who 

were satisfied or wanted slower wheelchair speeds either only used walkers (participants 5 

and 6) and thus navigated fairly slowly from one location to another, or had a manual 
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wheelchair but could not propel herself (participant 4). This suggests that acceptability of 

wheelchair speed is directly related to the navigation speed that the users are typically able to 

achieve with their existing mobility device. Speeds that are significantly higher or lower than 

their usual navigation speed tend to make users either frustrated or anxious. 

 

5.10.2.8 Decrease of Confusion and Anxiety 

The improved performance in wayfinding (shorter distance and faster completion rate) 

potentially led to the higher level of enthusiasm observed in participant 1, who expressed that 

she wanted more driving time when the system was activated. In contrast, higher levels of 

fatigue and boredom were observed during the baseline phase (through visual and verbal 

feedback from the participant). This suggests that wayfinding assistance might not only allow 

effective navigation, but also decrease fatigue, which is a key issue in manual wheelchair 

use, and thus improve overall quality of life. We also found lower reported anxiety when the 

system was in use, however this could have been due to the fact that the user was getting 

more comfortable with the wheelchair and task over time. 

 

We noticed that participant 5 often asked “where am I going?” during the baseline phase and 

tended to wander. However, the system prompts gave her the feeling that she was trying to 

get to a certain location, thus decreasing her observed confusion, and she was found to 

question the task objective less in the intervention phase.  
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5.10.2.9 Need for Powered Mobility and Control 

Not all participants felt the need for powered mobility, since they were able to achieve their 

daily mobility needs with their manual wheelchairs. Participant 3 explicitly said that he 

would only use a powered wheelchair if it allowed him to travel faster than his manual 

wheelchair. Similar opinions were expressed by participant 2. Participant 5 said “I’m not 

handicapped!” when she was asked if she would use the powered wheelchair, and was 

satisfied with her walker. Participant 4, however, felt the greatest need for powered mobility 

since she was unable to propel herself on her manual wheelchair, and depended on her 

caregivers to porter her around the facility. When asked what she would do with the 

wheelchair, she said, “I would go to all the places I can’t currently go to.” 

 

It is also interesting to note that participants with higher levels of confusion due to memory 

impairment (3 and 5) expressed a higher need to be in control in the open-ended 

questionnaires, while participants who were not confused were more willing to give up 

control and use an autonomous wheelchair. For example, participant 3 once expressed 

frustration during a collision event by stating that the wheelchair was “not doing what [he 

was] telling it to do” (it was not responding to forward joystick motion due to a detected 

obstacle within the safety distance). Participant 5 stated that she wanted to be in control of 

her driving and did not want an autonomous wheelchair. Participant 4 expressed that she felt 

restricted by the system’s decisions in some cases, and possibly desired more control. Further 

studies with the target population would help us determine whether an individual’s confusion 

level does, in fact, influence his/her attitude towards autonomy and the need for control.  
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5.10.2.10 Shared Decision-Making  

Participant 1 seemed to regard the prompting system as a collaborative agent, mostly 

complying with, and only disobeying prompts that she felt were incorrect (e.g. when the 

system prompted her toward an obstacle that was hidden from the camera`s view).  She 

interacted with the system by responding physically and verbally to the prompts, but it is 

unclear whether she knew that the prompts were coming from the wheelchair or from the 

researcher. Participant 3 found the just-in-time prompting approach to be appropriate in the 

test environment and was found to comply with prompts at decision points when he was 

unsure of which direction to drive in. However, in the presence of visual cues (e.g. dead-

ends, absence of stop-sign in the prompted directions) he was able to plan his own route, 

ignoring any incorrect prompts. He often stopped to ask the researcher where he needed to go 

at junction points, but willingly complied with system prompts that followed his question. He 

thus saw the wayfinding module as an assistant and recognized that the assistance was 

coming from the wheelchair, demonstrated by his comments “it is telling me to go….”. It is 

unclear whether he thought that the system was actually responding to his queries. He found 

the collision avoidance module as less assisting and more imposing, as observed through his 

comments “it’s not listening to me”. These observations make sense since while the 

wayfinding module is adaptive and passive, the collision avoidance module is non-adaptive 

and active during imminent collisions. Thus, a more adaptive strategy for collision avoidance 

and methods such as automatic steering correction might result in a system that is more 

enabling (by allowing motion) rather than disabling (by preventing motion). Participant 5, 

similar to participant 3, sometimes questioned which direction she needed to drive towards at 

decision points, and complied with prompts that followed. She complied with two incorrect 
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prompts, which led to two temporary deviations noticed in the intervention phase, and 

correctly ignored prompts directing her towards obstacles. Participant 4 was also found to 

comply with prompts (both correct and incorrect), especially at decision points. In fact, the 

prompts were found to discourage participant 4 from taking intentional detours that resulted 

in longer route lengths. Although compliance with prompts in these cases resulted in shorter 

routes, it did reduce opportunities for exploration, which might be an undesirable side-effect.  

 

Since participants 2 and 6 did not show any difference in wayfinding performance between 

the two phases, it is not possible to determine whether they were actually paying attention to 

the prompts. Although they complied with correct prompts, they mostly ignored any 

incorrect prompts, possibly because they were already confident regarding their route. They 

did not interact with the system in any way, except when reminders were issued to participant 

2 by the system that included his name at the beginning of the reminder (“[First name], try 

finding the stop sign”).  Participant 2 turned to the researcher and responded “it’s over 

there!”, gesturing towards the stop sign. It is unclear whether he thought the researcher, 

rather than the system, was talking to him (system prompts were recorded in the researcher’s 

voice).  

 

5.10.2.11 Justification of Prompts 

Some users expressed that they wanted to know the reason for system action or prompts, 

especially if they felt there was a better alternative. For example, participants 3 and 5 had 

high baseline collision avoidance abilities, but tended to drive close to obstacles sometimes. 

This led to stopped wheelchair motion when NOAH was in use and confused the users 
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because they felt that they had enough room to manoeuvre around the obstacle and did not 

remember the reason for stopped motion due to their memory impairment. Participants 2, 4 

and 6 were also stopped in some cases where they possibly had enough room to get around 

the obstacle, but since they remembered the reason for the stops, they did not complain and 

created more room to drive around the obstacles. This shows that participants might in fact 

be more excusing of restrictions placed on them by the system when they are aware of the 

reasons for the restriction. Thus, for users with limited short-term memory, a warning prompt 

telling them that they are being stopped because they are too close to the obstacle might help 

decrease frustration even when the system is being overly restrictive. 

 

The need for justification was also expressed by participant 4 with regards to wayfinding 

prompts. While most users who remembered the route were not opposed to using the same 

path every day, participant 4 felt a greater need to explore the environment, stating on one 

occasion that she would like to take a “more scenic route” and did not understand why the 

system continually prompted her to navigate along the same path. Since participant 4 has the 

most limited mobility in her manual wheelchair due to lack of strength to propel it, it is 

possible that she wanted to use her new-found mobility to increase opportunities for 

independent exploration. Thus, in this case, a justification for the choice of route, along with 

an option to pick alternative routes, might increase satisfaction for some users. 

 

5.10.2.12 Independent Operation of the System 

Although most participants were able to navigate independently with the system, participant 

1 needed a lot of physical or verbal assistance to operate the joystick on certain days and was 
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able to follow system prompts on her own occasionally. Thus, although the system was able 

to prevent her from hitting obstacles and helped her in determining which direction to drive 

towards in order to reach the destination, her ability to drive the wheelchair completely 

independently is in question. 

