
Assisted Cognition:

Compensatory Activity Assistance Technology

Donald J. Patterson

A dissertation submitted in partial fulfillment of
the requirements for the degree of

Doctor of Philosophy

University of Washington

2005

Program Authorized to Offer Degree: Computer Science and Engineering





University of Washington
Graduate School

This is to certify that I have examined this copy of a doctoral dissertation by

Donald J. Patterson

and have found that it is complete and satisfactory in all respects,
and that any and all revisions required by the final

examining committee have been made.

Co-Chairs of Supervisory Committee:

Henry Kautz

Dieter Fox

Reading Committee:

Henry Kautz

Dieter Fox

Gaetano Borriello

Date:





In presenting this dissertation in partial fulfillment of the requirements for the doctoral

degree at the University of Washington, I agree that the Library shall make its copies

freely available for inspection. I further agree that extensive copying of this dissertation is

allowable only for scholarly purposes, consistent with “fair use” as prescribed in the U.S.

Copyright Law. Requests for copying or reproduction of this dissertation may be referred to

Proquest Information and Learning, 300 North Zeeb Road, Ann Arbor, MI 48106-1346, to

whom the author has granted “the right to reproduce and sell (a) copies of the manuscript

in microform and/or (b) printed copies of the manuscript made from microform.”

Signature

Date





University of Washington

Abstract

Assisted Cognition:

Compensatory Activity Assistance Technology

Donald J. Patterson

Co-Chairs of Supervisory Committee:
Professor Henry Kautz

Department of Computer Science and Engineering
Professor Dieter Fox

Department of Computer Science and Engineering

The predicted increase in the number of elderly members of the industrialized world suggests

an associated increase in the number of people who are going to be diagnosed with various

forms of cognitively disabling dementias, including Alzheimer’s disease.

A possible solution to the cost of caring for these members of society is to augment our

care network with sophisticated cognitive aids which can compensate for simple cognitive

errors.

In this thesis I present the design and implementation of two cognitive aids. The first is

an outdoor navigation assistant and the second is an indoor household activity monitor.

Both systems are characterized by a fusion of sensor data with background knowledge

and are interpreted in a probabilistic framework.

The result of this work is a demonstration of the feasibility of developing cognitive aids

based on real-time streaming sensor data.
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GLOSSARY

2TBN: A two-slice temporal Bayesian Network: A 2TBN is a type of DBN.

ACCESS: Assisted Cognition in Community, Employment and Support Settings: AC-

CESS is a project to create novel technologies that will enhance the quality of life of

people with cognitive disabilities by supporting personal navigation and use of public

transportation.

ACTIVITY COMPASS: A class of portable devices that are collocated with an individual

and that assists her in carrying out navigation tasks, especially in the presence of

cognitive errors.

AC: Assisted Cognition

ADL: Activity of Daily Living

AD: Alzheimer’s Disease

BABY-BOOMERS: This term refers to those people born between 1946 and 1964.

BARISTA: Bayesian Recognition Assistant

BLUETOOTH: This is an industrial specification for short-range wireless communications

of data and voice between both mobile and stationary devices.

CPT: Conditional Probability Table

DBN: Dynamic Bayesian Network

ix



EM: Expectation Maximization

FAST: Functional Assessment Stages: FAST is a way to quantify cognitive decline.

FMMSE: Folstein Mini-Mental Status Examination: FMMSE is a way to quantify cog-

nitive decline.

GDS: General Dementia Scale: GDS is a way to quantify cognitive decline.

GIS: Geographic Information System

GPRS: General Packet Radio Service: GPRS is a radio technology for GSM networks that

makes efficient use of available radio spectrum for higher data rate communications

on mobile devices.

GPS: Global Positioning System: GPS is a constellation of non-geosynchronous satellites

which provide an infrastructure for passive location computation.

GSM: Global System for Mobile Communication: GSM is a digital mobile phone stan-

dard.

GUIDE: This is a project at Intel Research Seattle to recognize activities based on object

usage.

HMM: Hidden Markov Model

IADL: Instrumental Activity of Daily Living

J2ME: Java 2 Platform, Micro Edition: J2ME is an application development platform

for ubiquitous computing platforms

MCI: Mild Cognitive Impairment, MCI is a precursor to Alzheimer’s Disease

x



MIDP: Mobile Information Device Profile: MIDP is a set of Java APIs that is designed

for mobile phones.

MMSE: Mini-Mental Status Examination: MMSE is a way to quantify cognitive decline.

OK: Opportunity Knocks, see below.

OPPORTUNITY KNOCKS: “Opportunity Knocks” is a specific implementation of an Ac-

tivity Compass which assists users in making and completing transportation plans

based on GPS sensor readings.

PARTICLE FILTERS: These are a Monte-Carlo based inference technique.

PDA: Personal Digital Assistant

RFID: Radio Frequency Identification

SISR: Sequential Importance Sampling with Replacement

UI: User Interface

WAAS: Wide Area Augmentation System: WAAS is a method of augmenting the exist-

ing GPS infrastructure to provide more accurate positioning by adding geostationary

satellites to the GPS constellation.
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We have not known Thee as we ought,

Nor learned Thy wisdom, grace and power;

The things of earth have filled our thought,

And trifles of the passing hour.

Lord, give us light Thy truth to see,

And make us wise in knowing Thee.

...

We have not served Thee as we ought,

Alas, the duties left undone,

The work with little fervor wrought,

The battles lost or scarcely won!

Lord, give the zeal, and give the might,

For Thee to toil, for Thee to fight.

Thomas B. Pollock,

from Supplemental Hymns to Hymns Ancient and Modern, 1889.
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Chapter 1

INTRODUCTION

1.1 The Aging of the Baby-Boomers

In the next 50 years, the industrialized world is going to see a dramatic change in the

demographics of its population. A huge number of people, the children who were the baby-

boom, are going to begin to reach retirement age and experience the predictable effects of

aging. Not only is the absolute size of this demographic group a first for the world, but the

relative numbers of elderly compared to working age individuals is also shifting.

The economic and social cost of providing a good quality of life for the baby-boomers is

a real and present challenge that we are facing. One of the most effective ways to alleviate

the costs associated with aging is to increase the time during which people are able to live

independently.

One of the major risks to independence, and a reason for the decline in the accomplish-

ment of typical Activities of Daily Living (ADLs) by the elderly is the onset mild cognitive

impairment (MCI), a precursor to Alzheimer’s Disease. Regardless of the presence of cog-

nitive disabilities, research suggests that one of the best ways to prolong independence is to

encourage the successful completion of ADLs [13]. A side benefit of such an improvement

is an increase in the quality of life of caregivers, and improved socialization of our seniors –

both of which correlate to increased quality of life.

1.2 Finding Solutions

Independently of these aging trends, great strides have recently been made in the develop-

ment of mobile and ubiquitous sensors and software technology for reasoning about them.

The term Assisted Cognition (AC) has been coined at the University of Washington to refer
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to methods from artificial intelligence that are applied toward understanding, generalizing,

and extending the data created by these sensors.

The number of such sensors, both in the marketplace and deployed in the environment,

is quickly growing. They include familiar consumer grade technologies like the Global

Positioning System (GPS) and Wi-Fi, as well as more specialized technologies like the Intel

Personal Server1, Radio-Frequency Identification (RFID) tags and MICA motes2. In many

ways this phenomenon parallels the emergence of Internet information sources, which are

also heterogeneous with varying degrees of trustworthiness. However, these embedded and

mobile sensors are unique in that they are typically placed in the context of a location or a

user, are continuously streaming data, and are observing actual physical processes.

1.3 The Hypothesis

This growth suggests an exciting vision of computer systems research that combines ideas

from machine learning, artificial intelligence, and mobile and embedded computing.

This thesis seeks to determine if it is possible to use next generation sensors to recognize

activities of individuals with sufficient detail that cognitive errors can be recognized, and

corrected.

I will explore two facets of this space under the umbrella of compensatory activity as-

sistance technology. The first is an outdoor recognition and assistance system called “Op-

portunity Knocks” (OK), which relies on GPS data, and the second is an indoor human

activity recognition system, “BARISTA”, which uses RFID tags. Creating these systems

required extending current machine learning techniques, a principled integration of exter-

nal knowledge bases, and the development of novel modes of interaction with ubiquitous

computing systems.

