Automation as Caregiver:

A Survey Of Issues and Technologies

Karen Zita Haigh Honeywell Laboratories 3660 Technology Drive Minneapolis, MN 55418 khaigh@htc.honeywell.com

Holly A. Yanco Computer Science Department University of Massachusetts Lowell One University Avenue, Olsen Hall Lowell, MA 01854 holly@cs.uml.edu

AAAI 02 Workshop “Automation as Caregiver”, pages 39-53

Abstract

In the United States, the number of people over 65 will double between now and 2030 to 69.4 million. Providing care for this increasing population becomes increasingly difficult as the cognitive and physical health of elders deteriorates. This survey article describes some of the factors that contribute to the institutionalization of elders, and then presents some of the work done towards providing technological support for this vulnerable community.

Introduction

A person’s control of his/her personal space is an important component of human dignity and the quality of life [53].

An unprecedented boom in the elderly population will hit all industrialized nations and many other countries over the next 30 years. The number of people in the U.S. over the age of 65 will double from 34.7 million now to 69.4 million by 2030 [4]. Historically, 43% of people over the age of 65 enter a nursing home for at least one year, yet a Health Care Financing Administration survey found that 30% of the elderly would “rather die” than do so [3].

As the cognitive and physical health of elders begins to deteriorate, they require increasing assistance from caregivers. The strain on families and individuals is enormous–numerous studies have shown that caregiver burden is a major factor in nursing home placement [14; 130; 74]. Informal caregivers use prescription drugs for depression, anxiety, and insomnia at a rate of two to three times that of the average population [59].

Stone [155] describes the current and future state of caregiving for the elderly, both from a formal and an informal caregivng prespective. Dawson et al [44], Macken [104] and Manton [111] provide demographic studies of elders broken out by limitations in Activities of Daily Life (ADL)^1 and Instrumential ADLs

Copyright cfl 2002, American Association for Artificial Intelligence (www.aaai.org). All rights reserved.

1ADLs focus on assessing ability to perform basic selfcare activities, and include eating, dressing, bathing, toileting, transferring in and out of bed/chair and walking.

(IADLs)^2.

In many cases, governments, social service organizations and even individuals and families are turning to technological solutions to aid in care giving for this elderly population. While much of this technology continues to occupy traditional assistive roles such as aiding in walking, door opening, and communication, increasingly advanced technological solutions are being proposed to aid in monitoring, diagnosis, situation awareness, decision aiding and the direct automation of tasks for either the elderly themselves or for their caregivers. From the human-factors perspective, failure to consider the needs, desires, capabilities and limitations of users will lead to unsatisfactory technological solutions at best, and disasters at worst. Czaja [39] describes existing technology that aids older adults and areas where new technology would be helpful, while also suggesting many ideas about what an assistive system could provide.

This survey article describes some of the factors that contribute to the institutionalization of elders, and then presents some of the work done towards providing technological support for this vulnerable community.

Factors

Top factors contributing to the institutionalization of elders can be described within the high-level categories of burden on informal caregivers, impairment on ADLs or IADLs, and cognitive dysfunction. Some of the top factors within these categories include medical monitoring, medication management, mobility (including falls), toileting, eating, dementia, wandering, safety (including environment monitoring and home security), isolation, and transportation.

Czaja [37] is a very thorough analysis of issues in daily life with the home, work, and driving environments as well as problems with aging and communications, safety and leisure. Clark [31] also goes into many of these issues.

2IADLs assess the need for services, and include preparing meals, shopping for personal items, medication management, managing money, using the telephone, laundry doing housework, and transportation ability.

A good starting point for understanding these factors is to look at major reasons for admitting someone to a nursing home. The Family Caregiver Alliance [8] is a very informative study detailing some of the major decision issues between the care receiver and the informal care giver. Weiman [177] presents a short, hyperlinked list of events that usually precipitate admission, conditions common in nursing home populations, and pointers to more statistics. The Women & Aging Letter [128] presents statistics and tradeoffs to consider when moving to a nursing home.

Tibbits [161] presents statistics, intrinsic (client) and extrinsic (environment) risk factors, risk reduction and injury reduction techniques. Many studies have measured nursing home entrants and predictors of nursing home placement, e.g. [18; 32; 82; 132]. Shugarman [146] examined the similarities and differences between nursing home populations and in-home care populations.

Lawton [96] discusses capabilities of older adults on different tasks around the house. TriData Corporation [163] created a report for the U.S. Fire Administration outlining fire safety issues for the elderly. Mann [109] examines environmental problems in the homes of elderly persons with disabilities and identifies specific problems. Lipsitz [101] describes one patient’s case but presents a comprehensive listing of all physiological and medical factors affecting falls. Lipsitz also lists tests to be performed to idenify specific phsiomedical causes. There is some discussion of prevention techniques as well.

Schoenfelder [142] dissusses many of the current risk and injury assessment tools used by nurses, along with a brief review of risk factors for the elderly. Some of these tools include the Minnesota screening tool used by nursing homes to assess residents and determine care needs [120], Functional Assessment Questionnaire [134], the Mini-mental State [56], and the Physical Self Maintenance Scale (PSMS) and the Instrumental Activities of Daily Living (IADL) [95]. The AARP has a short tool that describes what you need to do in order to carry out an assessment of your older parent and his/her ability to live independently [10].

Smart Home Technologies

By “Smart Home Technologies,” we mean systems that have sensors and actuators that monitor the occupants, communicate with each other, and intelligently support the occupants in their daily activities. For elders, tasks can range in complexity from reminders to take medication to monitoring the general deterioration in functional capability.

Warren et al [175] describe their vision for elder home-care technology. They provide detailed descriptions of concepts for care delivery, sensors, smart devices and interactions among smart devices, information frameworks, information security, and patientdevice interaction. Allen [7] discusses capabilities the technology should have to provide and and how that technology could be implemented. Cooper and Keating [34] present a general overview of home systems and their role in rehabilitation. Dewsbury and Edge [46; 52] discuss smart home technology and its potential care for the elderly and disabled; it also has a brief discussion on the social impact of smart homes. In this proceedings, Miller et al [117] discuss the obligations of intelligent systems to elders.

Targeted Assistance Numerous projects have targeted specific problems within the more general umbrella of supporting elders in their home. This section will touch only on a very small subset of projects, in part because the area is so broad, and in part because the line distinguishing “targeted assistance” from “broad-based assistance” is not firm.

Furlong [58] addressed the issue of elder isolation, discussing the success of SeniorNet, an e-community network. SeniorNet offers a member directory, email, and bulletin board. This article shows how computers can be used to increase social interaction.

An electronic community was also the subject of Gallienne et al [60], but in this case addressing the subject of caregiver coordination. The study examines the use of a computer network for caregivers of Alzheimer’s patients; caregivers were able to share stories, ideas and, most beneficially, emotions with one another. The paper highlights how computers can be used to alleviate some of the emotional burden from caregiving.

Medication reminder systems have been shown to improve medication compliance [57]; a wide variety of systems have been built to provide this service, e.g. [26; 51; 114; 115].

Doughty [49] provides an excellent review of fall sensing technology for older adults. The article looks at different sensors, inferencing logic needed for good sensors, risk analysis, and other fall issues.

Numerous companies have developed small wearable sensors that measure vital signs, detect falls, and provide location tracking, as well as a ‘panic button’ feature, e.g. [48; 156; 100]. Noury et al [131] describe a smart fall sensor that they designed used for more general activity monitoring tasks. Medical monitoring at home is becoming a noticable trend [141].

Several efforts have also been undertaken to design “centralized controllers” for smart homes [42; 108; 110]; these systems do not monitor the elder in any way. Elders prefer remote devices with larger buttons, fewer functions and higher contrast. Custodian [46; 54] is a software tool designed to make it easier for non-technical people to utilize smart home technologies. Chatterjee [30] built an agent-based system with three device agents (TV, phone, stereo), and tried to find correlations between the interactions of those agents.

Broad-based Assistance The systems in this section seem to address numerous issues for supporting elders. A common thread is the use of passive monitoring technology to recognize behaviour and raise alerts as needed. Early systems did not have the alerting capabilities, but have a clear path to this capability. Another common thread is the integration of multiple sensors.

Togawa et al [160; 179] was one of the first projects to use passive sensing of everyday activities to monitor subjects. Their main focus is to monitor physiological parameters, but they also monitor, for example, sleep hours, toileting habits, body weight and computer use. The systems collect data for analysis by a caregiver, and do not raise alarms or automatically respond to the data in any way.