 

5.10.3 System Components Analysis and Refinement  

Based on the results of the efficacy study, it can be concluded that all the system objectives, 

i.e., collision avoidance, mapping and localization, task reminding, and adaptive navigation 

assistance were met. In addition, the criteria outlined were met in the following ways: 

 

1) The system improved safety – it lowered frontal collisions for all participants.  

2) The system maximized effective navigation to the goal – it maintained or improved 

wayfinding performance for all users through adaptive prompts. 

3) The system minimized frustration - Post-trial survey results indicate that no 

significant increase in frustration levels was caused by the system, although we did 

notice frustration with the stopping mechanism, which will be addressed in future 

work. In addition, the system performed with high overall accuracy, thus minimizing 

frustration caused by incorrect prompts. It was not clear whether users found the 

prompting to be excessive, and they did not appear to be frustrated by correct 

prompts. Longer duration studies will provide further insights on acceptable 

prompting frequency. 
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We now provide a brief discussion of the performance of the overall system and individual 

components during the study. The Collision Detection and Prompting modules are analyzed 

further, since they are directly linked to the outcomes measures of the study. Refinements to 

the modules are suggested based on the quantitative and qualitative analyses presented 

above. 

 

5.10.3.1 System Set-up  

Approximately half an hour of setup time was required every day to mount the laptop and 

camera on the wheelchair, run the required software and set up the obstacle course.  For 

debugging purposes, a small monitor was also installed at the back of the wheelchair to 

ensure that the software was running properly. Once the hardware was set-up at the 

beginning of the day, only a few minutes were required to re-start the software for each user 

at the beginning of the trial.  We also required 30 minutes to an hour between trials to charge 

the laptop. In the future, a power source on the wheelchair should be engineered to facilitate 

commercial use. 

 

5.10.3.2 Hardware 

Although the laptop was inconspicuous, the camera’s position was found to be problematic. 

Participants needed to be reminded to keep their hands away from the camera, and failure to 

do so resulted in errors in obstacle detection and localization. Alternate mounting positions 

should be investigated. For example, the camera could be placed over the driver’s shoulder 

(to avoid interference), pointing slightly downwards in order to capture low obstacles; 

however, this placement could lead to increased form factor. In addition, higher wheelchair 
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speeds along with computational speeds of the software will need to be investigated to 

improve satisfaction for users who found the wheelchair to be too slow. 

 

5.10.3.3 Mapping 

A 2-D map of the test environment was generated prior to the efficacy study, and was found 

to be accurate.  In order to control for lighting effects, the blinds were closed during all trials, 

however future work will involve testing the system in varying and realistic lighting 

conditions. In addition, since the obstacle course was constructed with plain foam boards, 

artificial texture was created on the boards using colored tape to aid the vision system. The 

rest of the environment was unmodified. The initial and goal locations were specified on the 

map manually using the Rviz GUI. 

 

5.10.3.4 Localization 

The Localization module outputs position estimates once every 3 seconds, or if the 

wheelchair status (on-route, off-route, etc.) changed, whichever happens first. Although this 

rate was sufficient in most cases, it caused delayed prompts in the presence of quick, 

consecutive turns that were often required close to the end of the obstacle course due to the 

layout. Computation speeds of this module could be increased by decreasing image 

resolution, although this might reduce the number of matched features. Further experiments 

could be conducted to determine the maximum number of feature matches needed for 

accurate motion analysis. In addition, the use of GPUs can be investigated to achieve 

computation speedups. 
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The layout of the obstacle course proved to be a challenging environment for the 

Localization module due to the large number and height of obstacles. Visual odometry is 

calculated by tracking features in the environment. The most stable features for tracking are 

those further away from the wheelchair, since they demonstrate the least amount of 

displacement as the wheelchair moves through the environment. However, in several cases, 

the camera’s view of stable features in the distance was blocked by nearby obstacles. Fast 

turns in front of these obstacles resulted in occlusions and large motion of features that could 

not be tracked in consecutive image frames. Although these issues were not present in the 

previous trial experiments due to the more spacious environment, they need to be addressed 

in order to ensure robustness to smaller and cluttered spaces. 

 

The issues highlighted above were found to result in large errors especially when the users 

were initially oriented such that they had to perform two consecutive turns. This orientation 

was chosen 80% of the time (in each phase) for five out of six participants (participant 5 

always faced forwards due to increased anxiety when she faced in alternate directions). In 

these cases, if the position estimate produced by the localization module was found to be 

inaccurate (i.e. if the position error was greater than 1m or the orientation error was greater 

than 40
o
), the wheelchair position was manually re-initialized when the user arrived at a 

specified location in the obstacle course. Manual restarts were only required in a total of 

seven out of forty eight trials (15%), with all but one participant (2) requiring one manual 

restart. Participant 1 required an additional restart. In the future, this re-initialization can be 

automated through the use of pre-registered visual landmarks, or RFID tags in problematic 
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areas in the environment (close to intersections). Another way to improve localization 

accuracy is to use wheelchair encoders that provide mechanical odometry readings. Position 

estimates derived from mechanical odometry could then be used in combination tracked 

visual features in the environment. The absence of sufficient visual features would then not 

be problematic. 

 

5.10.3.5 Trajectory Generation and Analysis 

The Trajectory Generation and Analysis module was found to be accurate in detecting 

detours, upcoming turns as well as stopped motion. The status of the wheelchair could be 

calculated in less than 0.5 seconds based on the Localization module output. However, the 

rate of output of this module was limited by Localization module. Computational speedups in 

the Localization module will enable faster output from subsequent modules. 

 

In addition, although the above module only analyzed the trajectory for information 

regarding the user’s driving status, in the future, further information can be obtained from the 

map (such as location of doorways, walls, etc.) to enable more high-level scene 

understanding (e.g. upcoming left turn at the end of corridor). This might allow for more 

descriptive prompts using natural language directions such as in [KTRR10]. 

 

5.10.3.6 Collision Detection 

The Collision Detector module was able to detect obstacles in most cases.  Errors can be 

attributed to two main reasons:  

 

1) Hard left/right turns into obstacles. This led to occluded views of the obstacles (the 
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obstacles appeared only in one lens and thus were not detected).   

2) The camera being tilted upwards or downwards (possibly by the participant during 

the trial), causing the obstacles to be hidden from the camera’s view.  

 

The first error could be corrected by either using a camera with a wider viewing angle, or 

installing additional cameras to increase sensor coverage. In addition, other types of sensors 

could be integrated in to the present system. The second error can be prevented by mounting 

the camera in a way that prevents the user from interfering with it, as mentioned previously. 

 

The stopping behavior of the wheelchair resulted in fewer frontal collisions. However, the 

layout of the obstacle course sometimes required users to maneuver through tight spaces, 

where the stopping behavior of the wheelchair led to an increase in joystick movements 

required to navigation through the course while maintaining the pre-specified safety distance. 