1A portable CPU without a human-computer interface, http://www.intel.com/labs/features/rs08031.htm

2Small low power CPUs optimized for sensing,http://computer.howstuffworks.com/mote4.htm
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1.4 Contributions of Assisted Cognition

1.4.1 Opportunity Knocks

Opportunity Knocks is an outdoor urban transportation assistance system designed for

individuals with mild cognitive decline. It is accessed with a cell-phone and requires the user

to carry a GPS receiver. By monitoring a user’s position over time, OK is able to develop

a probabilistic model of a user’s transportation behavior. Behaviors include activities such

as walking to a bus stop, boarding a bus, and riding in a bus or a car. It uses this model to

monitor his or her progress, even in the face of signal loss, and to predict future movements,

locations and destinations. It can also provide real-time, customized, proactive assistance

by detecting explicit user errors, such as missing a bus stop. We implemented this system

and conducted experiments using over 60 days of continuous GPS data from two (fully

functioning) individuals. These experiments showed that our techniques could correctly

infer a user’s current transportation mode 84% of the time, an improvement of 30% over

other machine learning techniques. In addition it could correctly predict where a user

would be 17 city blocks in the future 50% of the time, even if the user changed modes of

transportation. Other research contributions include:

• An Inference Engine: OK models user transportation decisions as a hierarchical

Dynamic Bayesian Network (DBN). At the lowest level of the hierarchy are raw GPS

sensor signals and at the highest level is abstract information about the user’s trans-

portation decisions. Inference is performed using a sample based inference algorithm

and individual user behavior is learned in an unsupervised manner using Expectation-

Maximization (EM). The system automatically discovers unique aspects of user be-

havior, such as frequently used bus stops and parking lots, common destinations, and

routes between them.

• A Novel User Interface: OK utilizes a simple user interface in which candidate

destinations are displayed as images. The most likely destinations are chosen by the

inference engine according to the user’s history and context. When the user needs
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assistance, she selects one of four digital images and receives personalized routing in-

formation and real-time transportation status. If the system detects that the user is at

a new destination, it asks her to take a representative picture using the camera-phone.

That image is used in the future to refer to that location as a possible destination.

• An Error Detection Algorithm: OK reasons with three DBN model variants.

The first uses parameters that are consistent with physical constraints (e.g., people

get on and off buses at bus stops, people travel slower by foot than by car, etc.). The

second is trained to a user’s personal behavior. The third is the same, but is clamped

to presume only one particular destination. We use model selection techniques to

determine the probability that a user’s actions are compatible with his or her goal.

1.4.2 BARISTA: Bayesian Activity Recognition assISTAnt

BARISTA is an indoor household activity monitoring system, motivated by the desire to

keep a diary of daily activities for the long-term health monitoring of elderly individuals.

This system assumes a world in which consumer goods are tagged with RFID tags, and

users wear a bracelet sensor that can detect an object being touched. By observing the

order and timing of touches, we demonstrated the ability to recognize activities at a variety

of different granularities. This work made the following research contributions:

• Broad Activity Recognition: Using a general inference engine, we were able to

show for the first time the ability to identify a broad range of ADLs with high accuracy

using a single sensor suite. In the past such systems were highly engineered to a

particular activity and were rarely transferable to new activities. By contrast, we

were able to use one system to recognize over 14 classes of activities, ranging from

doing laundry to preparing a simple meal, with greater than 88% accuracy.

• Fine-Grained Activity Recognition: We systematically explored what aspects

of activity recognition helped our models recognize activities at a fine granularity.

We were able to show that timing distributions and knowledge of object classes im-
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proved accuracy. Such detailed models are a prerequisite for performance evaluation,

trending, guidance, and helpful intervention.

• Scalable Activity Recognition through Data-Mining: We demonstrated the

potential for scaling activity recognition through web data-mining. Using automatic

model creation techniques from natural language texts, we were able to recognize which

of 120 recipes a user was making, with accuracy rates 48 times better than chance,

despite the fact that many objects and ingredients were shared between recipes.

1.5 Summary

Using sensors and probabilistic reasoning to assist people with cognitive disabilities is a

challenging and compelling goal. Not only does it hold the promise of addressing immi-

nent needs for the disabled, but it also has the promise of assisting normally functioning

individuals as well, promoting their health, safety and quality of life.

This thesis looks at two ways of accomplishing this. Both ways fall into the broad

category of compensatory activity assistance technology.
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Chapter 2

THE ALZHEIMER’S CHALLENGE

The number of elderly in the industrialized world is growing quickly. With age come

associated health care challenges. My concern in this chapter is to look at the impact of a

particular form of dementia called Alzheimer’s disease (AD) on future society. I will show

how it is defined and measured so that we will have an understanding of where to look for

technological opportunities for intervention.

Such interventions are warranted because the rising numbers of elderly with AD are going

to extract significant economic and social costs. On the economic side we will see that the

costs of aging are largely due to long-term health care and that dementia and reduced

functionality are the leading causes for admission to long-term health care facilities. On the

social side, mental health for both caregivers and people with AD depends on functional

independence.

Finally, I will conclude with an analysis of the best places to direct technological inter-

ventions to have the most impact on people with AD. Clinical research will also suggest

some of the forms that such interventions should take.

Let’s begin with a look at how demographics in America (and the rest of the world) are

changing.

2.1 America’s Changing Demographics

The industrialized world is growing older rapidly. Not only is the absolute number of older

people growing, but their population is also growing in relative terms to the rest of society.

In this section we will look at both trends starting with the absolute numbers.

The U.S. Census Bureau tracks older Americans according to two age brackets, which

will serve as a good reference point, those who are over 65 years of age and those who are

over 85. These two groups are also referred to as “older Americans” and the “oldest-old



7

Americans,” respectively.

2.1.1 The Aging Baby Boomers

Two separate effects are combining to create a surge in the size of these populations: a post

WWII population boom and increased longevity. First, there was an increase in population

associated with the end of WWII in many countries. This increase is particularly noticeable

against a prior decrease in population growth attributed to the Great Depression. The post

WWII generation is frequently referred to as the baby boomers and their birth coincides with

the return of soldiers from the war front. Demographers typically identify this generation

as those people born in the years 1946–1964 [30]. In 2011 the first of the baby boomers will

turn 65 and they will continue entering the ranks of older Americans until 2029. In 2031

the first of the baby boomers will enter the age range of the oldest-old Americans. This

increase in population is shown visually in figure 2.1 and is described in the following quote

from the U.S. Administration on Aging:

“The older population–persons 65 years or older–numbered 35.6 million in 2002

(the most recent year for which data are available). They represented 12.3% of

the U.S. population, about one in every eight Americans. The number of older

Americans increased by 3.3 million or 10.2% since 1992, compared to an increase

of 13.5% for the under-65 population. However, the number of Americans aged

45-64 – who will reach 65 over the next two decades – increased by 38% during

this period.” [5]

Secondly, in America, and by extension, in the rest of the industrialized world, an

increase in the quality of health care and in healthy lifestyles is causing the average life

expectancy to increase. The average life expectancy of a child born in 2001 was 30 years

longer than a child born in 1900. Even among older Americans, life expectancy is increasing.

The life expectancy of a 65 year old increased 3.8 years in the 36 year period between 1965

and 2001. This is in comparison to only a 2.5 year increase in the 60 year period from 1900

to 1960 [5].
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Figure 2.1: Actual and projected North American population

Actual and projected North American population by age showing the aging of the baby
boomers. Source: U.S. Census Bureau 2000 census [4]

Recent studies have suggested that the increase in life expectancy may be tapering off,

or even decreasing, due to the effects of increased mortality associated with obesity. It

is unclear what effect this will have on demographic projections of population, but it is

unlikely to completely reverse the effects of a century of improving health [115].

The overall effect of the baby boom and increased life expectancy is an increased number

of older and oldest-old Americans in the next 50 years.

2.1.2 Shifting Proportions

While the absolute number of elderly are increasing, society is also going to experience a

change in the relative proportion of different age ranges. Figure 2.2 shows how the age of

the U.S. population has changed and will be changing in the future.