Celler et al [28] collects data for measuring the behaviour and functional health status of the elderly, and assessing changes in that status. Data analysis is offline, and reports are generated for participants who have demonstrated a consistent change in functional health status.

Inada et al [76] was perhaps the first system to incorporate the capability to contact emergency personnel whenever there is a sudden change in the patient’s condition, and the patient initiates the call. The system collects biological information, physical activity, and subjective information such as complaints.

Richardson and Poulson [138; 139] describe installments of assistive home control technologies for supporting independent living. The main focus of this work was to make devices more supportive and easier to use by creating a common framework for controlling and monitoring devices, both from within the home and externally. One of the installed bases includes medical monitoring devices and raises appropriate alarms, and they call for systems that raise alarms for all appropriate ‘supportive’ purposes.

Glascock and Kutzik [63] similarly aims at using nonintrusive monitoring to detect functional activities of daily living. This system does not respond to the collected data in any way; the data is logged and later analyzed off-site. Their patent [90], however, covers the capability of generating a control signal in response to the collected information.

Alyfuku and Hiruta [9] also have a patent that passively monitors people and can control devices based on the monitored information.

Chan et al incorporate the results of machine learning to control environments and automatically raise alarms. A neural network is used to learn the habits of this group of people (temperature and location) [29]. The network is trained over a given period, and then used to control the temperature of a room based on expected occupancy. The authors extend this work to recognize behavioural changes and raise alarms [154]. A paper in this proceedings describes a real-time monitoring study [27].

Sixsmith [151] describes and evaluates results from an intelligent home system installed in 22 homes. The system raises alerts for “potential cause for concern” – namely when the current activity is outside a activity profile based on the average patterns of activity. The system was well-perceived by the elders and their caregivers.

Leikas et al [97] describe a security system for monitoring the activities of demented people at home, primarily through alarms on doors. The usability evaluation was quite thorough.

Huberman and Clearwater [73] built a agent-based market-based temperature controller. The Intelligent Home project [98] researches multi-agent systems in the context of managing a simulated intelligent environment. The primary research focus is on resource coordination, e.g. managing the hot water supply.

The Neural Network House [127] also used neural networks to ‘self-program’ a home controller. The system learned the users preferred environmental settings, and then controlled the house to meet those settings and optimize for energy conservation.

Pearl [136], a joint project between the University of Pittsburgh and Carnegie Mellon University, is a mobile robotic ‘nurse’ assistant. Pearl guides elders through their environments and reminds them about daily activities.

NASA JSC is developing a cognitive orthosis to support individuals who have difficulty planning, scheduling and carrying out tasks. The tool will monitor activities while the elder is performing them, provide additional assistance when an error occurs and provide mechanisms for intervention from third-parties [148].

The Georgia Tech Aware Home [47; 87] is a platform for a wide variety of research. A paper in this proceedings [1] describes the technological, design and engineering research challenges inherent in this domain. Research areas include computer perception, human factors, ubiquitous computing and extended monitoring.

MIT’s House n [121] is another research platform. It started as an architecture design project – how to design a more “elder-friendly” home. Now projects also include behaviour recognition, user interfaces, and networking. Another paper in this proceedings describes a monitoring system for “just-in-time” context-sensitive questioning to prevent congestive heart failure [77].

The University of Washington’s Assisted Cognition [84] is a relatively new project with ambitious research goals. The paper in this proceedings describes a behaviour recognition and task prompting piece of the system.

The Independent LifeStyle Assistant^{TM} (I.L.S.A.) is a Honeywell project with the goal of creating an umbrella system that monitors, supports, alerts and reports the activity of an elder. Haigh et al. [69] describe the overall architecture and vision, and several papers in this proceedings highlight different aspects and issues [61; 66; 68; 171].

Sincere Kourien, a retirement home in Japan, features robot teddy bears whose sole purpose is to watch over the elderly residents. A voice recognition system supports monitoring of patient response times to spoken questions, and raising alerts as appropriate [103].

Oatfield Estates, a residential care complex in Milwaukie, Oregon monitors and tracks medical data, weight via bed sensors, location via tags, and includes web displays for elders who can monitor their own health [16]. Vigil has fielded over 2000 dementia-care systems in multiple assisted living facilities. Their system focusses primarily on incontinence and wandering [169].

Few of these large systems have been evaluated for usability by elders; only [27; 97; 139; 151] can make this claim. Even fewer have achieved commercial viability [16; 103; 169].

Assistive Robotics

Robotics technology has been applied to and developed for many different applications to assist people with disabilities; these systems can also be used for elder care. This broad field of robotics is usually called assistive robotics or rehabilitation robotics. Robots have been built to assist people with personal care, to provide vocational assistance, to retrieve items and to provide safe travel. LaPlante [94] provides a comprehensive set of statistics on assistive device usage, although the article is dated.

Several earlier overviews of the assistive robotics field have been written. Dario, Guglielmelli and Allotta [43] discuss the use of robotics in medicine, covering topics from robot guided surgery to robotic arms to mobile robots for delivering items in hospitals. Dallaway, Jackson and Timmers [41] present the state of research in Europe. Harwin, Rahman and Foulds [70] review rehabilitation robotics with an emphasis on systems developed in North America. Miller [118] also reviews assistive robotics with an emphasis on mobility, manipulation and sensing.

Manipulation assistance Robotic arms fitted with some type of gripper can be used to help people eat, assist with personal hygiene, fetch items in a home or office environment, push elevator buttons and open doorknobs. The arms can be mounted on wheelchairs, attached to mobile robots, on a mobile base, or fixed to one location as part of a workstation. An overview of rehabilitation research investigating robotic arms and systems can be found in [106].

Arms mounted on wheelchairs must not interfere with normal use of the wheelchair by increasing its size too much or causing the chair’s balance to become unstable. The Manus arm [91; 140] is a five degree of freedom arm on rotating and telescoping base unit that is now available commercially. The Wessex robot [71; 67] is a wheelchair mounted arm that is currently under development. This six degree of freedom arm is mounted at the rear of the wheelchair in a fixed position.

While arms mounted on wheelchairs usually require that the user be seated in the wheelchair in order to use the arm, robotic arms mounted on mobile robots can provide assistance away from the user as well as in the user’s presence. WALKY [19] is a mobile robot with an arm designed to assist its user in laboratory environments to conduct microscope work, blood group determination and culture analysis. It is designed to work with its user’s own input device(s). The MoVAR project [167] also integrated a robotic arm and mobile robot base for vocational assistance. MOVAID [41] was designed for home use, to provide assistance with food preparation and house cleaning.

Handy 1 [162] is mounted to a (non-robotic) wheeled base. The robotic arm was designed to assist its users with personal hygiene and eating. Different trays can be attached in front of the arm to allow specific tasks to be accomplished: a tray for eating and drinking, a tray for washing, shaving and teeth cleaning, and a tray for applying make-up. A tray for art called the Artbox is currently being prototyped to allow the robot to assist with recreation in addition to necessary care.

Alternatively, robotic arms may be fixed to one location as part of a workstation. Workstations can be used for vocational assistance, where its user can perform his work duties with the assistance of the arm and its supporting interface. Workstations can also be used for eating, reading and personal hygiene.

The RAID workstation [19; 41] was designed to work in a vocational environment. The robot arm was mounted on a track and could access materials like books and disks on a bookshelf and printouts from the printer. The end effector could also turn pages for the user. The EPI-RAID workstation [41] is an extension of the work on the RAID workstation, requiring less complexity in programming tasks. The EPI-RAID workstation would also be useful in a home environment, which has more variation than an office workspace.

The DeVAR workstation [167] was also designed for vocational assistance. It included a robotic arm for manipulation, telephone control and environmental control. ProVAR [170] introduces a user interface that is easier to use.

The MUSIIC system [85] allows for telemanipulation of objects using speech and gesture. For example, a user can point to a straw and say “That’s a straw” followed by “Insert the straw into that” while pointing at a cup. This system allows the environment to change and include new objects.

Electronic travel aids Electronic travel aids for the blind or elderly infirm take many forms. All attempt to provide the user with assistance to compensate for the user’s lack of sight. Some take a passive role, suggesting a safe travel direction through tones and allowing the user to walk as he wishes. Some systems are more active, guiding their users on a path as the user holds on to the system’s handle. For the elderly, the support provided by a walker is probably more useful than tone output from a cane-type system.