Frustration seen among participants with high baseline collision avoidance ability suggests 

that the safety distance threshold might need to be customized for each participant. In 

addition, this threshold might also need to be adjusted based on the type of obstacle 

encountered. For example, a larger distance threshold might be necessary if a person is 

detected, while a smaller threshold might be necessary to allow users to drive up closer to 

dining tables and elevator buttons. The ability to recognize the type of obstacle and adjust 

distance thresholds has also been suggested in [HWM11]. In addition, adding warning 

prompts to justify the stopping action of the wheelchair might also lead to improved 

usability. 
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It would also be worthwhile to investigate alternate strategies such as a time-to-collision 

approach that slows down the wheelchair as it approaches an obstacle rather than stopping it 

completely. In addition, an approach that does not adjust the speed, but adjusts the heading so 

that the wheelchair steers away from obstacles, would increase safety without compromising 

on speed. However, it is possible that a wheelchair that steers in a direction that is different 

from the direction specified by the user might lead to frustration and anxiety. Slight 

adjustments in combination with a time-to-collision approach might thus be more acceptable. 

Audio prompts justifying these system actions could also help to reduce/prevent confusion. 

 

5.10.3.7 Prompting  

The Prompting module was found to produce reasonable policies similar to [HVCPA10, 

HPJ+11], however a much larger number of prompting errors were found in the efficacy 

study than in the trial experiments. Errors in prompting occurred either due to localization 

errors discussed above or time lags. Since the localization error was much higher than in the 

test environment for the trial experiments, the sensor model did not accurately represent the 

noise in the observations.  In the future, the sensor model should account for the amount of 

clutter and occlusion in the specific test environment in order to accurately estimate the status 

of the wheelchair. Alternatively, the model can be expanded to include an observation of the 

root-mean-squared error output by the localization module as a measure of confidence and 

specify an observation function based on this confidence. For example, the probability that 

the user is actually off-route is higher if the observed wheelchair status is “off-route” and the 

observed confidence of the localization estimate is high. 
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In a few cases, time lags caused delayed prompts, which resulted in missed or incorrect turns 

by the user. Although these errors were usually corrected by the user when the prompt 

eventually played, faster localization updates and prompting could improve performance. 

Scenarios that include multiple consecutive turns might require more complex instructions 

such as “turn left, then turn right”.  These types of prompts would need to be further 

investigated, since it has been found that older adults with dementia find statements 

containing multiple instructions difficult to follow. 

 

5.10.3.7.1 User Model 

Overall, the system seemed to choose appropriate actions based on observed user behaviors. 

For example, in run 16 with participant 2, the system estimated the user to be fully 

independent, and thus did not provide any audio prompts. On the other hand, the system 

found that participant 1 did not move without assistance, and thus continually prompted her 

until she reached the destination. The users’ level of independence remained constant 

throughout the trial, as specified in the model. However, it was found that the system often 

provided wayfinding assistance even when users might not have required it (when they were 

possibly independent but the system estimated that they were not). This was due to 2 main 

reasons: 

 

1) Users with high baseline wayfinding performance (2 and 6) required longer amounts 

of time to start the navigation task (as compared to navigating while they were 

already in motion) and to maneuver the wheelchair after a collision event (once again, 

moving from a stopped state).   
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2) Users with high baseline performance might have realized that the system was active 

(upon hearing the first prompt or due to memory from previous runs in the 

intervention phase) and were noticed to wait for prompts even when they possibly 

knew what to do, thus tricking the system into estimating a lack of independence.  

 

In order to address 1), the model can be modified to specify smaller transition probabilities 

from stopped to moving states for “slow starters”, corresponding to an intermediate value 

between “yes” and “no” for the independent variable. Incorporating this information would 

prevent excessive prompting to users who are able to navigate independently and require 

more time to initiate wheelchair motion. The POMDP can be easily extended to include more 

states and solved offline using the Symbolic Perseus package, which has been used to solve 

POMDPs with up to 50 million states [Pou05].  

 

The dependence on the system described in 2) was noticed in participant 6, who had a spike 

in the number of collisions when the system was taken away and mentioned that she did not 

like to “think too much” in order to avoid obstacles.  In addition, both participants 2 and 6 

mentioned that they would like an autonomous chair that drove automatically, suggesting 

that they preferred systems that provided more active assistance, possibly reducing their own 

physical/mental workload. Thus, although the system might be satisfying user needs/desires 

for decreased task demand, it might be taking away opportunities for independent decision-

making. The user model could possibly benefit from caregiver knowledge of the users’ true 

capabilities in order to provide an appropriate level of assistance while preventing excessive 

reliance on the system. For example, the caregiver could initialize the probability of 
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independence of the user to be higher in cases where the user is known to have high 

wayfinding abilities. The users’ self-reports on confidence could also be used in the model, 

since their confidence levels were found to be correlated with performance. 

 

Results indicate that the functionalities of collision avoidance and wayfinding might be 

independent. Main predictors of success in these two tasks might be short-term memory and 

attention as described in the qualitative analysis. The POMDP could be extended to include 

these predictors as different variables that lead to distinct user behaviors. For example, the 

model could specify that users with low attentiveness are more likely to collide with 

obstacles, thus needing a higher level of assistance in collision avoidance. The need for free 

space prompts could also be automatically estimated by the system by incorporating collision 

avoidance behavior in the user model. For example, users unable to calculate free space are 

more likely to hit the same obstacle multiple times. Users with poor short-term memory are 

more likely to deviate from the optimal route and need directions, while those who are able 

to learn the route might simply require task reminders (e.g., “Find the stop sign”). In 

addition, users with poor memory but good short-term planning abilities might only need 

prompts at decision points and if they deviate, while wanderers require constant prompting to 

ensure successful navigation to the destination. Since wayfinding performances were found 

to closely correlate with the users’ self-reports of confidence regarding the route, the 

independence variable can be initialized based on prior information obtained directly from 

the user.  
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One major limitation of the system is that user behaviors are only inferred based on 

wheelchair motion. In many cases, users pushed the joystick, but did not push it far enough 

or hold it long enough to initiate wheelchair motion. This led to lower probabilities for 

estimated independence and responsiveness, causing the system to issue a task reminder and 

re-initialize user states (responsiveness and independence) in some cases. In addition to 

wheelchair motion information, it is essential to incorporate information about joystick 

operation by recording joystick movements (through the wheelchair controller) or by 

tracking the user’s hand using a camera overlooking the joystick. This will also allow the 

system to provide further assistance with joystick operation by issuing prompts such as “push  

the joystick further” if the system observes correct joystick motion and  no wheelchair 

motion. In addition, audio-visual prompts that demonstrate proper joystick use can be issued. 

 

5.10.3.7.2 Prompting Response 

With regards to the modality of prompting, audio prompts appeared to be an acceptable and 

effective means of providing assistance. Deatherage (1972) in [SE99] recommends using the 

auditory modality if the message is simple, short, and transient, the message deals with 

events in time, the message calls for immediate action, or the visual system is overburdened, 

and the like. Using audio prompts in our system allowed participants to follow instructions 

during the driving task where the visual system may be overburdened. In contrast, a visual 

interface might distract users and lower efficiency as observed in [SDTB08]. Difficulties in 

reading screens due to lighting conditions or visual impairments have also led to an increased 

preference for audio prompts in wayfinding systems for older adults with cognitive 

impairment [SFHF07].  In addition, the auditory modality allows for faster reaction times of 
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drivers compared to visual displays, and does not require the driver to change his/her head or 

body orientation.  