In the 19th century, the population was distributed roughly linearly. As the age range

of a cohort increased, the percentage of the total population that they comprised decreased.
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Figure 2.2: Distribution of North American population

Distribution of North American population by age bracket (baby boom generation
highlighted) from 1960 to 2000 and with projections through 2025. Source: U.S. Census

Bureau [69]
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Comparison of distribution of North American population by age bracket with the baby
boom generation highlighted. 2050 data is projected. Source: U.S. Census Bureau [69]
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The youngest, between ages 0 and 4, comprised approximately 10% of the population pre-

1950. The oldest-old comprised approximately 0.5% of the population in 1950 (not shown in

figure). In the graph depicting 1960 in figure 2.2, this general linear shape can be observed

with two notable exceptions. The first is a pinching of the population coinciding with the

Great Depression. The second is a bulging of the population coinciding with the end of

WWII – the baby boomers.

In the subsequent years, 1970, 1980, 1990, and 2000, the startling effect of increased

life expectancy can be observed. Unlike historical trends, the baby boomers are at the

front of a longevity wave. Figure 2.3 shows the sharp contrast between the triangle shape

that roughly characterized the 1950 population with a cylinder shape that characterizes the

projected 2050 population.

The impact of these trends remains to be seen, but it suggests that social structures

which rely on a greater number of young working-age individuals supporting their parent’s

generation need to be revisited, revised and restructured. In the realm of health care, the

increase in the absolute and relative numbers of older Americans is going to challenge our

ability to accommodate the larger numbers of people who are going to have predictable

needs associated with aging. There is going to be a simultaneous increase in the need for

services such as long-term care facilities and a decrease in the number of people available

to staff them [109, 132].

2.2 Alzheimer’s Disease

Although there are many health changes that age causes, one of the most concerning to

individuals and families is the potential of suffering from or having a loved-one who suffers

from dementia. This fear is not unfounded. In this section we will look in detail at the

definition of dementia and AD. We will also examine the metrics by which the disease and

interventions are evaluated. These metrics are important as they will naturally lead to an

analysis of where technological interventions are warranted. In subsequent sections we will

look more closely at the objective and subjective costs of the disease itself.

Dementia is a brain disorder that seriously affects a person’s ability to carry out daily
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activities. The most common form of dementia among older people is AD, which causes a

gradual deterioration of the brain [8]. Although it is the most common form of dementia

among older people, it is not part of the normal aging process. AD is pathologically well-

characterized, but unfortunately it is incurable.

“The disease usually begins after age 60, and risk goes up with age. While

younger people also may get AD, it is much less common. About 5 percent of

men and women ages 65 to 74 have AD, and nearly half of those age 85 and

older may have the disease.” [8]

Being single, living alone, avoidance of social activities, and lack of physical activity all

increase the risk for AD [123]. Because age is an independent risk factor, people in the

oldest old age group are at the highest risk for AD.

The prevalence of AD in older people coupled with their rising numbers suggests a

convergence of trends whose preemption society needs to take seriously.

2.2.1 Background and Pathology

AD is named after Dr. Alois Alzheimer, a German doctor who, in 1906, was the first to

identify abnormal clumps (amyloid plaques) and tangled bundles of fibers (neurofibrillary

tangles) in the brain of a woman who died of this unusual dementia. Since then the pathology

and origins of these structures have been extensively studied and characterized. There is

no single cause for Alzheimer’s disease although it is known to be initiated by a molecule

called beta-amyloid. The source of this molecule stems, at least partially, from one or more

of a variety of combinations of genetic mutations in AD sufferers [8, 58].

“AD is a progressive neurodegenerative and dementing disorder that can be

detected clinically only in its end phase. AD is the most widespread type of

dementia and affects about 10% of individuals older than 65 years and about

40% of individuals older than 80 years of age. The earliest signs of AD is a subtle

decline in memory functions in a state of clear consciousness. Mental capabilities

gradually worsen and personality changes appear, followed by deterioration of
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language functions, impairment of visuospatial tasks, and, in the disease’s final

stages, dysfunction of the motor system in the form of a hypokinetic-hypertonic

syndrome.” [130]

The disease highly varies in its rate of decline, but nominally takes its course over a

4 to 20 year period [124]. The progression is characterized by a retrogenesis of cognitive

function which inversely follows the normal development of a child [122]. The retrogenesis

spans the range of functioning from slight loss of memory to inability to hold one’s head

up. A definitive diagnosis of AD based on clinical observation is impossible and requires

confirmation by postmortem examination [130].

Although there is no known cure for AD, drugs that prevent the degeneration of brain

tissue have clinical value in slowing the progress of the disease. In particular, drugs that

inhibit cholinesterase–the enzyme which breaks down the neurotransmitter acetylcholine

have been approved for use in the U.S. and several other countries. A variety of other

possible clinical treatments are also currently undergoing testing all aimed at slowing the

progression of the disease [21].

2.2.2 Clinical Quantification of Alzheimer’s Disease

In order to know how to effectively help people with AD, it is necessary to understand more

about the progression of Alzheimer’s disease, how it is evaluated and where intervention

is warranted: clearly, an information technology appliance will not be of any use to an

individual with severe motor system dysfunction. The literature on the clinical care of AD

provides many insights into the progression of the disease and illuminates possible points

at which information technology has the potential for assistance.

AD causes a gradual deterioration of the brain. Accordingly AD is measured on several

progressive scales [126]. Current research identifies an additional precursor condition called

Mild Cognitive Impairment (MCI) which is clinically detectable and is considered by some

to be simply the early stages of AD [23]. MCI sufferers however present far less severe

symptoms, do not exhibit the behaviors traditionally associated with AD and are able to

carry on with most activities of daily living. The most frequent presentation of this clinical
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A theoretical continuum from normal aging through mild cognitive impairment to
Alzheimer’s disease [117].

condition is forgetfulness [117].

Figure 2.4 shows a qualitative characterization of the relationship between MCI and

AD. Notably, this is not normal aging, but a pattern of progressive dementia. An individual

starts with some baseline of cognitive function at which point the pathology of AD begins

and cognitive functions starts to decline. Shortly after this point it is possible to clinically

evaluate the individual for MCI, although the symptoms are often so slight they may not be

brought to a clinician’s attention at all. Sometime later a clinician can identify a patient as

having probable AD and then finally, only an autopsy can conclusively identify the presence

of AD.

Quantitatively AD can be characterized with several measures. The most frequently

mentioned measures in the literature include the Folstein Mini-Mental Status Exam (MMSE),

the General Dementia Scale (GDS), the Functional Assessment Stages (FAST), the Blessed

Dementia Scale (BDS), and the Boston Naming Test (BNT), all of which are clinical, non-

invasive evaluations of cognition. They consist of a combination of interview questions for

the patient and their caregivers and small batteries of puzzle-type questions. Several of

these cognitive measures have been shown to be comparable in longitudinal studies [121],
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Table 2.1: A comparison of quantitative measures of Alzheimer’s disease

A comparison of quantitative measures of Alzheimer’s disease and their clinical
expression [121, 117].

GDS FAST FMMSE BDS Characteristics Clinical Diagnosis Duration

1 1 No decrement Normal Adult
2 2 29 35 Subjective deficit in word finding Normal aged

adult or MCI
3 3 25 29 Deficits noted MCI or Onset AD 7 yr.
4 4 19 23 Requires assistance in complex

tasks
Mild AD 2 yr.

5 5 14 16 Requires assistance in choosing
attire

Moderate AD 18 mo.

6 6a Requires assistance dressing Moderately 5 mo.
6b Requires assistance bathing Severe AD 5 mo.
6c 5 6 Requires assistance with toilet-

ing
5 mo.

6d Urinary Incontinence 4 mo.
6e Fecal Incontinence 10 mo.

7 7a 0 0 Speech limited to a dozen words Severe AD 12 mo.
7b Speech limited to one word 18 mo.
7c Ambulatory ability lost 12 mo.
7d Ability to sit up lost 12 mo.
7e Ability to smile lost 18 mo.
7f Ability to hold up head lost unknown

and vary primarily in their ability to accurately assess the extremes of AD, both at onset

and extreme dementia. However, recognition of MCI has led to recent improvements in the

sensitivity of clinical evaluations to the onset of dementia. Table 2.2.2 demonstrates the

conversion between some of the scales and the functional assessment of the patient at each

level.