The guide dog robot MELDOG [157; 158] was developed to emulate the assistance that a guide dog provides to a blind person. The robot was built to execute the commands of the user while providing intelligent disobedience if the command would cause the user to be put into harm’s way. The robot communicated with its user through electrodes placed on the user’s skin. This electrocutaneous communication was determine to be preferable to an audible warning to allow the person to use his hearing to help guide his travel without noise from the system.

HITOMI [123; 124] was designed as a travel aid for people who lost their sight later in life and have trouble remembering routes. This system uses a powered wheelchair as its base. The user walks behind the wheelchair, holding on to its handles. The system uses vision, ultrasonic sensors, tactile sensors and GPS to guide its user in outdoor environments. HITOMI acts like a guide dog, taking its user safely across streets and down sidewalks.

PAM-AID [93; 92] was designed as a mobility aid for elderly people who need support while walking and have limited vision. In addition to providing physical support, the robot also provides obstacle avoidance using ultrasonic sensors, infrared detectors and bumpers. The user commands the robot using a joystick and a single switch. The robot was designed for indoor environments such as hospitals or nursing homes where its users would be bed-ridden without a caregiver or the robot for guidance and support.

Dubowsky [50] describes a robotic walker that can detect obstacles and guide users to a desired location. The system monitors location by reading ceiling posts. The walker has different modes to allow the user to control walker or to let the walker control the direction of movement. Field trials suggested minor problems but a very high acceptance by users.

Another robotic walker is described in [176]. It can detect objects, infer paths, and adjust to a person’s mobility.

Electronic travel aids do not need to be robotic. The Navbelt system [145], also meant for the blind, is comprised of a portable computer carried as a backpack, a belt with 8 ultrasonic sensors worn in a manner similar to a fanny pack, and stereo headphones. It uses the same algorithms for sonar firing and direction computation as the NavChair system described below [99]. The travel direction computed is converted to tones played in the user’s headphones. The system was tested indoors and outdoors, but fails to detect steps, holes, edges of sidewalks and overhanging objects. Plans for future work include the addition of sonars to detect these missed objects.

Robotic wheelchairs Research in the field of robotic wheelchairs seeks to address issues such as safe navigation, splitting control efficiently between the user and the robot, and creating systems that will be usable by the target population. The focus is not on improving the mechanical design of the standard powered wheelchair. Thus robotic wheelchairs are usually built with standard powered wheelchairs for their bases.^3 Field [55] presents a literature review covering many aspects of powered mobility and Cooper [35] discusses issues for engineering both powered and manual wheelchairs.

Many robotic wheelchairs were designed only for indoor environments. However, a survey of powered and manual wheelchair users found that 57% used their wheelchair only outside and 33% used their wheelchair both inside and outside [86]. Even considering that some of the target population may be institutionalized which may increase the number of people using their systems indoors only, a large number of users still need a system that will work outdoors.

An early system provided collision avoidance [143]. The wheelchair was driven using a joystick and provided collision avoidance using three ultrasonic sensors The chair would slow down if an obstacle was less than one foot away on either side or less than six feet away in the front. The chair would hit an obstacle at a maximum speed of 1/4 foot per second, allowing a user to pull up to a desk.

The Ultrasonic Head Controlled Wheelchair [79; 80; 81] uses two ultrasonic sensors to measure forward/backward and left/right components of the motion of a user’s head. This information can be used to drive a powered wheelchair with no navigation assistance or can be used with the assistive mode that was developed. In assistive modethe chair slows or stops if an obstacle gets too close, can follow a slow moving person at a fixed distance, can follow walls, and provide a cruise control where the system maintains the last set speed. The user can switch between the system’s modes by moving his head to the rear and then to one of the four quadrants.

The OMNI project [22; 72; 25; 21] uses a customdesigned omnidirectional wheelchair as its base. The chair can rotate around its center point, allowing it to move in tighter spaces than a standard powered wheelchair base. The system uses ultrasonic and infrared sensors to provide assisted control through obstacle avoidance, wall following and door passage. The project also includes a custom user interface that can be simplified for a row/column scanning mode.

Another custom designed omnidirectional wheelchair was built in the Mechanical Engineering department at MIT [159]. A behavior-based architecture for semi-autonomous control has been designed for the wheelchair, but has not yet been implemented. Plans call for the user to drive the system using a joystick. The system will use ultrasonic sensors to provide semiautonomous control and autonomous control where the chair could follow a guide or wander randomly.

A system built by Connell [33] also follows a horseback riding analogy. The user would sit on a chair on

3A few projects have custom built bases (e.g., [22; 159].)

a mobile robot base. A joystick was used for driving the system. A bank of toggle switches were used to turn on or off the ability of the robot to perform some tasks autonomously. These behaviors included obstacle avoidance, hallway traversal, turning at doors and following other moving objects. The overhead involved with selecting behaviors and toggling switches would most likely be prohibitive for our target group.

An autonomous robotic wheelchair was developed at Arizona State University [105]. The purpose of the system was to transport its user to a specified room in a building using a map of the environments and planning. It used a scanning Polaroid ultrasonic range finder for obstacle avoidance and a digital camera. The system used only a restricted amount of vision processing to locate and verify known objects such as room numbers, look at elevator lights and keep the wheelchair centered in the hallway.

TinMan II wheelchair [119] uses infrared, bump and ultrasonic sensors to provide semi-autonomous control. In their semi-autonomous control mode, the user can drive using a joystick with obstacle avoidance that will override the user’s commands. In addition, the chair can be driven by pushing one button to turn while avoiding obstacles and by pushing another button to move forward while avoiding obstacles.

The goal of the TAO project [64] is to develop a robotic module for navigation that can be interfaced with standard wheelchairs. The behavior-based navigation module has been put on two different commercially available wheelchairs. The system uses computer vision and infrared sensors to navigate in its environment. It is primarily an indoor system, although it has been tested outdoors in limited situations such as a snowy sidewalk with 1 meter high walls of snow on either side. The TAO wheelchairs navigate in an autonomous mode, randomly wandering in an unstructured environment or performing landmark-based navigation. The user can override the robotic control by touching the joystick. In joystick mode, no assistance is provided.

Like the TAO Project, Alanen [6] has developed an add-on system with sensors to be placed on the wheelchair by its manufacturer. Like NavChair (described below), its collision avoidance is based upon the virtual force field (VFF) method [20]. The wheelchair slows down when there are obstacles, but still moves toward the obstacle, allowing the user to pull up to tables and open doors.

The Hephaestus project [147] also aims to build a navigation assistant that can be added to any powered wheelchair. The system would be installed between the wheelchair’s joystick and motor controller. The first prototype has been tried with one powered wheelchair base to date. The navigation assistance provided is based on the NavChair system described below.

The NavChair [150] navigates in indoor office environments using a ring of sonar sensors mounted on the wheelchair tray. The height of the sensors prevents the system from being used outdoors since it can not detect curbs. The system has three operating modes: general obstacle avoidance, door passage and automatic wall following. The system can select a mode automatically based on the environment or the environment and location [149]. People who are unable to drive a standard powered wheelchair have been able to drive the NavChair using sensor guidance with either a joystick or voice commands as an access method.

Vocomotion [11] is another voice controlled wheelchair. The system provides no driving assistance.

Senario [83; 15] can be operated in a semiautonomous or fully autonomous mode. The system informs the user of risk and takes corrective measures. The user can override in semi-autonomous mode. The wheelchair will stop moving if an emergency situation is detected. The user can command the system using voice control or the joystick.

The UMIDAM Project [112] developed a wheelchair that includes sensors pointing downward to detect stairs. The wheelchair can be commanded by voice in semi-autonomous or autonomous mode. The autonomous mode provides obstacle avoidance and/or wall following with the speed controlled by voice. In semi-autonomous mode, the voice commands are executed using the sensors to provide safe navigation (if the user has not elected to turn off the sensors). Face tracking can also be used to control the wheelchair [17].

A deictic navigation system has been developed for shared control of a robotic wheelchair [36]. This system navigates relative to landmarks using a vision-based system. The user of the wheelchair tells the robot where to go by clicking on a landmark in the screen image from the robot’s camera and by setting parameters. Deictic navigation can be very useful for a disabled person, but a complicated menu might be difficult to control with many of the standard access methods. However, it could be adapted for a scanning system, perhaps in a row-column scanning pattern.