 

The need for justification of prompts described in the thematic analysis implies that existing 

prompts could be altered to add more context such as “move forward to take the shortest 

route”. Proving context might improve responsiveness and/or help the user in making more 

informed decisions. Related work has been done to explain policies generated by Markov 

Decision Processes in natural language [DMG11]. Intent recognition would also be useful to 

differentiate between intentional stops (e.g., to converse with a resident) and stops due to 

confusion [GSSS02].  A speech recognition module could also be added to verify the user’s 

intent, such as in [RPT00]. In spite of the high accuracy of and compliance with wayfinding 

prompts observed in the intervention phase, it is difficult to determine how effective the 

chosen prompts were based on the intervention phase data alone since we do not know what 

the users’ actions would have been during those trials in the absence of prompts or with an 

alternative prompting strategy. For example, most turning prompts were issued as the users 

were approaching the turn, thus we cannot tell which direction the users would have driven in 

without the system. On the other hand, in a few cases where users approached an intersection 

and deviated from the route before a turning prompt was issued, the system issued a 

correction (“off-route”) prompt, which the users complied with, implying  that the prompts 

might have led to the improved performances seen. However, it is once again difficult to say 

whether the users would have corrected their direction on their own (perhaps realizing that 

they had made a mistake). Nevertheless, the combination of high prompting adherence and 

improved wayfinding performance in the intervention phase compared to baseline 
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performances for some users does suggest that the adaptive system prompts were effective. 

Studies that include additional phases implementing alternate prompting strategies would 

help to provide further insights regarding the effect of various strategies on user performance 

and satisfaction. 

 

In addition, the benefits provided by the prompting system to participants 3 and 5, who did 

not want powered wheelchairs, suggest that the wayfinding module could be implemented on 

non-powered devices such as walkers or manual wheelchairs in the future. Further studies 

would need to be conducted to determine prompts that would be appropriate for walker or 

manual wheelchair use since the prompts in the current system were designed with a joystick 

interface to a powered device in mind. 

 

5.10.4 Limitations of Efficacy Study 

The test environment was static and was free of safety hazards (such as sharp and hard 

objects), thus possibly reducing anxiety and fear of collisions and making participants more 

likely to drive through the foam obstacles. Future studies should test the system in more 

realistic environments. 

 

Although we showed that the distances traveled were longer for some participants when the 

system was not used, it is important to note that the longer distances reported were specific to 

the maze constructed for this study in a limited amount of space. One can see that in a more 

realistic environment, even a single deviation from the optimal route can lead to arbitrarily 

longer routes depending on the floor layout. Thus, the benefits provided by the wayfinding 
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system (through increased timeliness, and in turn, decreased user fatigue) are likely to be 

underestimated in this study. 

 

Additional phases could be added to the study to determine with greater confidence whether 

the intervention causes the changes in outcome measures (e.g. with an A-B-A design, we 

would expect to see a higher number of collisions and increased route lengths in the last 

baseline phase). 

 

The NASA-TLX has not been formally validated with cognitively-impaired older adults, thus 

the data obtained using this methodology might not be reliable. However, in most cases, we 

found correlations between the users’ NASA-TLX ratings and verbal comments made by the 

users at various times in the study, thus increasing score reliability. Also, due to limited 

human resources, the surveys were conducted by the researcher.  As seen with one of the 

participants (participant 2), there might be a tendency to please the researcher and thus 

provide inflated ratings. More accurate ratings might be acquired if an individual unknown to 

the participant conducts the surveys. 

 

The QUEST 2.0 surveys indicated that the users did not provide significantly different 

ratings between the two phases, possibly because the benefits of powered mobility far 

overshadowed the added benefits of the NOAH system. For users with memory impairments, 

it is highly unlikely that they could remember details about the previous phase, and thus were 

also not able to compare their perceived safety level in the current phase to that in the 

previous phase. Detailed analysis of real-time feedback obtained from the users through 
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visual observations and verbal feedback might thus more appropriate to determine 

differences in user experiences between baseline and intervention phases for the target 

population. 

 

It is also important to note that, with the C-statistic used for analysis, significant 

autocorrelation in the baseline creates an intolerable risk of Type I error (inappropriately 

rejecting the null hypothesis) when intervention data are added.  In addition, the C-statistic 

only identifies whether the magnitude of change when intervention data are added to baseline 

data is likely to have occurred by chance alone, and does not address whether the change was 

caused by the intervention. It also does not address whether the change has clinical or 

practical significance. It is also important to consider that entirely trivial effects can 

be found to be statistically significant with the C-statistic if enough data points are collected. 

Note that this predicament is not a unique limitation of the C-statistic and is generally true of 

all statistical analyses. We thus use visual inspection as the primary form of analysis, and 

only use statistical analysis as a supplement. 

 

In order to truly assess the impact of the system on the users’ independence and mobility, 

longer duration user studies are needed. Benefits as well as weaknesses of the system will 

become more evident as the system is used for longer periods of time in the users’ natural 

environment. Due to scheduling constraints of participants and the researcher, limited laptop 

battery life (3 hours), and the availability of only one powered wheelchair, a maximum of 

three runs could take place per day. Testing with more participants and for longer durations 

would require additional researchers to run the study, and multiple powered wheelchairs set 
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up with the NOAH system. Adding an onboard power source that the laptop can draw from 

would also be desirable for future deployment and eliminate the need for recharging between 

trials. 

 

A small number of participants makes it difficult to generalize the results found in this study 

to the larger population of older adults with cognitive impairment. This is a common pitfall 

of SSRDs. In addition, the large amount of variation in functional abilities observed in this 

population implies that the system needs to be tested with several users to identify areas for 

further improvement. Several candidates in the LTC facility were identified by caregivers as 

being good candidates who would benefit from the system, and also expressed keen interest 

in participating in the study upon observation of intelligent wheelchair use by other residents; 

however, these participants could not be recruited due to lack of consent from SDMs. Since 

SDMs ultimately decide on powered wheelchair use by the target population, it is essential 

that study findings on the potential benefits of intelligent wheelchair are conveyed to them. 

This dissemination of knowledge can increase the number of test users for future studies, and 

eventually allow operation of the intelligent wheelchair by a larger number of users.  Other 

constraints of the efficacy study are described in Appendix D. 
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Chapter  6: Challenges and Future Work 

 

Several challenges lie ahead in designing intelligent wheelchairs for cognitively impaired 

older adults.  Major issues include the high cost of powered mobility and clinicians’ 

acceptance of the technology. Manufacturers’ liability, need for ongoing technical support 

and difficulties in getting reimbursements (due to the lack of sufficient evidence for powered 

mobility outcomes improvement) present further challenges in intelligent wheelchair 

adoption.  In addition, there are several issues related to users’ attitudes towards assistive 

technologies that must be overcome.  For example, the stereovision camera and other sensors 

might lead to stigmatization for users, resulting in abandonment of the technology. Studies 

such as the one in this dissertation will allow us to identify and address these concerns in an 

effective manner. 

 

Several technical issues also need to be resolved before NOAH can be deployed. These can 

be explored in five main areas. 

 

1. Power: An obvious issue is the need to provide additional power to charge the laptop 

battery. An onboard power supply or laptops with longer battery life will be required 

to ensure a minimal amount of recharging of laptop batteries.  

 

2. Speed: The wheelchair must be able to travel at faster speeds for increased 

acceptability, while still being safe. This will require the Collision Detection and Path 

Planning modules to respond quickly to static and dynamic objects as they appear. 



  

171 

Stereo processing and localization software are currently bottlenecks that limit high 

computational speed.  While stereo processing can be done in hardware as in 

[HWM11] in order to improve runtimes, most state-of-the-art vision-based 

localization methods are still too slow for systems that involve real-time human 

interaction.  