2.2.3 Quantifying the Impact of Interventions

In 1983, Dr. M. Powell Lawton, challenged clinicians to attempt to quantify the mental

health of Alzheimer’s patients [87]. His remarks were based on the idea that it is impossible

to effectively measure the impact of environmental changes on the elderly without an ob-

jective measure of comparison. Dr. Lawton proposed that quality of life can be represented
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on four distinct axes: behavioral competence, psychological well-being, perceived quality of

life and objective environment.

Behavioral competence is a measure of how well an individual is able to function in the

world. It includes low-level functioning such as basic health on a cellular level as well as

complicated social functioning. Psychological well-being is an internal evaluation of one’s

inner experience. It includes self-evaluations of anxiety, happiness, and the congruence be-

tween goal setting and goal achievement. Perceived quality of life is also a self-evaluation

of satisfaction level in relation to friends, family, neighborhood etc. Finally, objective envi-

ronment is a measure of environmental factors such as local crime rate, and neighborhood

traffic which impact quality of life, but are not subjective.

Exploring these areas as guidelines will help to target interventions in an effective way.

2.2.4 Activities of Daily Living

One of the ways to evaluate behavioral competence focuses on the ability of individuals

to carry out the Activities of Daily Living (ADLs), or the Instrumental Activities of Daily
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Living (IADLs)1. ADLs include activities such as “using the toilet, eating, ambulating,

dressing, bathing, and grooming,...[ IADLs include ] cooking, shopping, using transporta-

tion, housekeeping, doing laundry, and financial management behavior [88].” These activities

represent a mid-range of complexity of behavioral competence and are more complicated

than basic sensory, motor and cognitive functions. From a technological perspective they

form an interesting class of tasks because as the environment and capabilities of a person

become more complex, it is possible to achieve these goals in different ways. An impairment

at one level, such as arthritis, does not necessarily prevent an individual from achieving the

goal, as there may be many routes to the same outcome, such as opening mail, which bypass

an individual’s limitations. These activities are also crucial because the “satisfactory per-

formance of such behaviors is a crucial determinant of the older person’s ability to maintain

community residence [88].” Or put another way, successful ADL performance keeps people

from entering long-term care [13].

Lawton [88] measured the impact of impairment on IADLs, in terms of the amount of

time that impaired individuals spent on them versus the amount of time that non-impaired

individuals spent on them. Table 2.2 highlights the areas most impacted by impairment in

terms of absolute and percentage reduction in time spent in an activity.

By assisting the Alzheimer sufferer with the activities of daily life, AC attempts to raise

the level of behavioral competence of an individual. Some potentially challenging daily

activities such as using public transportation, cooking and shopping may be achievable with

well designed technical solutions. As a result any deployed technologies should naturally

be empirically evaluated by measuring patient improvement in relevant areas of behavioral

competence.

2.3 The Cost of Aging and Alzheimer’s Disease

To this point we have looked at the growing numbers of elderly, the characteristics of AD and

how it and interventions are quantified. Now we will briefly turn toward the question of

1The distinction in the literature seems to be whether the activity in question is, first, essential for inde-
pendent living (both ADLs and IADLs must fit this qualification), secondly, whether they are performed
daily (ADLs) or less frequently (IADLs).
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Table 2.2: Mean minutes reported in selected activities in a 24-hour day from [88].

Only activities showing the largest/smallest time
reduction and the largest/smallest % drop are shown.

Independent Impaired Time %
Residents Residents Reduction drop

Housework/home maintenance 68 38 30 44.12
Shopping 22 13 9 40.91
Cooking 69 45 24 34.78
Religious activity (non-services) 10 7 3 30.00
Helping others 10 7 3 30.00
Recreation and hobbies 44 32 12 27.27
...
Eating 77 77 0 0
Television 205 210 -5 -2.44
Non-Family Social Interaction 54 59 -5 -9.26
Radio 28 33 -5 -17.86
Personal Health Care 53 71 -18 -33.96
Rest 128 200 -72 -56.25

whether or not interventions are warranted.

Because there is no cure, people with AD typically receive some combination of home-

care and institutionalized care as the disease progresses. We will look at two types of costs.

The first is economic as financial resources are tapped to pay for care-giving services. The

second is social as family caregivers make personal sacrifices to care for ailing loved ones

and as society gradually loses the AD sufferer.

2.3.1 Economic Costs of Aging

AD is going to be one of the major economic sources of the cost of an aging population.

This can seen by examining the results of several studies that have broken done such costs

(e.g. [1, 80, 136]), and attributing the sources to symptoms of AD.

One recent study in the New England Journal of Medicine studied the source of health-

care costs in the United States and was motivated by the following:

“The implications for the delivery and financing of health care will be profound,
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because elderly persons use health care services at a greater rate than younger

persons. ... Increases in the number of persons 85 years of age or older, who

are most likely to require nursing home and other long-term care, will exert ...

pressure on the Medicaid program, which pays for about half the total costs of

nursing home care [in the U.S.].” [136]

The study factored the costs in a number of ways and concluded with several pertinent

facts (see Figure 2.6). First they identified that increases in longevity increase spending on
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long-term care. Secondly, the cost of health care with increased longevity increases primarily

due to the costs of long-term care, rather than with acute care. Finally they demonstrated

that health-care spending on women is consistently higher than that for men even after

adjusting for their increased life expectancy.

This last point is particularly relevant because, although the numbers of older Americans

will go from approximately 1 in 8 people, to 1 in 5 people in 2030, this increase is not going

to be equal across genders. Amongst the oldest-old, there are approximately twice as many

women as men for all projected years [5].

The conclusion to be drawn from this study is that the cost of health care for the elderly

in the future is going to strain the methods with which we are currently financing it. With

current population trends and existing patterns of health care expenditures, one of the

biggest impacts that can be made is to extend a person’s independence and reduce their

need for long-term care, especially for women.

Dementia and Functional Failure: Causes for Care-Facility Admission

We have seen that long-term care consists of the bulk of elderly people’s medical bills.

Dementia and an inability to carry out ADLs are strongly implicated in the need for long-

term care.

There are several risk factors for institutionalization including physical disability, medical

morbidity, and dementia [49, 50, 134]. This risk of institutionalization among disabled

elderly persons increases further for those who become a “burden” to caregivers, even when

a formal caregiver is utilized [46, 73, 86].

The results of an important seven-year longitudinal study into the causes of nursing

home admission made the following important observations about the 6,676 participants in

the study:

“[There is] strong evidence that both functional impairment and dementia are

important and consistent independent predictors of nursing home admission. It

is noteworthy that our analyses demonstrate that the risk of institutionalization

increases even with minimal decreases in function as measured by ADLs and
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IADLs. The implication of this finding is that interventions with even a modest

impact on preserving physical function may significantly influence the decision

to enter a nursing home...

[When] analyses controlled for functional impairment and demographic char-

acteristics, most chronic medical conditions did not significantly contribute to

nursing home rates. This finding suggests that many medical diagnoses per se

influence institutionalization almost entirely through their impact on functional

status. ... We can therefore hope that as innovations are developed that effec-

tively reduce the functional burden of chronic conditions (e.g., assistive devices),

the rate of nursing home admissions may well decrease...

In contrast to the chronic medical conditions evaluated, the risk of nursing home

admission significantly increased for individuals with any degree of dementia,

even when adjustments for functional status were included....

Overall then, interventions to reduce institutionalization should not only focus

on minimizing the progression of dementia, but also on early identification of

problems and caregiver support during the earliest periods of cognitive decline.”

[13]

The Bottom Line

Table 2.3 shows midrange dollar estimates associated with a diagnosis of AD. The numbers

were calculated in 1991 by Ernst et. al., and the dollar values were updated to equivalent

2005 dollar values.

The data demonstrate that a diagnosis of AD will cost approximately $50,000 a year.

Including the opportunity cost of unpaid caregivers and premature mortality the total bill

per patient is $248,723.