Wakaumi [172] developed a robotic wheelchair that drove along a magnetic ferrite marker lane. A magnetic lane is preferable to a painted line due to its ability to continue to work in the presence of dirt on the line. This type of system is useful for a nursing home environment to allow people to drive around without the need for being pushed by a caregiver.

A wheelchair developed at Notre Dame [181] provides task-level supervisory control; the user can select the nominal speed, stop and select a new destination or stop and take over control. The system is taught “reference paths” during set up that are stored in memory. The system does not include obstacle avoidance. If a trash can is put in the wheelchair’s path, the user needs to take over control to maneuver around the trash can and can then pass control back to the system. The philosophy is in direct opposition to many others; we believe that fine navigation control required to navigate around small obstacles is more difficult for our target group than traversing a known route.

PSUBOT [133; 153] was designed to navigate indoors between rooms of a known building. Commands are given to the robot using voice recognition. The robot is taught where landmarks are in images in a learning mode and then navigates autonomously using this information.

Wang [174] designed a wheelchair system that uses ceiling lights as landmarks to self-localize. The system performs autonomous navigation, taking commands of the form “travel from node x to node y.”

The VAHM project [24; 23] operates in an assisted manual mode and an automatic mode. In assisted manual mode, the system can provide obstacle avoidance and wall following. In automatic mode, the system performs globally planned paths with obstacle avoidance of non-modeled objects. Their philosophy is that the person supervises the robot in automatic mode, overriding robotic commands that are unwanted, and the robot supervises the person in assisted manual mode, overriding commands that put the user in danger. The project has developed a user interface for single switch scanning.

A system developed at Carnegie Mellon University [137] uses a vision system with a 360 degree field of view to localize on a topological map. The system currently works only in an indoor environment, but there are plans to implement the system for outdoor environments. The navigation system is running on a wheelchair platform built by KIPR [119], but no access considerations are included at this time.

The Intelligent Wheelchair Project [65] also uses a base built by KIPR [119]. The research on this system is addressing spatial knowledge representation and reasoning. The structure of the environment is learned over time through local observations. The system uses stereo color vision, in addition to ultrasonic and infrared sensors.

A system developed at Osaka University [2; 89; 88] controls the wheelchair’s direction by observing the direction of the user’s face, under the assumption that a person will look where he wants to go. They use ultrasonic sonars to choose the sensitivity of the program to a user’s head movement. For close obstacles, they smooth over a large number of frames, making the system ignore small head movements since the user may look at the close obstacles. For long readings from the sonars, smoothing is done over a smaller number of frames to allow for finer control in open spaces.

The CALL Centre Smart Wheelchair [129] is a configurable system that can be modified for each individual user. It uses a standard powered wheelchair base, but the joystick is removed and replaced with a “Smart Controller.” Bumpers detect collisions; several behaviors can be selected to correct the bump for the user. A line following behavior can follow reflective tape on the floor. Several access methods can be selected. Several case studies are discussed where the system starts out doing most of the work through bump behaviors and line following, then users learn to take on more of the task themselves. In some cases, the users can end up driving a conventional powered wheelchair, when they could were not successful learning to drive it without assistance from this project.

The Wheelesley robotic wheelchair system [180] was designed for both indoor and outdoor travel, making it the first to travel in general outdoor environments. The wheelchair was a shared control system, where the user gave high level commands such as “left” and “straight” while the robot took over low level control such as path following and obstacle avoidance. The wheelchair was designed with an easily customizable user interface that was adapted for single switch scanning and for an eye tracker.

Human Factors

Arguably, one of the greatest challenges for systems in this domain is to provide an interface for potentially technophobic users with varying capabilities and constraints. Older adults have more difficulty learning new computer skills [38; 125], and interfaces that are poorly designed cause devices to be abandoned [5; 45; 62].

Numerous different ideas have been tried to improve interfaces. Lighthouse International publishes a pair of very enlightening pamphlets on designing interfaces for people with vision problems [13; 12]. McCoy [113] summarizes many of the technologies supporting interfaces for people who have disabilities that make it difficult for them to communicate using spoken language. Pieper et al [135] performed a usability evaluation to improve the accessibility of the Internet, and SeniorNet [58] was a successful, early attempt to bring elders into the computer revolution. Mann et al [110] studied four different TV remote controls to test preferences. Ones with larger buttons, fewer functions, and higher contrast were preferred. They are currently designing a smart phone for centralized coordination of smart home devices [107]. Icon selection also can dramatically improve interactions [144; 173].

Multimodal interfaces seem to be effective [166; 102], as does modelling emotion seems to be a useful technique [75]. Another creative method of communicating information is through cartoon characters with facial expressions [78], although trust levels increase through a text-based interface, contrary to author expectations [168]. Elders also have more problems with speech [126; 152; 164], notably short term memory.

Training is also a key factor for elders [108], but the type of training is critical as well – online training is the least effective method for older adults [40].

Conclusion

Advances in technology are creating systems that will assist in the care of the elderly. These systems can remind people to take medicine, monitor the health and safety of people who live alone, and help them move safely through the world. The design of these devices must account for a population that grew up before the dramatic boom in computer technology for the home and workplace.

Technology is increasingly either occupying or sharing the role traditionally occupied by human caregivers. As this role increases, we need to understand better the moral and ethical implications of this progress. Beyond the legal issues of privacy and liability, some of the issues include the dependency of technology to the extent that it leads to reduced personal care, reduced funding for state run care, reliability of such systems and user control of systems [116; 165; 178]. In this proceedings, Miller et al [117] discuss the obligations of intelligent systems to elders.

It will be important to understand the interplay of these issues so that intelligent automation can be appropriately and effectively integrated into the caregiving network.

Acknowledgements

Many thanks to the I.L.S.A. team at Honeywell who compiled the bibliography of smart home related work, and particularly to Wende Dewing and Chris Miller for insights into the grander issues.

References

[1] G. D. Abowd, A. F. Bobick, I. A. Essa, E. D.

Mynatt, and W. A. Rogers. The aware home: A living laboratory for technologies for successful aging. In Proceedings of the AAAI-02 Workshop “Automation as Caregiver”, 2002. This proceedings.

[2] Y. Adachi, Y. Kuno, N. Shimada, and Y. Shirai. Intelligent wheelchair using visual information on human faces. In Proceedings of the 1998 IEEE International Conference on Robotics and Automation, pages 354–359, 1998.

[3] H. C. F. Administration, 4 Sept 1998.

http://www.hcfa.gov/stats/nhe-proj/.

[4] Administration on Aging. Profile of older americans: 1998, 1998. http://www.aoa.gov.

[5] S. Al-Gahtani and M. King. Attitudes, satisfaction and usage: factors contributing to each in the acceptance of information technology. Behaviour and Information Technology, 18(4):277– 297, 1999.

[6] J. Alanen, O. Karasti, P. Mattila, V. Säntti, and A. Virtanen. A drive assistanct for a wheelchair. In Proceedings of the IEEE Conference on Systems, Man and Cybernetics, pages 376–381, 1996.

[7] B. Allen. An integrated approach to smart house technology for people with disabilities. Medical Engineering Physiology, 18:203–206, 1996.

[8] F. C. Alliance. Making hard choices: Respecting both voices, 28-Nov 2000. (www.caregiver.org/ research/execsum200006.html).

[9] K. Alyfuku and Y. Hiruta. Networked health care and monitoring system, Apr 1995. US Patent number 5,410,471. Filed February 11, 1993.

[10] American Association of Retired People. Helping older parents: assessing the situation, Nov 2000. www.aarp.org.

[11] R. D. Amori. Vocomotion – an intelligent voicecontrol system for powered wheelchairs. In Proceedings of the Rehabilitation Engineering Society of North America 1992 Annual Conference, pages 421–423. RESNA Press, 1992.

[12] A. Arditi. Effective color contrast: Designing for people with partial sight and color deficiencies. Technical report, Lighthouse International, 1999. www.lighthouse.org.

[13] A. Arditi. Making text legible: Designing for people with partial sight. Technical report, Lighthouse International, 1999. www.lighthouse.org.

[14] J. K. Barr, K. W. Johnson, and L. J. Warshaw.

Supporting the elderly: workplace programs for caregivers. The Milbank Quarterly, 70(3):509, Fall 1992.

[15] P. Beattie and J. Bishop. Self-localisation in the Senario autonomous wheelchair. Journal of Intelligent and Robotic Systems, 22:255–267, 1998.