 

3. Safety: Due to the high vulnerability of the population, it is essential to improve the 

system so that it has a 100% success rate in detecting imminent collisions and 

avoiding them. This implies that the sensor is able to perform effectively in various 

conditions (including areas with low lighting and no texture).  While projected 

patterns can create artificial texture and improve performance in the presence of 

textureless regions, dimly lit environments still present a major challenge for 

stereovision sensors. A system that is truly safe will thus require additional types of 

sensors as backup mechanisms in case of camera failures.  

 

4. Complexity: As the test environment grows in size, the size of the map increases in 

size and complexity. High amounts of clutter and occlusions in the environment also 

pose challenges for collision detection. The system thus needs to be tested in multiple 

environments before it can deployed in a long-term care setting. For example, the 

system cannot currently handle drop-offs (e.g., stairs), which might be present in 

certain indoor test environments.  These issues must also be resolved if the system is 

ever taken to outdoor environments, where a much higher degree of sensitivity will be 

required to detect curbs and fast-moving vehicles. For outdoor environments, the 
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system could also be modified to use GPS and satellite images. GPS is fairly reliable 

in outdoor settings, and using existing satellite images of the environment would 

eliminate the need to pre-construct maps beforehand if GPS coordinates of desired 

locations are known. Thus, the localization and path planning modules could simply 

be replaced with existing techniques used in Google Maps, for example. 

Alternatively, the vision-based SLAM method used in this dissertation could be used 

and has been shown to be robust in outdoor settings, however this will require initial 

construction of the map, which would be time-consuming. 

 

5. Compatibility: The current system uses a custom-made controller to interface with the 

commercial wheelchair used. In order for the system to be easily ported to other 

commercial wheelchairs, universal controllers that are able to interface with any 

powered wheelchair will become necessary. 

 

In order to complete the required revisions to the various components of the wheelchair as 

outlined in section 5.10.3, and to tackle some of the deployment issues outlined above such 

as safety and speed, the following avenues of research are recommended. 

 

6.1 Collision Detection 

Future work should involve investigating an alternate control strategy to allow users to keep 

moving in the event of an imminent collision, while ensuring safety. Possible strategies could 

include time-to-collision and/or steering correction approaches. Since building complete 

working prototypes for testing, and running multiple user studies with these systems might 
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not be feasible due to time and resource constraints, wizard-of-oz type studies could be 

carried out with tele-operated wheelchairs to quickly test different control strategies. 

Additionally, virtual reality environments can be used to simulate real-world powered 

wheelchair use as in [ATCRB12]. Results from these studies can then be used to inform 

prototype development. 

 

Increased overall wheelchair speeds through the use of alternate control strategies must be 

balanced by earlier detection of collisions to ensure safety. Stereo processing can be carried 

out in hardware as done in stereovision cameras provided by Focus Robotics. Other methods 

to achieve computational speeds should also be explored. In addition, detection of textureless 

objects should be improved through the use of projected light as in the Kinect camera. 

Cameras with wider viewing angles should be used to improve sensor coverage, and 

additional (cheap) sensors such as bump sensors should be investigated for use as failsafe 

backup mechanisms. In addition, the collision avoidance method should be extended to 

detect drop-offs by detecting changes in elevation as in [CS07].  

 

6.2 Path Planning 

The Localization module needs to run at a faster rate to prevent prompting delays seen in the 

study, and to allow faster driving in the future.  Most state-of-the-art vision-based 

localization methods are too slow for real-time use in systems that interact with users. 

However, recent work with Graphics Processing Units (GPUs), which allow parallel 

execution of computationally intensive operations, has shown promise in providing high 

computational speed-ups.  
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Localization accuracy can be improved by using additional information acquired from 

wheelchair encoders. However, manually installing these encoders could be tedious and 

expensive. Thus, a better alternative would be use cheap inertial measurement units (IMUs) 

or Wiimotes, which can provide accelerometer and gyroscope data to supplement motion 

data acquired through the camera. In addition, pre-registered visual landmarks in various 

parts of the environment can be used to correct location estimates. 

 

In addition to simply providing turning prompts, the system could also perform high-level 

scene analysis to issue prompts that include information about the environment, e.g. “turn left 

at the end of the hallway”. Several methods have been implemented to annotate maps with 

semantic information, such as [Kui00]. 

 

6.3 Prompting 

Results suggest that the system could benefit from a richer user model. A useful research 

direction would be to use the video data captured during the trials as input to machine 

learning techniques in order to discover user-specific and general behavior trends. These 

behaviors can then be encoded in the model in a more data-driven manner, rather than current 

method that involves manual specification of the model. 

 

Natural language can be used to provide directions as well as justifications for prompts as 

shown in [DMG11, KTRR10]. This might improve user understanding of system prompts by 

providing context. Different types of prompts generated through these methods can possibly 
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be tested with the target users in simulated driving environments before they are 

implemented in the real system. 

 

Timing of prompts is also a key issue that needs to be investigated. While users in the 

efficacy study seemed to find the just-in-time prompts effective, more experiments are 

required to determine optimal prompting times and frequencies. In addition, issuing earlier 

prompts might be necessary for users with delayed reaction times. 

 

6.4 User Studies 

Although most users did not show learning trends, one of the participants was found to 

improve his driving performance over time. This suggests that some users might benefit from 

increased training time. A future study could be conducted to allow residents to drive with 

the NOAH system in a realistic environment during certain times of the day for a period of a 

month or more. During this time, quantitative observations can be collected by the researcher 

to identify learning trends, and qualitative feedback can be solicited regarding issues such as 

acceptability and usefulness, which are difficult to interpret in studies as short as the one in 

this dissertation. 

 

In addition, for users who are capable of learning, NOAH could potentially serve as a 

training tool for regular powered wheelchair use; however, results also showed potential for 

increased dependence on the system. By automatically preventing collisions, the system 

could, in fact, be denying the user the opportunity to learn skills required to ultimately 

achieve independent mobility [Dur02]. Thus, further research should be conducted to ensure 
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that the assistive technology used achieves its goal of increasing independence rather than 

creating additional dependence. 

 

Other user studies could evaluate different collision avoidance and prompting strategies 

through the use of virtual reality driving simulators or Wizard-of-Oz systems. Testing 

through these methods will allow the researcher to eliminate hardware and engineering issues 

that are often time-consuming to resolve, and instead focus on the improving the feedback 

interface. Performance can be measured quantitatively with regards to completion times and 

number of collisions. In addition, levels of confusion and frustration can be assessed through 

standardized outcomes questionnaires and thematic analysis of visual and verbal observations 

throughout the study.  

   

We hope that continued development and testing of the system will help refine user needs 

and allow us to create an intelligent wheelchair that truly improves quality of life of older 

adults with cognitive impairment.  
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Chapter  7: Conclusion 

 

In this dissertation work, we designed a new vision-based system for collision avoidance and 

wayfinding for powered wheelchairs. The system was tested with the target population, older 

adults with cognitive impairment, since this population is currently not allowed to drive 

regular powered wheelchairs. We showed through an efficacy study that the system is able to 

improve safety by reducing the number of frontal collisions. The system is also able to 

improve wayfinding performance in some cases by prompting the user to navigate along the 

shortest route. We found that collision avoidance performance was correlated with 

attentiveness and mood, while wayfinding performance was correlated with memory and 

self-reported user confidence regarding the route. We also found overall prompting accuracy 

to be high. While prompting adherence to correct prompts was high for all users, we found 

that users who were less confident about the route tended to rely on the system more, thus 

adhering to incorrect prompts more often, while confident users correctly ignored these 

prompts.  A combination of quantitative and qualitative data collection and analysis allowed 

us to gain a holistic understanding of the system and the target population. We conclude this 

dissertation by addressing the research questions posed initially in section 1.3. 
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1) How does NOAH impact safety during navigation with a powered wheelchair by the 

user, through vision-based collision detection? 