If the conservative assumption is made that the Alzheimer’s population is steady over

time (from 1991 levels) the total discounted costs of all future generations of Alzheimer’s

patients are in the trillions of dollars [46].
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Table 2.3: Estimated Net Costs of Alzheimer’s Disease per Person

Adjusted to 2005 dollars (using CPI) (Midrange Estimates) source [46]
Annual direct costs

Diagnosis (first year only) $2 074
Nursing Home $10 825
Long-term mental hospital $561
Paid home care $4 490
Regular physician care $333
Acute care hospitalization $1 719
Other patient direct costs $0
Caregiver medical care $214

Total direct cost (first year only) $20 216
Total direct cost (second and later years) $18 142

Annual indirect costs of unpaid home care $29 887
Total cost first year, excluding morbidity and mortality $50 103
Total cost second and later years, excluding morbidity

and mortality
$48 029

Total discounted direct cost $68 040
Total discounted (direct cost + unpaid caregiver cost) $176 685
Total discounted (direct cost + unpaid caregiver cost +

disability and premature mortality cost)
$248 723
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Other economic data demonstrate that the cost of caring for a patient with dementia

increases with functional loss [152].

Clearly any aids that will enable people with dementia to retain functional status and

out of long-term care will greatly benefit society as a whole.

2.3.2 Social Costs of Alzheimer’s Disease

Economic costs for AD are overwhelming, but they aren’t the only reason why addressing

the disease is worthwhile. There are also high associated social costs. The gradual loss of

the cognitive faculties of the patient with AD are accompanied by anxiety, agitation and

violence, sleep/wake disturbances, suspiciousness/delusions/hallucinations, depression, and

inappropriate sexuality [148]. If technological interventions can ameliorate these symptoms

or delay their onset everyone will benefit [125].

Caregivers pay a high cost when taking care of dependents

In addition to the patient with AD, the stress on caregivers and family members is im-

mense [95]. Caregivers make 46% more physician visits and take 71% more prescribed

drugs than non-caregivers and are more likely to be hospitalized [46]. One-third live in

poverty or near-poverty [7]. Two thirds of working Alzheimer caregivers reported that they

missed work because of caregiving responsibilities. 14% gave up work or retired. 13% cut

back hours or took a new job. 8% turned down a promotion. 7% lost job benefits [6].

“Adverse effects on the mental health of the caregiver, especially in the form of

depression, have been reported to be much higher than either age- or gender-

based population norms or demographically matched non-caregiving control

groups. AD caregivers reporting symptoms of depression have ranged from 18%

to 55%, with female caregivers more likely to experience depression than males.”

[19]

So as much as technological interventions promise to assist the person suffering from

AD, it may be just as useful to target interventions toward the caregivers themselves. In
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either case the potential for auxiliary benefits to the caregiving network of the patient with

AD is also promising.

2.4 Targeting Technology

2.4.1 Objective Scale Target

The natural question then for AC is: At which level of dementia should technological in-

tervention be directed? [105] From a technological standpoint, we will see that AC builds

models of behavior that correspond to normal functioning of an individual through obser-

vation. This reduces the burden of data entry or programming from the user and, assuming

the learning works, makes the technology more practical for an elderly user. This also

implies that individuals should begin using AC at the very earliest stages of dementia, per-

haps even before they are clinically diagnosed with something like AD or MCI. A desiderata,

therefore, of AC is that it should operate in modes that provide value to a general elderly au-

dience, so that they will be motivated to use AC before it becomes essential for independent

functioning.

At the other extreme, after GDS stage 6, a great deal of the pathology of AD in particular

takes a physical form and requires intricate physical interaction with the patient. Such

physical interaction is outside the scope of a purely information-based AC device.

Related to the desire to motivate the elderly to use AC solutions before they need them,

is a desire to create technological solutions that avoid any social stigma. This might relate

to the form factor of the user-interface or to the way in which the solution is targeted. For

example, using a specialized user interface would make the rest of the world aware that

a user has a cognitive limitation, but using something like a PDA or cell-phone as a user

interface masks the reason for its use. The user may just be making a phone call, or they

may be receiving cognitive assistance.

The AC project should, therefore, focus its efforts on the subset of the dementia scale

that corresponds to GDS stages 1-4. Although this is only “Mild” AD at worst, GDS

stages 2-4 represent approximately nine years, or half of the nominal amount of time that

a patient is afflicted with AD. Finally, since GDS stage 4 “represents the first stage in
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which a majority of subjects manifest the degeneration over time which is characteristic of

AD[121],” unless we can effectively work with patients at this level, we have fallen short of

our goal of decisively helping Alzheimer patients in particular.

2.4.2 User Interface and the Alzheimer’s Patient

In any task with which AC aspires to assist, the act of interfacing with a cognitively impaired

person promises to be a challenging design task. Such an interface must cope gracefully with

the many complex demands of the targeted user group. Some of the basic complexities are

a result of the fact that Alzheimer’s patients are frequently elderly and even without AD,

reduced vision, reduced hearing and reduced manual dexterity are typical. In addition

AC users will have multiple cognitive deficits [67], so designing any computer system for

AD must treat these limitations as central to the design process. Hopper [67] in table 2.4

summarizes the results of a study which sought to characterize Alzheimer patient function-

ing. Hopper also concluded several additional points which are relevant to the user interface

(UI) of AC:

Table 2.4: AD Patient Performance

Performance of AD Patients (Percent Correct) on Items from the Arizona Battery for
Communicative Disorders of Dementia and the Functional Linguistic Communication

Inventory. Columns left blank indicate that patients at this stage were not tested either
because of ceiling or floor effects on test items. Adapted from [67]

Test Item GDS 3 GDS 4 GDS 5 GDS 6 GDS 7
Answer multiple choice questions 75 64 10 8
Answer two-choice questions 91 86 20 33
Answer yes/no questions 66 66 53
Follow commands 99 93 82 44
Follow two-step command 100 93 40
Follow one-step command 100 100 60 25
Answer comparative questions 92 97 83 69
Reading comprehension – words 97 81 50
Reading comprehension – sentences 100 92 67 34
Correct misinformation 100 84 67 39
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• “Reducing demands on free recall may facilitate the expression of conceptual knowl-

edge.”

• “In the early stages of AD [GDS stage 3], comprehension and expression of gram-

mar and syntax are relatively spared, although occasional errors may occur across

modalities. Other aspects of communicative function, including auditory and reading

comprehension remain areas of strength”

• “[GDS stage 3 Alzheimer’s patients] were highly accurate on ... picture to word

matching task, achieving a mean score of 11.4 out of a possible 13 correct.”

• “Not only were IADLs such as managing finances and writing letters affected more

[than the simpler ADLs], they also were among the earliest reported signs of AD. Even

so, many individuals with mild AD ... were able to use the telephone, do laundry, and

take medications.”

• The presence of impaired speech and inconsistent grammar [67] suggests that using

voice recognition to understand an Alzheimer patient will be difficult.

AC should focus its attention on the activities in which impaired individuals have seen

the greatest loss of functioning in order to return their level of behavioral competence to

that of independent adults. Alternatively it would be valuable if AC could assist in areas

that support many of the highly impacted IADLs, such as transportation and financial

management. Phelan et.al. provided evidence that ADL improvement was achieved through

tools to help self-manage ADL accomplishment [118] suggesting that this is an achievable

goal.

Synthesizing the guidance on UI design from table 2.4 we see that early stage Alzheimer’s

patients show a high degree of ability to make accurate choices and follow instructions.

AC technologies should reduce the complexity of commands and choices, and open-ended

questions should be avoided, but graphic icons presented to the user, simple requests for

information from the user, and text displays all seem to be feasible and reasonable methods
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for human-computer interaction, not withstanding the typical non-cognitive deficits of the

elderly. The AC UI can expect that its users will be able to carry out step by step instruc-

tions, although more complicated multi-task instructions may be beyond the capabilities of

the intended users. Finally, since the ability to correct misinformation remains high in early

stage AD, the prospect of learning from a patient seems promising.

2.5 In Summary, the Challenge

The growing numbers of elderly, in absolute and relative numbers, threaten to strain the

social structures that have served to maintain quality of life for generations of elderly. One

of the many challenges associated with the aging baby boom is accommodating the health

care needs of the 50% of baby boomers which will be over age 85 in 2031.