[16] Berck. Elder care complex tracks residents with digital technology. Star Tribune, 16-Apr 2001.

[17] L. Bergasa, M. Mazo, A. Gardel, J. Garcia, A. O.

no, and A. Mendez. Guidance of a wheelchair for handicapped people by face tracking. In Proceedings of the 7th IEEE Conference on Emerging Technologies and Factory Automation, volume 1, pages 105–111, 1999.

[18] B. S. Black, P. V. Rabins, and P. S. German.

Predictors of nursing home placement among elderly public housing residents. The Gerontologist, 39(5):559–568, 1999.

[19] G. Bolmsjö, H. Neveryd, and H. Eftring. Robotics in rehabilitation. IEEE Transactions on Rehabilitation Engineering, 3(1):77–83, March 1995.

[20] J. Borenstein and Y. Koren. Potential field methods and their inherent limitations for mobile robot navigation. In Proceedings of the 1991 IEEE Conference on Robotics and Automation, pages 1398–1404, April 1991.

[21] U. Borgolte, H. Hoyer, C. Bühler, H. Heck, and R. Hoelper. Architectural concepts of a semiautonomous wheelchair. Journal of Intelligent and Robotic Systems, 22:233–253, 1998.

[22] U. Borgolte, R. Joelper, H. Hoyer, H. Heck, W. Humann, J. Nedza, I. Craig, R. Valleggi, and A. Sabatini. Intelligent control of a semiautonomous omnidirectional wheelchair. In Proceedings of the 3rd International Symposium on Intelligent Robotic Systems ’95, pages 113–120, 1995.

[23] G. Bourhis and Y. Agostini. Man-machine cooperation for the control of an intelligent powered wheelchair. Journal of Intelligent and Robotic Systems, 22:269–287, 1998.

[24] G. Bourhis and Y. Agostini. The Vahm robotized wheelchair: system architecture and humanmachine interaction. Journal of Intelligent and Robotic Systems, 22(1):39–50, May 1998.

[25] C. Bühler, H. Heck, and W. Jumann. Userdriven human-machine interface configuration for a wheelchair with complex functionality. In Advancement of Assistive Technology, pages 375– 380. IOS Press, 1997.

[26] Cadex.

http://www.responselink.com/medication.htm.

[27] E. Campo and M. Chan. Detecting abnormal behaviour by real-time monitoring of patients. In Proceedings of the AAAI-02 Workshop “Automation as Caregiver”, 2002. This proceedings.

[28] B. G. Celler, W. Earnshaw, E. D. Ilsar, L. Betbeder-Matibet, M. F. Harris, R. Clark, T. Hesketh, and N. H. Lovell. Remote monitoring of health status of the elderly at home. a multidisciplinary project on aging at the University of New South Wales. International Journal of Bio- Medical Computing, 40:147–155, 1995.

[29] M. Chan, C. Hariton, P. Ringeard, and E. Campo. Smart house automation system for the elderly and the disabled. In IEEE International Conference on Systems, Man and Cybernetics, pages 1586–1589, 1995.

[30] S. Chatterjee. SANI: A seamless and nonintrusive framework and agent for creating intelligent interative homes. In Proceedings of the Second International Conference on Autonomous Agents, pages 436–440, 1998.

[31] M. C. Clark, S. J. Czaja, and R. A. Weber. Older adults and daily living task profiles. Human Factors, 32(5):537–549, 1990.

[32] M. A. Cohen, E. J. Tell, and S. s. Wallack. Clientrelated risk factors of nursing home entry among elderly adults. Journal of Gerontology, 41(6):785– 792, 1986.

[33] J. Connell and P. Viola. Cooperative control of a semi-autonomous mobile robot. In Proceedings of the IEEE International Conference on Robotics and Automation, pages 1118–1121, 1990.

[34] M. Cooper and D. Keating. Implications of the emerging home systems technologies for rehabilitation. Medical Engineering Physiology, 18:176– 180, 1996.

[35] R. A. Cooper. Engineering manual and electric powered wheelchairs. Critical Reviews in Biomedical Engineering, 27(1&2):27–73, 1999.

[36] J. D. Crisman and M. E. Cleary. Progress on the deictically controlled wheelchair. In Mittal et al. [122], pages 137–149.

[37] S. J. Czaja. Human factors research needs for an aging population. National Academy Press, August 1990.

[38] S. J. Czaja. Aging and the acquisition of computer skills. In Aging and Skilled Performance: Advances in Theory and Applications. Mahwah, NJ: Erlbaum, 1996.

[39] S. J. Czaja. Using technologies to aid the performance of home tasks. In Handbook of Human Factors and the Older Adult (Chapter 13), pages 311–333. Academic Press, 1997.

[40] S. J. Czaja, K. Hammond, J. J. Blascovich, and H. Swede. Age related differences in learning to use a text-editing system. Behaviour and Information Technology, 8:309, 1989.

[41] J. L. Dallaway, R. D. Jackson, and P. H. Timmers.

Rehabilitation robotics in europe. IEEE Transactions on Rehabilitation Engineering, 3(1):35–45, March 1995.

[42] A. V. D’Amico. Siemens gives peek into home to the future. CNN.COM, Feb 1999.

[43] P. Dario, E. Guglielmelli, and B. Allotta.

Robotics in medicine. In Proceedings of the IEEE/RSJ/GI International Conference on Intelligent Robots and Systems, volume 2, pages 739–752, 1994.

[44] D. Dawson, G. Hendershot, and J. Fulton. Aging in the eighties: Functional limitations of individuals age 65 years and over. advancedata, 133:1, June 1987.

[45] K. Delano and M. Hartman. Home health care:

A needs assessment with design implications. In Proceedings of the Human factors and Ergonomics Society 45th Annual Meeting, 2001.

[46] G. Dewsbury, B. Taylor, and M. Edge. Designing safe smart home systems for vulnerable people. In Dependability and Healthcare Informatics Workshop, pages 65–70, March 2001.

[47] A. K. Dey, D. Salber, and G. D. Abowd.

A context-based infrastructure for smart environments. In Proceedings of the 1st International Workshop on Managing Interactions in Smart Environments (MANSE ’99), pages 114– 128, 1999.

[48] Digital Angel. http://www.digitalangel.net/.

[49] K. Doughty. Fall prevention and management strategies based on intelligent detection, monitoring and assessment. In New Technologies in Medicine for the Elderly, pages 1–20, Nov 2000.

[50] S. Dubowsky, F. Genot, , S. Godding, H. Kozono, A. Skywersky, H. Yu, and L. S. Yu. PAMM – A robotic aid to the elderly for mobility assistance and monitoring: A “helping-hand” for the elderly. Proceedings of the 2000 IEEE International Conference on Robotics and Automation, 1:570–576, April 2000.

[51] e-pill. http://www.epill.com/.

[52] M. Edge, B. Taylor, and G. Dewsbury. The potential for ‘smart home’ systems in meeting the care needs of older persons and people with disabilities. Senior’s Housing Update, 10(1):6–7, 2000.

[53] K. G. Engelhardt, R. Wicke, G. L. Goodrich, and L. J. Leifer. Evaluation of a robotic aid: From theory to application using an interactive model. In Proceedings of the 6th Annual Conference on Rehabilitation Engineering, pages 279–281, 1983.

[54] J. M. M. Ferreira, T. Amaral, D. Santos, A. Agiannidis, and M. Edge. The custodian tool: Simple design of home automation systems for people with special needs. In EIB Scientific Conference, Oct 2000.

[55] D. Field. Powered mobility: A literature review illustrating the importance of a multifaceted approach. Assistive Technology, 11:20–33, 1999.

[56] M. F. Folstein, S. E. Folstein, and P. R. McHugh.

Mini-mental state a practical method for grading the cognitive state of patient for the clinician. Journal of Psychiatric Research, 12:189– 198, 1975.

[57] T. T. Fulmer, P. H. Feldman, T. S. Kim, B. Carty, M. Beers, and M. Putnam. An intervention study to enhance medical compliance in communitydwelling elderly individuals. Journal of Gerontological Nursing, 25(8):6–14, Aug 1999.

[58] M. Furlong. An electronic community for older adults: The seniornet network. Journal of Communication, 39(3):145–153, 1989.

[59] D. Gallagher, J. Rose, P. Rivera, S. Lovett, and L. W. Thompson. Prevalence of depression in family caregivers. The Gerontologist, 29(4):449– 456, 1989.