 

The number of frontal collisions is lower when the system is activated, regardless of the 

phase ordering.  However, due to the position of the camera, side and rear collisions still 

need to be addressed in future work to eliminate all collisions. 

 

2) How does NOAH impact the users’ ability to navigate to a specified location, with 

respect to time and distance travelled, through adaptive audio prompts? 

 

The system is able to maintain or improve wayfinding performance for all users tested. The 

system was able to ensure that users always navigated along the shortest route.  However, the 

system did increase completion times for 3/6 users due to its stopping behavior, and led to 

frustration in users with high baseline collision avoidance abilities, suggesting that alternate 

collision avoidance strategies should be investigated.    

 

3) How well does NOAH meet users’ needs in terms of satisfaction and usability? 

 

All participants in the efficacy study liked the system and felt that it achieved its objectives. 

The main usability issues concerned wheelchair speed and joystick operation. Participants 

were also frustrated when the system stopped them in scenarios that they perceived to be safe 

to navigate through. 

 



  

179 

4) What types of errors occur while detecting and avoiding collisions? 

 

Errors detected were due to glare in windows, occlusions and interference with the camera by 

users.  Window detection can be performed to ignore glare. The presence of occlusions 

suggests the need for cameras with wider viewing angles or multiple cameras to increase 

coverage. In addition, user interference with the camera suggests that a better mounting 

location is required. 

 

5) What types of errors occur while providing navigation prompts? 

 

Errors in navigation prompts were due to errors in localization due to fast turns and camera 

interference by the user.  In areas where turns were required in quick succession, delayed 

prompts resulted in detours. In addition, prompts were often issued in cases when the user 

did not need them due to intentional stopping by the users that were perceived as errors. 

 

6) What future improvements need to be made to increase system performance? 

 

Increased sensor coverage is required to prevent collisions in all directions. Wheelchair 

position estimates can be corrected at regular intervals using pre-registered landmarks.  In 

addition, wheel encoders or inertial measurement units can be used to improve localization 

accuracy by providing additional odometry measurements.  The computational speed of the 

system must be increased to prevent delayed prompting, or alternatively, prompts must be 

modified to include multiple instructions (e.g. “turn left, then turn right”) for quick, 
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consecutive turns. Observations from the efficacy study and additional sensor input (e.g., 

joystick motion) can be used to refine the user behavior model in order to produce more 

effective prompting strategies. 

 

7) What future improvements need to be made to increase user satisfaction? 

 

Some participants required justification for the stopping action of the wheelchair, thus 

appropriate prompts can be added to the system (e.g. “you cannot move forward since there 

is an obstacle in front of you”). To reduce frustration caused by blocked wheelchair motions, 

the system can be modified to automatically adjust the wheelchair’s heading to steer away 

from detected obstacles. In addition, adaptive distance thresholds can be implemented to 

allow users to drive closer to obstacles in certain situations. Haptic and/or visual feedback 

can also be added, and other interfaces can be explored. Finally, increasing computational 

speed of the system will allow the users to driver faster, while still ensuring safety. 

 

The efficacy study discussed in this thesis has provided key insights on the possible benefits 

of intelligent wheelchairs to older adults with cognitive impairments. It is the first study, to 

our knowledge, that has investigated both collision avoidance and wayfinding performances 

of cognitively-impaired older adults during powered wheelchair navigation. Our results 

demonstrate the high diversity of the target population, and highlight the need for 

customizable assistive technologies that account for the varying capabilities and requirements 

of the intended users. By improving collision avoidance and wayfinding performance, the 

system has shown promise in increasing independent mobility for a population that is 
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currently denied powered wheelchairs due to safety concerns. Although further research and 

development is necessary before NOAH is clinically and commercially available, the results 

presented in this dissertation could play a key role in informing future intelligent wheelchair 

design. Improvements in computational speed as well as joystick usability will help improve 

user performance and satisfaction. Further user studies will help refine user needs and 

hopefully allow us to increase mobility and independence of several elderly residents. 

 

The research described in this thesis is of broad interest to a large, interdisciplinary audience 

and has several implications. Our findings suggest that successful design and development of 

assistive technology, such as intelligent wheelchairs, requires collaboration among computer 

scientists, engineers, caregivers, clinicians and end users, given the multi-faceted nature of 

the research problem.  A variety of research techniques should also be employed in order to 

achieve a comprehensive understanding of user needs and the role of technology in fulfilling 

these needs. Testing with real users in realistic scenarios is imperative in ensuring usability 

and effectiveness. Independent groups of researchers working on similar problems should be 

encouraged to develop and evaluate different aspects of the technology in parallel, and to 

share key research findings, in order to facilitate cross-disciplinary learning that overcomes 

geographic barriers. This interdisciplinary research will undoubtedly help new and existing 

researchers with different backgrounds to communicate with each other more effectively, 

resulting in novel solutions that can benefit the intended users.
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Appendices 

 

Appendix A  Questionnaires 

A.1 NASA-TLX 
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A.2 QUEST 2.0 

The following are sample QUEST 2.0 questions. Questions related to services were omitted 

during the study. 
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A.3 Custom Questionnaire 

 

1) If this device was available for you to use, would you use it?  Why/Why not?   

 

2) If yes above, where would you like to go using this device? (e.g. kitchen, bathroom, 

etc.) 

 

3) Do you like the device? Why/Why not? 

 

4) What did you like the most about the device? 

 
 

5) What did you like the least about the device? 

 

6) What changes would you like to see in the device? 
 

 

7) Would you like a wheelchair that drove on its own? Why/Why not? 
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Appendix B  Data Collection Form 
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Appendix C  NASA-TLX Raw Data 

Participant Phase-

Run Mental Physical Temporal Performance Effort Frustration 

Participant 1 

(A-B 

ordering) 

A-1 low low low med low high 

A-2 low low low high med high 

A-3 low low med med med med 

A-4 med med med med med med 

A-5 med med med med high med 

A-6 med med med med med low 

A-7 high med med high med low 

A-8 med low med med med med 

B-1 med high med high med high 

B-2 high med med med med med 

B-3 med med med med low low 

B-4 med med med high low low 

B-5 med med med high low low 

B-6 med med high high med low 

B-7 med med med high med low 

B-8 low low med high med low 

Participant 2 

(A-B 

ordering) 

A-1 0 0 0 0 0 0 

A-2 0 0 0 0 0 0 

A-3 0 0 0 0 0 0 

A-4 0 0 0 0 0 0 

A-5 0 0 0 0 0 0 

A-6 0 0 0 0 0 0 

A-7 0 0 0 0 0 0 

A-8 0 0 0 0 0 0 

A 

average 0 0 0 0 0 0 

B-1 0 0 0 0 0 0 

B-2 0 0 0 0 0 0 

B-3 0 0 0 0 0 0 

B-4 0 0 0 0 0 0 

B-5 0 0 0 0 0 0 

B-6 0 0 0 0 0 0 

B-7 0 0 0 0 0 0 

B-8 0 0 0 0 0 0 

B 

average 0 0 0 0 0 0 
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Participant Phase-