The mental cognition and quality of life of people with MCI and AD, in particular, can

be measured and evaluated. Research suggests that according to these measures the most

effective interventions are aimed at improving functional status of individuals as measured

through IADL and ADL performance.

As barriers to independence are lowered, quality of life improves. With independence

comes decreased reliance on caregivers and long-term care facilities. This subsequently can

have the effect of lowering the economic impact of aging which, research has demonstrated,

is driven primarily by the cost of long-term health care.

Therefore, an ideal Assisted Cognition solution will take into consideration the caregiver

as well as the patient, will promote independence, social interaction and physical well-being.
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Chapter 3

ASSISTED COGNITION AS ASSISTIVE TECHNOLOGY

Assistive technology can take many forms. Traditionally it has been in the form of

physical assistance as seen in wheelchairs, canes, special elevators, better ergonomics, etc.

However, Assisted Cognition refers to a different type of assistive technology. This is assistive

technology that attempts to merge sensor networks and artificial intelligence to produce

systems that compensate for cognitive deficiencies in their users. The cognitive deficiencies

might span a range from errors made by high functioning people to those made by people

suffering from advanced dementia.

Different points on the spectrum have different challenges. A high functioning individual

may make subtle errors which are hard to detect but easy to communicate to the user when

discovered. Cognitively disabled individuals may make clear errors, but pose a more difficult

user interface challenge in communicating the correct course of action. Additionally, as an

individual suffers from greater dementia, physical assistance frequently becomes a significant

component of the user’s needs, such that a reasoning system will necessarily require physical

augmentation in order to help.

3.1 Goals

Given these factors, Assisted Cognition potentially has the ability to be useful for a spectrum

of assistance [97]:

• Logging: Keeping track of what happened over a given period of time. This might

be as simple as instrumenting particular physical events, such as knowing when the

telephone is used as a proxy for social contact, or instrumenting the front door to

immediately detect wandering behavior. It might also entail complex probabilistic

evaluations of combinations of occasionally faulty sensors to develop an overall picture
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of accomplished activities. This type of information would be useful for remote care-

givers, or for self-analysis by the patient themselves. Depending on the quality and

focus of the logs it may also be helpful for clinicians who are treating the patient

medically.

• Rating: Not just knowing what has happened, but evaluating how well an activity

was performed. This is more involved than simply determining if the user, for example,

did the laundry. It involves a judgment of whether the correct steps were carried out,

whether the right tools were employed, and if they were employed with the right

sequence and timing. This may also include a fine-grained grading which details a

spectrum of successful activity accomplishment. This is potentially a challenging task

because as an activity is done less and less correctly it may be harder to determine

what the intended activity was. At an extreme, for example, if a person walks into a

kitchen and takes no more action, it would be impossible to rate the intended activity

without external information.

• Trending: Evaluating how performance is changing over time. If a person is getting

better at performing an activity then perhaps they are learning new skills. If the per-

son’s performance is degrading, then that might be an indication of cognitive decline

or the onset of MCI [77]. Trending could be a complicated analysis that takes into

account frequency of activity accomplishment and acceptable variations in “identical”

performance of an activity.

• Evaluation: Reasoning about activity performance. This presumes the ability to rate

an activity, but additionally includes an analysis of how the activity was substandard

and what could be done to improve performance or efficiency.

• Guidance: Providing feedback about the results of evaluation. This might require so-

phisticated reasoning of which aspects of performance are most important to improve.

This also implies an understanding of the best way to communicate activity deficien-

cies and a way to partition feedback to the user into comprehensible and mentally
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digestible chunks.

• Actuation: Performing an activity for the user. This is a complicated decision to

make because on the one hand a system that removes all burden of action from the

user threatens to hasten cognitive decline. On the other hand there are obvious times

when a system could take positive steps to improve the immediate safety and security

of the user: locking the doors at night after the user has gone to sleep, or turning off

the stove if the user has left the house without doing so. The question of whether

the action should be a reminder to the user or the action itself may complicate this

process.

3.2 Related Work

There are a number of research groups that have made progress on developing assistive

technology with an element of cognitive reasoning:

3.2.1 Location, Navigation and Way-Finding

Location sensing technologies are naturally a precursor to navigation tracking and support.

Hightower and Borriello present a survey of these technologies, place them in a conceptual

framework, and discuss their performance in [62]. Most location context research traces

its conceptual origins to work at Xerox PARC that integrated location information with

applications, typically to support information workers [3, 128, 145].

One different but popular class of location-aware applications are tour guide projects,

one vision of which is put forth under the name of “Cyberguides” [2]. Several systems of

this class have been attempted including Campus-Aware [27] and the GUIDE project [31].

The Place Lab initiative [127] is a project designed to make outdoor Wi-Fi localization

ubiquitous through mass collaboration. Such a system would augment or replace other

specialized location sensing hardware so that any location service such as those explored by

the ActiveCampus project [55, 56] can be made broadly available.

Outdoor localization on highly resource constrained devices based on radio signals has

been proposed and explored in the RightSPOT project [84].
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Location sensing technologies can be combined in a process known as sensor fusion in

order to provide more reliable or accurate position information [12, 22, 39, 65]. A sin-

gle sensor can be augmented with a user model, possibly learned, to improve it’s accu-

racy [11, 34, 59, 76, 85]. Data from multiple users can help speed the learning of user

models [10]. Then sensor fusion, and user modeling can be combined with sophisticated

inference technologies and external knowledge to achieve even better results [64, 93, 131].

Some of these inference technologies include, the abstract hidden Markov model which

uses hierarchical representations. These have been demonstrated to efficiently infer a per-

son’s goal in an indoor environment from camera information [25]. These models have

been, extended to include memory nodes, which enables the transfer of context information

over multiple time steps [24]. Complementary to this work, Liao et.al. [91], presented a

discriminative model to automatically classify significant places and activities based on the

framework of relational probabilistic models [52, 141].

Nursebot

Nursebot [29] is a project at Carnegie Mellon University that provides a robotic platform

for delivering navigation assistance to the elderly. This robot is envisioned to operate under

the auspices of a community living home and helps users make it to appointments on time

and provides directions to get there as well. Nursebot has the advantage of being able to

provide an element of physical assistance as well since it is embodied in a physical artifact.

Nursebot requires caregiver support to update its understanding of the world, for ex-

ample, the remote location of people and the state of their schedules. Since it is a robotic

platform it only makes use of sensors embedded on the robot, although, in principle extend-

ing the robot’s knowledge to a network of distributed sensors would be possible. As with

many robotic platforms it also suffers from a short working time due to short battery life.

Nursebot’s navigation is based on robotic mapping technology and laser range finders.

Potential destinations are identified on a known map. When an elderly individual indicates a

potential destination, Nursebot plans a route to the location and executes the plan. The plan

is updated according to real-time laser range finder inputs which help to regularly update
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the position of the robot and the robot’s knowledge of the people in the environment.

IMP

Closely related to Nursebot is IMP [104], a walker that has been augmented with a laser

range finder and navigational reasoning. It operates using a map that has been built using

SLAM technology [102]. When a user wants to go somewhere in the mapped facility, they

can indicate their destination on an attached computer and a path-planning algorithm will

guide the user to the destination using an arrow. On board sensors monitor progress and

assist the user in getting to their destination.

One of the design decisions that this system made was to navigate a person directly

through the use of a displayed arrow. This puts a high burden on the navigational system

and sensor suite to avoid leading its users into dangerous environments that can not be

sensed by the walker. This is probably not a large concern for controlled environments such

as nursing homes, but would be a problem for transportation assistance outdoors.

3.2.2 ADL Tracking and Support

There are many research groups that are applying mobile and ubiquitous computing to the

goal of aging-in-place.

Helal and Mann at the University of Florida’s Mobile and Pervasive Computing Labora-

tory have several projects that are directed at cognitive assistance for the elderly, including

meal preparation assistance [18] and preliminary research into using a cell-phone as a cog-

nitive assistance [28, 60].