[60] R. L. Gallienne, S. M. Moore, and P. F. Brennan. Alzheimer’s caregivers, psychosocial support via computer networks. Journal of Gerontological Nursing, 19(12):15, 1993.

[61] C. W. Geib. Problems with intent recognition for elder care. In Proceedings of the AAAI-02 Workshop “Automation as Caregiver”, 2002. This proceedings.

[62] L. Gitlin. Why older people accept or reject assistive technology. Journal of the American Society on Aging, 19(1):41, 1995.

[63] A. P. Glascock and D. M. Kutzik. Behavioral telemedicine: A new approach to the continuous nonintrusive monitoring of activities of daily living. Telemedicine Journal, 6(1):33–44, 2000.

[64] T. Gomi and A. Griffith. Developing intelligent wheelchairs for the handicapped. In Mittal et al. [122], pages 150–178.

[65] W. S. Gribble, R. L. Browning, M. Hewett, E. Remolina, and B. J. Kuipers. Integrating vision and spatial reasoning for assistive navigation. In Mittal et al. [122], pages 179–193.

[66] V. Guralnik and K. Z. Haigh. Learning models of human behaviour with sequential patterns. In Proceedings of the AAAI-02 Workshop “Automation as Caregiver”, 2002. This proceedings.

[67] K. Hagan, S. Hagan, M. Hillman, and J. Jepson.

Design of a wheelchair mounted robot. In Proceedings of ICORR ’97: International Conference on Rehabilitation Robotics, 1997.

[68] K. Z. Haigh, C. W. Geib, C. A. Miller, J. Phelps, and T. Wagner. Agents for recognizing and responding to the behaviour of an elder. In Proceedings of the AAAI-02 Workshop “Automation as Caregiver”, 2002. This proceedings.

[69] K. Z. Haigh, J. Phelps, and C. W. Geib. An open agent architecture for assisting elder independence. In The First International Joint Conference on Autonomous Agents and MultiAgent Systems (AAMAS), 2002. To appear.

[70] W. S. Harwin, T. Rahman, and R. A. Foulds. A review of design issues in rehabilitation robotics with reference to North American research. IEEE Transactions on Rehabilitation Engineering, 3(1):3–13, March 1995.

[71] M. Hillman, K. Hagan, S. Hagan, J. Jepson, and R. Orpwood. A wheelchair mounted assistive robot. In Proceedings of ICORR ’99: International Conference on Rehabilitation Robotics, pages 86–91, 1999.

[72] H. Hoyer, U. Borgolte, and R. Hoelper. An omnidirectional wheelchair with enhanced comfort features. In Proceedings of ICORR ’97: International Conference on Rehabilitation Robotics, 1997.

[73] B. Huberman and S. H. Clearwater. A multiagent system for controlling building environments. In Proceedings of the International Conference on MultiAgent Systems (ICMAS), pages 171–176, 1995.

[74] S. L. Hughes, A. Giobbie-Hurder, F. M. Weaver, J. D. Kubal, and W. Henderson. Relationhip between caregiver burden and health-related quality of life. The Gerontologist, 39(5):534–545, 1999.

[75] A. Iida, N. Campbell, and M. Yasumura. Emotional speech as an effective interface for people with special needs. In Proceedings of Asia Pacific Computer Interaction, pages 266–271, 1998.

[76] H. Inada, H. Horio, Y. Sekita, K. Isikawa, and K. Yoshida. A study on a home care support information system. In Proceedings of the Seventh World Congress on Medical Informatics, pages 349–353, 1992.

[77] S. S. Intille, K. Larson, and C. Kukla. Just-in-time context-sensitive questioning for preventative health care. In Proceedings of the AAAI-02 Workshop “Automation as Caregiver”, 2002. This proceedings.

[78] S. Iwata, T. Matsuda, Takahashi, and T. Morihara. Graphic user interface using cartoon characters. In Proceedings of the IEEE international conference on Systems, Man, and Cybernetics, volume 2, pages 365–370.

[79] D. L. Jaffe. Smart wheelchair. In Proceedings of the 4th Annual Conference on Rehabilitation Engineering, pages 91–93, 1981.

[80] D. L. Jaffe. Ultrasonic head control unit. In Proceedings of the 6th Annual Conference on Rehabilitation Engineering, pages 242–243, 1983.

[81] D. L. Jaffe, H. L. Harris, and S. K. Leung. Ultrasonic head controlled wheelchair/interface: A case study in development and technology transfer. In Proceedings of the RESNA 13th Annual Conference, pages 23–24. RESNA Press, 1990.

[82] A. M. Jette, L. G. Branch, L. A. Sleeper, H. Feldman, and L. M. Sullivan. High-risk profiles for nursing home admission. The Gerontologist, 32(5):634–640, 1992.

[83] N. Katevas, N. Sgouros, S. Tzafestas, G. Papakonstantinou, P. Beattie, J. Bishop, P. Tsanakas, and D. Koutsouris. The autonomous mobile robot SENARIO: a sensor-aided intelligent navigation system for powered wheelchairs. IEEE Robotics and Automation Magazine, pages 60–70, December 1997.

[84] H. Kautz, L. Arnstein, G. Borriello, O. Etzioni, and D. Fox. An overview of the assisted cognition project. In Proceedings of the AAAI Workshop “Automation as Caregiver”, 2002. To appear.

[85] Z. Kazi, S. Chen, M. Beitler, D. Chester, and R. Foulds. Speech and gesture mediated intelligent teleoperation. In Mittal et al. [122], pages 194–210.

[86] M. Kettle, C. Rowley, and M. A. Chamberlain.

A national survey of wheelchair users. Clinical Rehabilitation, 6:67–73, 1992.

[87] C. D. Kidd, R. Orr, G. D. Abowd, C. G. Atkeson, I. A. Essa, B. MacIntyre, E. Mynatt, T. E. Starner, and W. Newstetter. The aware home: A living laboratory for ubiquitous computing research. In Proceedings of the Second International Workshop on Cooperative Buildings - CoBuild’99, Oct 1999.

[88] Y. Kuno, S. Nakanishi, T. Murashima, N. Shimada, and Y. Shirai. Intelligent wheelchair based on the integration of human and environment observations. In Proceedings of the 1999 International Conference on Information Intelligence and Systems, pages 342–349, 1999.

[89] Y. Kuno, S. Nakanishi, T. Murashima, N. Shimada, and Y. Shirai. Robotic wheelchair with three control modes. In Proceedings of the 1999 IEEE International Conference on Robotics and Automation, pages 2590–2595, 1999.

[90] D. M. Kutzik, A. P. Glascock, D. L. Chute, T. T.

Hewett, and B. G. Hornum. System for generating periodic reports, generating trend analysis and intervention in accordance with trend analysis from a detection subsystem for monitoring daily activity, Nov 1997. US Patent number 5,692,215. Filed December 23, 1994.

[91] H. Kwee, J. Duimel, J. Smits, A. T. de Moed, and J. van Woerden. The Manus wheelchairborne manipulator: System review and first results. In IARP Proceedings of the 2nd Workshop and Medical and Healthcare Robotics, pages 385– 395, 1989.

[92] G. Lacey. Personal Adaptive Mobility Aid for the Frail Visually Impaired. PhD thesis, University of Dublin, Trinity College, April 1999.

[93] G. Lacey, S. MacNamara, and K. M. Dawson- Howe. Personal adaptive mobility aid for the infirm and elderly blind. In Mittal et al. [122], pages 211–220.

[94] M. P. LaPlante, G. E. Hendershot, and A. J.

Moss. Assistive technology devices and home accessibility features: Prevalence, payment, need, and trends, 16 Sept 1992. Advance Data from Vital and Health Statistics: Number 217. National Center for Health Statistics, U.S. Department of Commerce.

[95] M. Lawton and E. Brody. Assessment of older people: self-maintaining and instrumental activities of daily living. The Generontologist, 9:179–86, 1969.

[96] M. P. Lawton. Aging and performance of home tasks. Human Factors, 32(4):527–536, 1990.

[97] J. Leikas, J. Salo, and R. Poramo. Security alarm system supports independent living of demented persons. Proceedings of Gerontechnology Second International Conference, pages 402–405, 1998.

[98] V. Lesser, M. Atighetchi, B. Benyo, B. Horling, A. Raja, R. Vincent, T. Wagner, P. Xuan, and S. X. Zhang. A multi-agent system for intelligent environment control. In Proceedings of the Third International Conference on Autonomous Agents, pages 291–298, 1999.