Run Mental Physical Temporal Performance Effort Frustration 

Participant 

3 (B-A 

ordering) 

B-1 2 3 3 8 3 3 

B-2 4 4 3 7 4 4 

B-3 4 4 4 6 6 5 

B-4 3 3 2 5 3 3 

B-5 8 3 3 5 4 11 

B-6 4 3 3 4 4 4 

B-7 4 3 3 6 3 3 

B-8 3 2 3 4 4 3 

B 

average 4 3.125 3 5.625 3.875 4.5 

A-1 4 2 3 3 3 3 

A-2 3 3 3 4 3 3 

A-3 3 3 4 5 3 3 

A-4 3 2 3 5 3 3 

A-5 3 3 3 5 4 3 

A-6 3 3 3 3 3 3 

A-7 3 3 3 5 3 3 

A-8 4 3 3 5 4 3 

A 

average 3.25 2.75 3.125 4.375 3.25 3 

Participant 

4 (B-A 

ordering) 

      B-1 6 5 6 7 7 6 

B-2 4 4 4 7 6 5 

B-3 5 5 5 4 3 3 

B-4 5 4 3 3 3 3 

B-5 4 4 4 4 4 3 

B-6 3 4 5 5 4 4 

B-7 4 4 3 4 3 3 

B-8 4 3 3 3 3 6 

B 

average 4.375 4.125 4.125 4.625 4.125 4.125 

A-1 3 3 3 4 3 2 

A-2 3 3 3 4 3 2 

A-3 3 3 3 3 2 2 

A-4 3 3 2 3 2 2 

A-5 2 2 1 2 2 2 

A-6 3 2 2 4 2 2 

A-7 3 2 2 2 2 1 

A-8 2 2 2 3 2 2 

A 

average 2.75 2.5 2.25 3.125 2.25 1.875 
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Participant Phase-

Run Mental Physical Temporal Performance Effort Frustration 

Participant 5 

(A-B 

ordering) 

A-1 10 4 10 3 3 3 

A-2 4 3 3 3 3 3 

A-3 10 7 4 4 4 4 

A-4 15 8 10 2 10 3 

A-5 3 2 2 2 2 1 

A-6 13 1 1 1 1 2 

A-7 10 3 4 10 5 3 

A-8 12 2 1 1 1 2 

A 

average 9.625 3.75 4.375 3.25 3.625 2.625 

B-1 10 4 5 3 3 2 

B-2 18 1 1 5 1 1 

B-3 15 2 10 2 10 2 

B-4 10 1 1 10 10 2 

B-5 7 2 10 10 10 2 

B-6 10 2 10 1 10 2 

B-7 10 1 10 10 10 2 

B-8 2 2 10 10 2 2 

B 

average 10.25 1.875 7.125 6.375 7 1.875 

Participant 6 

(B-A) 
B-1 2 17 1 4 2 17 

B-2 1 1 1 1 1 1 

B-3 10 1 19 1 1 18 

B-4 1 10 1 6 7 10 

B-5 18 10 1 1 9 8 

B-6 11 13 18 1 1 14 

B-7 10 9 1 1 2 1 

B-8 7 5 8 1 1 2 

B 

average 7.5 8.25 6.25 2 3 8.875 

A-1 11 10 10 2 10 10 

A-2 10 1 10 1 2 10 

A-3 18 1 2 1 2 1 

A-4 10 10 10 1 10 1 

A-5 12 2 20 1 10 10 

A-6 8 10 1 10 20 2 

A-7 12 2 2 2 19 2 

A-8 18 2 20 1 10 10 

A 

average 12.375 4.75 9.375 2.375 10.375 5.75 
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Appendix D  Research Process 

Research context 

The research was mainly funded by an NSERC CGS D award to P. Viswanathan. The project 

was also partly funded by a CIHR mobility in aging award, which limited the research 

specifically to powered mobility devices for the elderly. Although the choice of sensors was 

not specified by grant proposals, the choice of the stereovision sensor was made in the early 

stages of research based on previous work by one of the supervisory committee members (A. 

Mihailidis) and other collaborators at the University of Toronto. The target population was 

defined by P. Viswanathan in the research proposal based on previous work with A. 

Mihailidis at the University of Toronto, which involved anti-collision wheelchairs for older 

adults with cognitive impairment. This target population was chosen since it is known to be a 

largely neglected group in powered mobility research. Moreover, since A. Mihailidis and his 

students have already been conducting trials with this target population for related projects, 

the population was considered to be easily accessible for the efficacy study, and research 

experts familiar with the needs of the target users could be used as resources.  

 

Roles 

The choice of stereovision sensor was made jointly by P. Viswanathan and committee 

members (A. Mackworth, J. Little and A. Mihailidis) as described above. An intelligent 

wheelchair capable of avoiding collisions and providing wayfinding assistance through 

vision-based methods was proposed by A. Mihailidis earlier in [MEBH07]. Software design 

of the specific modules of the system and methods for integration were proposed by P. 

Viswanathan with approval and feedback from the entire supervisory committee. 
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Implementation of all modules of the system was carried out by P. Viswanathan. P. Alimi 

assisted with software installation on the laptop as well as with data collection for the testing 

of the Path Planner module. The efficacy study design was written by P. Viswanathan as a 

major amendment to a protocol written by T. How for the Intelligent Wheelchair System 

[How11]. The design of the previous study was amended to increase the number of users and 

trials. The description of the task and system was modified to include the wayfinding 

component (the previous study only involved collision avoidance). The obstacle course was 

re-designed to include multiple routes and different types of obstacles. Outcome measures 

and data collection procedures were modified to obtain information about distances traveled 

and user confidence regarding routes, and this information was used in additional analysis. A 

custom survey was added to solicit qualitative feedback from users. Feedback on the protocol 

was obtained from A. Mihailidis, R. Wang, J. Boger and T. How from the University of 

Toronto. T. Craig, R. Wang, T. How and A. Calvin assisted with set-up and video-taping 

during the clinical trials. Equipment for the trials was provided by UBC and the Intelligent 

Assistive Technology and Systems Lab in Toronto. All manuscripts were reviewed by J. 

Little, A. Mackworth and A. Mihailidis, who provided high-level feedback on the write-up 

and the system. This dissertation was reviewed by the entire supervisory committee 

(including C. Conati and I. Mitchell). 

 

Constraints 

The objectives defined by P. Viswanathan for this research were to complete a working 

prototype as well as test the system with the target user population. A working prototype was 

important to implement in order to determine the potential of the technology to solve the 
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real-world problem defined in this dissertation. Testing with the target user population is 

crucial to ensure that the technology will actually be used by the population for which it was 

designed.  

 

Fulfilment of both of the above objectives, however, placed many constraints on the research. 

Several challenges were faced during development to ensure real-time performance of the 

system. For example, various vision-based SLAM systems were found to be too slow for 

practical use. In addition, all other components of the system were implemented to be as 

computationally efficient as possible (the collision avoidance module was re-implemented 

after the first set of experiments to increase image processing rates). Thus, a majority of the 

research effort (2.5 - 3 years) was spent on design, development, controlled testing and 

refinement of the system, which limited the time available to design and run the efficacy 

study. 