Jimison and Pavel, at the Oregon Health Sciences University, have done work on using

computer-based tasks to identify changes in the cognitive status of elders [74]. Such a

system would support early recognition of MCI or other health problems that might impact

cognition.
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Wearable Activity Recognition

There has been much recent work in wearable computing that has been along the same

lines as BARISTA, namely justifying the value of various sensing modalities and inference

techniques for interpreting various aspects of context. This work ranges from unimodal

evaluations of activity recognition and social context from audio [32, 137, 138] , video [48],

and accelerometers [75], to multi-modal sensing which included these and other sensors [81]

and some which has attempted to optimize sensor selection for arbitrary activity recogni-

tion [33]. A theme of much of this recent work is that “heavyweight” sensors such as machine

vision can be replaced by large numbers of tiny, robust, easily worn sensors [66, 139].

Autominder

Autominder [98] is a planning assistance system that is designed to help a user meet their

scheduling goals in the presence of conflicting or overlapping goals. Autominder was orig-

inally part of the Nursebot project and supported the process of helping Nursebot’s users

identify where they needed and wanted to be. One of the key aspects of Autominder’s plan

reminder system is a balance that is struck between trying to alert a user to the potential

for missing an appointment versus not being overly aggressive in its reminding behavior.

Similar to Nursebot and IMP one of the primary limitations of this system is that it

doesn’t have knowledge of the physical environment and requires a user or caretaker to input

information about the plan state in the physical world. (e.g. such as when a medication has

been taken, or the user has completed using the bathroom)

House n

Stephen Intille at the MIT House n project has focused on three aspects of cognitive assis-

tance.

The first is the development of an instrumented condominium for studying activity

recognition in a naturalistic environment, called the PlaceLab [71]. This space is designed

as a living laboratory from which experiments in activity recognition can be conducted in

a naturalistic manner. From this line of research a variety of activity recognition research
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has been published which explore how simple sensors can be used to recognize activities

as they are being performed [14][140]. This work has focused primarily on making activity

logging a practical success and has focused on accelerometers and simple switches as the

environmental sensors.

The second research direction are efforts to provide “just-in-time” guidance for people

to make decisions that will have a positive impact on their health [70]. It presumes that

a context sensitive computer system can identify some activity of a user and give them

feedback quickly enough that they can adjust their activity to a more healthy one. The first

work along these lines has focused on very simple state recognition system that determines

whether people are taking stairs versus an adjacent escalator and projects messages designed

to encourage taking the stairs.

The final research direction is the development of tools that support researchers in

determining what activity an individual is actually engaged in. Such work is essential

to evaluating activity recognition systems. This style of sampling what activity a user is

engaged in is called context-sensitive experience sampling because it uses limited sensors to

determine when targeted activities might be underway and then uses those cues to ask the

user what activity he or she is engaged in.

COACH

Another activity recognition system that addresses logging, rating, evaluation, and guidance

is the COACH system (Cognitive Orthosis for Assisting aCtivities in the Home). This

system has been developed my Alex Mihailidis at the University of Toronto to assist people

with advanced dementia with hand washing.

COACH is an adaptive device which learns using Markov decision processes for how

best to guide a user through the process of washing hands. The sensor input for this task

is an overhead camera located over the sink which is processed, primarily for the location

of relevant objects, and then becomes the source of information for the decision process.

This work is noteworthy, in particular for its use of verbal prompts that increase in

specificity as the user becomes less and less likely to achieve the goal of hand washing. Of
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all the systems mentioned here it targets individuals with the most severe forms of dementia.

Although the system promises to be extensible to other activities, at this time it only

recognizes and prompts the hand-washing activity [99].

STAR

Researchers at Carnegie Mellon University have been developing logging applications that,

like Intille’s work, focus on using simple sensors to identify the location and future motion of

people in an apartment. Using an apartment outfitted with 49 simple sensors and a trained

motion model they were able to determine the location of three people in the apartment

correctly between 85% and 98% of the time. [151]

Intel Research Seattle

Intel Research Seattle has been working with a multi-sensor board that provides many more

sensors than researchers have typically evaluated up to this point. This worn sensor has

a video camera, audio sensor, light sensor, barometer, accelerometer, and digital compass.

The focus of this work has been on determining which of the many hundreds of features that

these sensors provide give the most information regarding the activities that the wearer is

undertaking.[33]

They are also close collaborators with the RFID based ADL recognition systems de-

scribed in this thesis.

Digital Family Portraits

A different class of work has focused on taking streams of sensor information, identifying the

activities that are currently underway and attempts to digest them for use in communicating

the status of an elder. This work assumes the capability of logging and is studying how to

provide appropriate guidance. In this case the guidance isn’t to the user of the system, but

rather it is focused on the care givers of the observed individual. The focus of this type of

work so far has been on user-interface and design.

Researchers at Georgia Tech have developed the concept of the digital family portrait
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that is designed to compensate for the casual day-to-day contact that remote family mem-

bers are unable to experience with an elderly family member who in some way relies on the

remote relative for care.

This device takes the form factor of a picture frame with a picture of the individual that

is being monitored in the center. Around the outside are icons that aggregate aspects of

activity for a given day and present an ambient sense of how well the day is going for the

senior [108].

Computer Supported Cooperative Care

Intel Research Seattle [36] has taken this concept and extended it to include more depictions

of sensing information with a focus on provided user-centered design techniques. Rather

than just displaying aggregate information about a person’s day, this system allows the

remote user to drill down on any given day to find specific information about the source of

the aggregation, or any messages the senior might want to provide to their caregiver. All

of this is done under the auspices of privacy policies that are controlled by the senior.

3.2.3 Commercial Cognitive Support

PEAT

PEAT [90, 114] is a commercial product that has many of the same goals as Autominder.

It is built on a PDA platform and it’s goal is to help individuals who experience difficulty

formulating and following a plan. Like Autominder, it is more than a calendaring system

as it actually schedules, alerts and follows up with a user’s execution, although the re-

scheduling is somewhat less sophisticated than Autominder.

PEAT also requires users to enter data about their schedule and continuously update

their schedule with performance information. It also has no sense of a user’s context other

than what the user has provided through the PDA interface.
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Bath Institute for Medical Engineering

This group has developed a number of prototype commercial applications of cognitive de-

vices and collaborates with Dementia Voice, a dementia services center for the southwest of

England, and Housing 21, a UK housing association [18].

Some of their projects include:

• Cooker Monitor: An instrumented stove that monitors for dangerous situations

such as gas leaks, smoke, or burning pans. This stove reacts to dangerous situations

by shutting down the gas flow and sending a text message alert.

• Locator: A misplaced object finder.

• NightLight: A light that turns on automatically when an individual gets up. This

is triggered by weight in the bed rather than motion.

• Tap Monitor: An instrumented faucet that controls temperature and prevents flood-

ing.

• Time Orientation: A programmable display designed for displaying textual and

image-based reminders.

Wandering Alert and Monitoring Systems

A number of companies have attempted, with varying success, to create wander alert sys-

tems. Some have been stand alone systems such as Digital Angel [42] and others have been

integrated into smart assisted-living environments such as with Elite-Care assisted living

homes [45]. The company Independent Living has an installable system that promises to

monitor both ADLs and wandering and alert a caregiver when programmed parameters are

exceeded [94].
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3.3 Summary

In summary, there are a number of different ways in which assistive technology can assist

users and the user’s care networks. They span the range of assistance from logging activities

to actually performing activities for the individual. Many research groups are making

advances on assistive technology that, like AC , include elements of cognitive support for

their users. As the user base for cognitive assistance grows, more of these research efforts

will likely find their way out of the lab and into commercial consumer-grade technology.



38

Chapter 4

ASSISTING OUTDOOR NAVIGATION

A central theme in ubiquitous computing is building rich predictive models of human be-

havior from low-level sensor data. One strand of such work concerns tracking and predicting

a person’s movements in outdoor settings using GPS [11, 22, 39, 62]. But movement and

location are only a small part of a person’s state. Ideally we would recognize and predict

the high-level cognitive intentions and complex behaviors that cause particular physical

movements through space. Such higher-order models would both enable the creation of

new computing services that autonomously respond to a person’s unspoken needs, and sup-

port much more accurate predictions about future behavior at all levels of abstraction and

beyond just physical location.