[99] S. P. Levine, D. A. Bell, L. A. Jaros, R. C.

Simpson, Y. Koren, and J. Borenstein. The NavChair assistive wheelchair navigation system. IEEE Transactions on Rehabilitation Engineering, 7(4):443–451, December 1999.

[100] LifeLine. http://www.lifelinesys.com/.

[101] L. A. Lipsitz. An 85-year old woman with a history of falls. JAMA, 276(1):59–66, Jul 1996.

[102] C. L. Lisetti, C. LeRouge, and F. Nasoz. The maui project: Building multimodal affective user interfaces for everyone. In Proceedings of the AAAI-02 Workshop “Automation as Caregiver”, 2002. This proceedings.

[103] J. M. Lytle. Robot care bears for the elderly. BBC News Online, 21 Feb 2002.

[104] C. L. Macken. A profile of functionally impaired elderly persons living in the community. Health Care Financing Review, 7(4):33–49, 1986.

[105] R. L. Madarasz, L. C. Heiny, R. F. Cromp, and N. M. Mazur. The design of an autonomous vehicle for the disabled. In Autonomous Mobile Robots: Control, Planning, and Architecture, pages 351–359. IEEE Computer Society Press, 1991. Originally appeared in IEEE Journal of Robotics and Automation, Volume RA-2, Number 3, September 1986, pages 117–126.

[106] R. M. Mahoney. Robotic products for rehabilitation: Status and strategy. In Proceedings of ICORR ’97: International Conference on Rehabilitation Robotics, 1997.

[107] W. Mann and S. Helal. Smart phones for the elders: Boosting the intelligence of smart homes. In Proceedings of the AAAI-02 Workshop “Automation as Caregiver”, 2002. This proceedings.

[108] W. C. Mann. Use of environmental control devices by elderly nursing home patients. Assistant Technology, 4(2):60–65, 1992.

[109] W. C. Mann, D. Hurren, M. Tomita, M. Bengali, and E. Steinfeld. Environmental problems in homes of elders with disabilities. Occupational Therapy Journal of Research, 14(3):191– 211, Summer 1994.

[110] W. C. Mann, K. J. Ottenbacher, M. R. Tomita, and S. Packard. Design of hand-held remotes for older persons with impairments. Assistive Technology, 6:140–146, 1994.

[111] K. G. Manton. Limitations in activities of daily living among the elderly: Data analyses from the

1989 national long-term care survey. National Aging Information Center.

[112] M. Mazo, F. J. Rodríguez, J. L. Lázaro, J. U. na, J. C. García, E. Santiso, P. Revenga, and J. J. García. Wheelchair for physically disabled people with voice, ultrasonic and infrared sensor control. Autonomous Robots, 2:203–224, 1995.

[113] K. F. McCoy. Interface and language issues in intelligent systems for people with disabilities. In Mittal et al. [122], pages 1–11.

[114] MedGlider. http://www.dynamicliving.com/medgliderl pill box.htm.

[115] MedReminder. http://www.medreminder.com/. [116] C. Miller, W. Dewing, K. Krichbaum, S. Kuiak, S. Shafer, and W. Rogers. Automation as caregiver: The role of advanced technologies in elder care. In Proceedings of the 45th Annual Conference of the Human Factors and Ergonomics Society, Oct 2001.

[117] C. A. Miller, K. Haigh, and W. Dewing. First, cause no harm: Issues in building safe, reliable and trustworthy elder care systems. In Proceedings of the AAAI-02 Workshop “Automation as Caregiver”, 2002. This proceedings.

[118] D. P. Miller. Assistive robotics: An overview. In Mittal et al. [122], pages 126–136.

[119] D. P. Miller and M. G. Slack. Design and testing of a low-cost robotic wheelchair prototype. Autonomous Robots, 2:77–88, 1995.

[120] Minnesota Department of Health. Minimum data set, Mar 1991.

[121] MIT Home of the Future. http:// architecture.mit.edu/house n/web/.

[122] V. Mittal, H. A. Yanco, J. Aronis, and R. C.

Simpson, editors. Lecture Notes in Artificial Intelligence: Assistive Technology and Artificial Intelligence. Springer-Verlag, 1998.

[123] H. Mori, N. M. Charkari, and S. Kotani. Danger estimation of vehicles at intersection. In Proceedings of the IEEE International Conference on Robotics and Automation, pages 781–787, 1995.

[124] H. Mori, S. Kotani, and N. Kiyohiro. HITOMI:

Design and development of a robotic travel aid. In Mittal et al. [122], pages 221–234.

[125] R. W. Morrell and K. V. Echt. Instructional design for older computer users: The influence of cognitive factors. In Aging and Skilled Performance: Advances in Theory and Applications. Mahwah, NJ: Erlbaum, 1996.

[126] W. Morrissey and M. Zajicek. Remembering how to use the internet: An investigation into the effectiveness of voice help for older adults. In Proceedings of HCI International, pages 700–704, 2001.

[127] M. C. Mozer. The neural network house: An environment that adapts to its inhabitants. In AAAI Spring Symposium on Intelligent Environments, pages 110–114, 1998.

[128] National Policy and Resource Center on Women and Aging. Confronting the question of moving. Women and Aging Letter (www.aoa.gov), 2(1), Mar 1997.

[129] P. Nisbet, J. Craig, P. Odor, and S. Aitken.

’smart’ wheelchairs for mobility training. Technology and Disability, 5:49–62, 1996.

[130] A. E. Noonan, S. L. Tennstedt, and F. G. Rebelsky. Getting to the point: offspring caregiver and the nursing home decision. Journal of Gerontological Social Work, 31(3/4):5–28, 1999.

[131] N. Noury, T. Hervé, V. Rialle, G. Virone, E. Mercier, G. Morey, A. Moro, and T. Porcheron. Monitoring behavior in home using a smart fall sensor. In Proceedings of the IEEE-EMBS Special Topic Conference on Microtechnologies in Medicine and Biology, pages 607–610, 2000.

[132] D. Osterweil, P. Martin, and K. Syndulko. Predictors of skilled nursing placement in a multilevel long-term-care facility. Journal of the American Geriatrics Society, 43(2):108–112, Feb 1995.

[133] M. A. Perkowski and K. Stanton. Robotics for the handicapped. In Northcon Conference Record, pages 278–284, 1991.

[134] R. Pfeffer, T. Kurosaki, and C. H. et al. Measurement of functional activities of older adults in the community. Journal of Gerontology, 37:323–329, 1982.

[135] M. Pieper, H. Gappa, and D. Hermsdorf. Bscw for disabled teleworkers: Usability evaluation and interface adaption of an internet-based cooperation environment. In 2nd ERCIM Workshop on “User Interfaces for All”, 1996.

[136] M. E. Pollack, L. Brown, D. Colbry, C. Orosz, B. Peintner, S. Ramakrishnan, S. Engberg, J. Matthews, J. Dunbar-Jacob, C. McCarthy, S. Thrun, M. Montemerlo, J. Pineau, and N. Roy. Pearl: A mobile robotic assistant for the elderly. In Proceedings of the AAAI Workshop on “Automation as Caregiver”, 2002. This proceedings.

[137] D. Radhakrishnan and I. R. Nourbakhsh. Topological robot localization by training a visionbased transition detector. In Proceedings of the 1999 IEEE/RSJ International Conference on Intelligent Robots and Systems, pages 468–473, 1999.

[138] S. J. Richardson, D. F. Poulson, and C. Nicolle.

Supporting independent living through Adaptable Smart Home (ASH) technologies. In Human Welfare and Technology: Papers from the Human Service Information Technology Applications

(HUSITA) 3 Conference on Information Technology and the Quality of Life and Services, pages 87–95, 1993.

[139] S. J. Richardson, D. F. Poulson, and C. Nicolle.

User requirements capture for adaptable smarter home technologies. In Rehabilitation Technology: Proceedings of the 1st TIDE Congress, pages 244– 248, 1993.

[140] J. Rosier, J. van Woerden, L. van der Kolk, B. Driessen, H. Kwee, J. Duimel, J. Smits, A. Tuinhof de Moed, G. Honderd, and P. Bruyn. Rehabilitation robotics: The MANUS concept. In Fifth International Conference on Advanced Robotics: Robots in Unstructured Environments, volume 1, pages 893–898, 1991.

[141] T. Rozhon. Technology allows more medical tests at home. Star Tribune, 4-Feb 2001.