 

Since transfer of participants in wheelchairs to locations other than their long-term care 

facility was determined to be infeasible (cost of transportation, consent to re-locate 

participants, etc.), the study location was restricted to the long-term care facility that the 

target users were residing in. In addition, the space necessary to lay out the maze further 

restricted the choice of long-term care facility. The above considerations in addition to 

challenges in recruitment led to fewer participants than expected. In addition, the availability 

of only one intelligent wheelchair, limited battery life and scheduling constraints limited the 

total number of trials to three per day. 

 



  

203 

Finally, time constraints also did not allow for further analysis of the data or additional 

studies. Studies in more realistic environments, such as the users’ day-to-day environments 

would have helped to determine the usefulness and acceptance of the system for longer-term 

use. Interviews with caregivers would have supplied additional information about their 

perceptions, which is also an important aspect to consider for deployment. 
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Appendix E  Information and Consent Form 

Investigating the Efficacy of Using an Anti-collision and 
Navigation System on a Powered Wheelchair to Improve 

the Safety and Mobility of Older Adults with Dementia 
 

Investigators:   Pooja Viswanathan (PhD student)  

 under the supervision of Dr. Alex Mihailidis 

 

Background 
Older adults living in long term care (LTC) facilities often experience a variety of 

conditions that affect their physical and cognitive abilities. These conditions can make 

mobility quite difficult for older adults who require a wheelchair. Many older adults have 

difficulty propelling themselves in a manual wheelchair and those with cognitive 

impairments are not allowed to use a powered one because of concerns for the wellbeing of 

themselves and those around them. The resulting restriction/loss of mobility can significantly 

impact the quality of life of these individuals. To address this problem, researchers from the 

University of Toronto have developed an anti-collision and navigation system in an effort to 

enable older adults with mild-to-moderate cognitive impairments safely and independently 

operate a powered wheelchair in a LTC setting. 

 

We are looking for participants to test-drive a powered wheelchair with the new anti-

collision and navigation system. The findings from this study will be valuable in the process 

of improving opportunities for LTC residents who are dependent on others for mobility.  

 

This study is part of doctoral research being conducted by Pooja Viswanathan under 

the supervision of Dr. Alex Mihailidis. You may contact Pooja Viswanathan at 

poojav@cs.ubc.ca or (778) 829-7665 or contact Alex Mihailidis at 

alex.mihailidis@utoronto.ca or (416) 946-8565 to answer any questions you may have. 

 

Purpose 
You are being asked to participate in a research study to determine the effectiveness 

of an anti-collision and navigation system for a powered wheelchair. Six older adults with 

mild-to-moderate dementia will participate in this study. Each participant will be asked to 

participate in two training sessions and navigate a short obstacle course once a day for 

up to 16 days. 

 

Procedure 
If you agree to participate, a research assistant will perform a quick interview with 

you to determine whether you are an appropriate candidate for this study. If all inclusion 

criteria are met and you would like to participate, a research assistant will escort you to an 

obstacle course constructed in the basement of the Harold and Grace Baker Centre (located 

beside the hair salon). Here you will be seated in a powered wheelchair and asked to navigate 

to a specific goal, while performing several  movement tasks along the route: turning 90˚ left, 
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turning 90˚ right, stopping, entering narrow and wide corridors, maneuvering through 

obstacles, and rotating 180˚ in place. There will be two groups of participants. The first will 

complete the tasks without aid from the anti-collision and navigation system, the second 

group will complete the same tasks, but with the assistance of the anti-collision and 

navigation system. Midway (8 driving days) through the trials, the groups will switch. To 

ensure your safety, the obstacle course will be built from foam and lightweight objects with 

plenty of padding. The speed of the wheelchair will be very slow to give ample time for you 

to react and to ensure any collisions with obstacles are very gentle. The test area will be kept 

clear of all personnel except the two research assistants. There is an emergency shutoff 

switch on the chair, which will be monitored at all times by the researchers. The well-being of 

the participants is our primary concern - should you become nervous or upset at any time 

during the trials, you will be escorted to your room immediately and removed from the study. 

You will be discreetly videotaped by a research assistant while you complete the obstacle 

course. All videos will be kept strictly confidential and will only be viewed by the research 

team. 

 

Risks / Benefits 
There is a possibility of minor collisions when operating the wheelchair through the 

obstacle course. The obstacles will be composed of Styrofoam to ensure that collisions will 

not harm the participants. The course will contain objects covered in thick blue foam to 

ensure any impacts are harmless. Two research assistants will be present at all times to 

provide any assistance if needed. While participants will not benefit directly from 

participating, the findings from this study may result in a safe powered wheelchair for older 

adults with dementia. It is hoped that this will significantly improve safe mobility and quality 

of life of many older adults with dementia who are otherwise dependent on others for 

mobility. 

 

Confidentiality 
The information collected during this study will remain strictly confidential and will 

not affect the individual’s care or treatment in any way. Upon you / your substitute decision 

maker’s consent to participate in this study, you will be assigned a coded number. The only 

connection between you and your data will be this signed consent form. All other data, 

including any video and/or research notes, will be marked using only your coded number, not 

your name. Your name will not be used in any report or publication. All data and videos 

collected in this study will be safely stored in a secure, locked location with access limited to 

researchers involved with this particular study. All video tapes and research notes will be 

physically destroyed within five years after completion of the study. Confidentiality can only 

be guaranteed to the extent permitted by law. 

 

Costs and Compensation 
There are no costs associated with participation in this study. Trials will occur within 

your schedule. There is no compensation for participation in this study. 
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Legal Rights as a Substitute Decision Maker of Participant 
You are encouraged to ask any questions about the study at any time. Your 

participation is completely voluntary and you are free to withdraw from the study at any 

time. Choosing not to participate or choosing to withdraw from the study will not affect your 

care or status at Harold and Grace Baker Centre in any way. If you choose to withdraw, all 

data that can be identifiably attributed to the participant will be withdrawn by the 

investigator. You waive no legal rights by participating in this study. 

 

Please contact the University of Toronto Ethics Review Office at 

ethics.review@utoronto.ca or 416-946-3273 if you have any questions about your rights as a 

participant and/or your rights as a substitute decision maker of a participant. 

 

Consent to Participate 
I have read the entire consent form and my questions about the study have been answered by 

the researchers. I understand I will receive a signed copy of this consent form. I understand 

that I am free to ask questions about the study at any time. My participation in this study is 

voluntary and I am free to withdraw or discontinue participation at any time. Withdrawal 

from the study will not affect my status or quality of care at the Baker Centre.  

 

I consent to participate in this study. 

 

 

__________________________________________________ 

 Print name of Participant 

 

 

_________________________ _________________________ _______________ 

 Printed name of Substitute   Signature of Substitute   Date 

 Decision Maker of Participant  Decision Maker of Participant 

 

 

Consent to Videotaping 
I consent to have my trials videotaped. I understand captured video data will be treated as 

confidential, will only be viewed by the research team and will only be used for this study. 

Any videos where the individual’s face / name is recognizable will not be shown without my 

expressed permission. 

 

 

_________________________ _________________________ _______________ 

 Print name of Substitute   Signature of Substitute   Date 

 Decision Maker of Participant  Decision Maker of Participant 
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I certify that I obtained the consent of the substitute decision maker of the participant above. 

I understand that I must give a signed copy of the informed consent form to the substitute 

decision maker of the participant, and keep the original copy on file in the repository location 

designated on my REB application files for 3 years after the completion of the research 

project. 

 

 

_________________________ _________________________ _______________ 

 Print name of Research   Signature of Research   Date 

 Assistant     Assistant 

 

 

Participant ID:[         ] 