[142] D. P. Schoenfelder and C. M. Crowell. From risk for trauma to unintentional injury risk: falls - a concept analysis. Nursing Diagnsis, 10(4):149– 157, Oct-Dec 1999.

[143] J. B. Scott and J. L. Munro. Collision-avoidance system for a motorized wheelchair. In Proceedings of the RESNA 8th Annual Conference, pages 51– 52. RESNA Press, 1985.

[144] N. Sheehy. User-interface requirements for elderly people. Technical report, School of Psychology, The Queen’s University of Belfast, 2000. http://www.qub.ac.uk/tbe/arc/research/ projects/equal.html.

[145] S. Shoval, J. Borenstein, and Y. Koren. The Navbelt – a computerized travel aid for the blind based on mobile robotics technology. IEEE Transactions on Biomedical Engineering, 45(11):1376–1386, November 1998.

[146] L. R. Shugarman, B. E. Fries, and M. James. A comparison of home care clients and nursing home residents: Can community based care keep the elderly and disabled at home? Home Health Care Services Quarterly, 18(1):25–46, 1999.

[147] R. Simpson, D. Poirot, and M. F. Baxter. Evaluation of the Hephaestus smart wheelchair system. In Proceedings of ICORR ’99: International Conference on Rehabilitation Robotics, pages 99–105, 1999.

[148] R. Simpson, D. Schreckenghost, and N. Kirsch. A task planning, scheduling and sequencing orthosis for the cognitively impaired. In Proceedings of the AAAI-02 Workshop “Automation as Caregiver”, 2002. This proceedings.

[149] R. C. Simpson and S. P. Levine. Automatic adaptation in the NavChair assistive wheelchair navigation system. IEEE Transactions on Rehabilitation Engineering, 7(4):452–463, December 1999.

[150] R. C. Simpson, S. P. Levine, D. A. Bell, L. A.

Jaros, Y. Koren, and J. Borenstein. NavChair: an assistive wheelchair navigation system with automatic adaptation. In Mittal et al. [122], pages 235–255.

[151] A. J. Sixsmith. An evaluation of and intelligent home monitoring system. Journal of Telemedicine and Telecare, 6:63–72, 2000.

[152] J. A.-A. Smither. Short term memory demands in processing synthetic speech by old and young adults. Behaviour & Information Technology, 12(6):330–335, 1993.

[153] K. B. Stanton, P. R. Sherman, M. L. Rohwedder, C. P. Fleskes, D. R. Gray, D. T. Minh, C. Espinoza, D. Mayui, M. Ishaque, and M. A. Perkowski. PSUBOT – a voice-controlled wheelchair for the handicapped. In Proceedings of the 33rd Midwest Symposium on Circuits and Systems, volume 2, pages 669–672, 1991.

[154] F. Steenkeste, H. Bocquet, M. Chan, and E. Campo. La mise en place d’une technologie pour observer le comportement nocturne des personnes âgées en institution. Innovation and Technology in Biology and Medicine – Revue of Biomedical Technology (ITBM-RBM), 22:25–30, 2001.

[155] R. I. Stone. Long-term care for the elderly with disabilities: Current policy, emerging trends, and implications for the twenty-first century. Milbank Report, Aug 2000.

[156] i. Systems. http://www.ilifesystems.com/.

[157] S. Tachi and K. Komoriya. Guide dog robot. In Autonomous Mobile Robots: Control, Planning, and Architecture, pages 360–367. IEEE Computer Society Press, 1991. Originally appeared in International Symposium on Robotics Research, Volume 2, pages 333-340, MIT Press, 1984.

[158] S. Tachi, K. Tanie, K. Komoriya, and M. Abe.

Electrocutaneous communication in a guide dog robot (MELDOG). IEEE Transactions on Biomedical Engineering, BME-32(7):461–469, July 1985.

[159] K. A. Tahboub and H. H. Asada. A semiautonomous control architecture applied to robotic wheelchairs. In Proceedings of the 1999 IEEE/RSJ International Conference on Intelligent Robots and Systems, pages 906–911, 1999.

[160] T. Tamura, T. Togawa, and M. Murata. A bed temperature monitoring system for assessing body movement during sleep. Clinical Physics and Physiological Measurement, 9:139–145, 1988.

[161] G. M. Tibbitts. Patients who fall: how to predict and prevent injuries. Geriatrics, 51(9):24–31, Sep 1996.

[162] M. Topping. The development of Handy 1, a robotic system to assist the severely disabled. In Proceedings of ICORR ’99: International Conference on Rehabilitation Robotics, pages 244–249, 1999.

[163] TriData Corporation. Fire risks for older adults.

Technical report, TriData Corporation for the United States Fire Administration, Oct 1999.

[164] P. A. Tun and A. Wingfield. Language and communication: Fundamentals of speech communication and language processing in old age. In Handbook of Human Factors and the Older Adult. San Diego, CA: Academic Press, 1997.

[165] C. Tweed and G. Quigley. Some ethical considerations of dwelling-based telecare systems for the elderly. Technical report, School of Architecture, The Queen’s University of Belfast, 1999. http://www.qub.ac.uk/tbe/arc/research/ projects/equal.html.

[166] M. Vallés, F. Manso, M. T. Arredondo, and F. del Pozo. Multimodal environmental control system for elderly and disabled people. In Proceedings of the IEEE Engineering in Medicine and Biology Society, pages 516–517, 1996.

[167] H. M. Van der Loos. VA/Stanford rehabilitation robotics research and development program: Lessons learned in the application of robotics technology to the field of rehabilitation. IEEE Transactions on Rehabilitation Engineering, 3(1):46–55, March 1995.

[168] S. van Mulken, E. Andre, and J. Muller. An empirical study on the trustworthiness of life-like interface agents. In Proceedings of the ’99 HCI International Conference, volume 2, 1999.

[169] Vigil Health Management Inc. http://www.vigilinc.com.

[170] J. Wagner, H. Van der Loos, N. Smaby, K. Chang, and C. Burgar. ProVAR assistive robot interface. In Proceedings of ICORR ’99: International Conference on Rehabilitation Robotics, pages 250– 254, 1999.

[171] T. A. Wagner. Achieving global coherence in multi-agent caregiver systems: Centralized versus distributed response coordination in i.l.s.a. In Proceedings of the AAAI-02 Workshop “Automation as Caregiver”, 2002. This proceedings.

[172] H. Wakaumi, K. Nakamura, and T. Matsumura.

Development of an automated wheelchair guided by a magnetic ferrite marker lane. Journal of Rehabilitation Research and Development, 29(1):27– 34, Winter 1992.

[173] N. Walker, J. Millians, and A. Worden. Mouse accelerations and performance of older computer users. In Proceedings of the Human Factors and Ergonomics Society 40th Annual Meeting, 1996.

[174] H. Wang, T. Ishimatsu, and J. T. Mian. Selflocalization for an electric wheelchair. JSME International Journal, Series C - Mechanical Systems Machine Elements and Manufacturing, 40(3):433–438, 1997.

[175] S. Warren, R. L. Craft, and B. Bosma. Designing smart health care technology into the home of the future. In Workshops on Future Medical Devices: Home Care Technologies for the 21st Century, volume 2, page 667, Apr 1999.

[176] G. Wasson, J. Gunderson, S. Graves, and R. A.

Felder. An assistive robotic agent for pedestrian mobility. In 5th IC on Autonomous Agents, pages 169–173, 2001.

[177] H. M. Weiman. Nursing homes and home care, 18-Nov 1998. http:// family.georgetown.edu/ geriatrics/syllabus/Society.htm.

[178] P. Whitehouse, C. Marling, and R. Harvey. Can a computer be a caregiver? In Proceedings of the AAAI-02 Workshop “Automation as Caregiver”, 2002. This proceedings.

[179] A. Yamaguchi, M. Ogawa, T. Tamura, and T. Togawa. Monitoring behaviour in the home using positioning sensors. In Proceedings of the 20th annual IEEE conference on Engineering in Medicine and Biology, pages 1977–79, 1998.

[180] H. A. Yanco. Shared User-Computer Control of a Robotic Wheelchair System. PhD thesis, Massachusetts Institute of Technology, September 2000.

[181] J.-D. Yoder, E. T. Baumgartner, and S. B. Skaar.

Initial results in the development of a guidance system for a powered wheelchair. IEEE Transactions on Rehabilitation Engineering, 4(3):143– 151, September 1996.