4.1 The Case for Outdoor Navigation

We have seen in previous chapters that successful independent living requires an individual

to be able to complete IADLs with minimal assistance and prompting (e.g., [13]). Any

IADL that takes place outside the home has, as a prerequisite, the ability to successfully

navigate to some location. Shopping, going to a doctor’s office, attending social events such

as church or clubs all presume that an individual can get somewhere. Mobility is key to

leading an independent life.

For the elderly or people with cognitive disabilities, driving themselves is frequently not

an option. This might be because they have additional challenges such as poor vision, or

other uncompensated physical disabilities. They might not be able to drive because they

are unable to afford a vehicle, or the scope of their cognitive abilities might preclude safe

driving. For many of these individuals, mobility in the community means using public

transportation. It is key to their social life, their employment, and their ability to receive

goods and services.
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Public transportation can also have a substantial cognitive load associated with it, partic-

ularly for routes that are taken on an irregular schedule or require navigating a multi-modal

public transportation infrastructure. This type of trip may be too daunting, too dangerous

or too complicated for someone with a cognitive deficiency.

There is often no choice in these situations, but for them to give up their potential

future independence and be under direct supervision of their care givers or family members;

a healthy individual is needed to detect situations where a mistake made by a cognitively

disabled person may cause distress or harm.

Thus, the inability to safely use public transportation harms their quality of life as well

as that of their formal and informal support network [36, 87, 88]. However, if impaired

individuals had effective compensatory cognitive aids to help them use public transporta-

tion, their independence and safety would improve, they would have new opportunities for

socialization and employment, and stress on their families and care givers would be reduced.

Fortunately, our public transportation infrastructure is quickly becoming one of the best

sources of sensor data information. Many municipalities provide real time information about

the location of buses [83, 110]. Online trip planners, bus schedules, ferry schedules, maps

and fare information are increasingly available. These sources are rapidly evolving from

a simple static reference for people to a dynamic machine-readable source of information.

Once the information is machine-readable, new opportunities to integrate the data into

complicated automatic reasoning systems become possible. The work that is described in

this and the next chapter fits this category.

Because of the cross-cutting value which transportation provides for IADL completion,

and because advanced sensor systems and real-time information is increasingly available for

these infrastructures, outdoor public transportation navigation is an excellent target for an

Assisted Cognition solution.

4.1.1 More Than a Route Planner

This idea is substantially different than the direction services that are currently available

on the web [54, 96]. Those services provide driving directions from one location to another
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location. The GPS enhanced analog which is available in car navigation systems, monitors

a users progress on such a route and provides information on upcoming changes in direction.

(“Turn right on 1st Ave”).

In contrast to these services, the solution we are proposing is user-centric, not vehicle-

centric. It does not travel with a car. It is designed to reside on and stay with a person.

This implies that the device has to function across multiple modalities of transportation

including walking, driving and using buses and other public transportation services.

Additionally, because our target audience is cognitively disabled, this solution should

not require a user to program a starting or ending destination. The starting destination

is always available because the system is aware of the user’s current location through a

position sensor and rather than programming a destination address, the user selects one

of a small number of possible final destinations from an iconic list. These destinations are

learned and never require a user to use the portable device to enter address information.

4.2 Design Challenges

Although our proposed solution would have value to a particular audience, there are some

design decisions that could doom such a system to failure that are worth discussing.

4.2.1 Accuracy of Positioning Systems

Although there are a number of different positioning technologies, which are available for

both indoor and outdoor use [61], the only truly ubiquitous positioning technology that is

currently deployed is GPS. GPS provides accuracy on the order of 5m 95% of the time [61].

While this is excellent for positioning an oil tanker that is in the middle of the Pacific

Ocean, it is not sufficient resolution to determine which side of the street an individual is

currently standing on. Furthermore, GPS receivers experience substantial warm-up latency

when transiting from an indoor to an outdoor environment while the electronics lock on to

available satellite signals. Although more accurate GPS-based systems exist, they are not

sized practically for a device that is regularly carried by a user.

The combination of coarse granularity (at the scale of a user) and latency makes some
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approaches to navigation untenable.

4.2.2 Following Arrows Considered Harmful

Our early attempts at solving this problem demonstrated that a navigation aid that attempts

to explicitly route an individual with the use of an arrow is fraught with problems. This is

the technique that some related work in the literature suggests for routing a user [104], but

we believe that this will ultimately fail outside the most controlled environments.

Using an arrow to guide an individual is a dangerous proposition. It will not take much

time in the real world before such an arrow will point someone into the middle of a busy

intersection or off the edge of a steep incline. Using the arrow as an interface removes too

much reasoning from the user. It would be easy for one to follow the arrow, have one’s mind

wander, forget about the surroundings and meander into harm.

Fundamentally an arrow-based solution assumes two things that are unlikely to be true

anytime in the near future: highly accurate positioning systems and comprehensive knowl-

edge bases.

4.2.3 Comprehensive Knowledge

Even with a perfectly accurate positioning system, a prototypical arrow-based guidance

system is still not well-founded. Producing directional guidance will have to be based on

some knowledge of the environment. There will never be sufficient information to generate

such directional guidance.

Simply having a map is not good enough because the device can not accept responsibility

for making bad decisions based on inaccurate or incomplete map data. A perfect and

complete map coupled with a perfect positioning system still won’t address challenges like

timing an individual to cross the street when the light is green or, further, avoiding a car that

is inadvertently ignoring the corresponding red light. Similar problems arise in situations

such as trying to reason about a locked door. An arrow-based navigation system would

have to have information about the user’s access to a key.

These are all challenges related to trying to provide situational reasoning assistance
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which may be fundamentally insurmountable. The solution is to present relevant informa-

tion to the user in a way that acknowledges the uncertainty in the inference and requires

active participation from the user. Rather than pointing the user across a busy intersec-

tion, presenting a command to “Cross 1st Ave when safe” keeps the onus of safety on the

user. Rather than worrying about whether a user has a key, presenting a route to the user

and reminding them that they need a key to get through a relevant door would solve the

problem. Rather than reasoning about the presence of bus fare, telling the user the cost of

executing the public transportation plan that the system has calculated for them eliminates

the need for hard-to-obtain knowledge.

4.3 The Activity Compass Vision

In the next chapter we will focus on the technical details of learning how a person uses

different kinds of transportation in the community. We use GPS data to infer and predict

a user’s transportation mode, such as walking, driving, or taking a bus. The learned model

can predict mode transitions, such as boarding a bus at one location and disembarking at

another. We will show that the use of such a higher-level transportation model can also

increase the accuracy of location prediction, which is important in order to handle GPS

signal loss or preparing for future physical delivery of services.

A key to inferring high-level behavior is fusing a user’s historic sensor data with general

commonsense knowledge of real-world constraints. Real-world constraints include, for ex-

ample, that buses only take passengers on or off at bus stops, that cars are left in parking

lots, and that cars and buses can only travel on streets, etc.. We will incrementally present

a unified probabilistic framework that accounts for both sensor error (in the case of GPS,

loss of signal, triangulation error, or multi-path propagation error) and commonsense rules.

Although this work has broad applications to ubiquitous computing systems, we will

call our motivating application the Activity Compass. This is a device that helps guide a

cognitively impaired person safely through the community [112]. The system notes when

the user departs from a familiar routine (for example, gets on the wrong bus) and provides

proactive alerts or calls for assistance. The Activity Compass and it’s successor, “Opportu-
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nity Knocks” (OK) 1 are examples of Assisted Cognition solutions which use probabilistic

models of human behavior to help users [78].

This system holds promise for a wide range of individuals. The ultimate target is people

with Alzheimer’s disease, but mentally retarded individuals and individuals with traumatic

brain injury are also potential beneficiaries of this system. The latter two groups serve as a

valuable transitional model, since they may be unable to use public transportation due to

short-term confusion or memory lapses, but generally show stable levels of cognitive ability

over time. They frequently are employed, and are either using specialized transportation

services or using public transportation with marginal efficacy. Ultimately we hope to be

able to help even high functioning people who inevitably make mistakes.

The follow-on name to the Activity Compass, “Opportunity Knocks,” is derived from the

desire to provide our users with a source of computer generated opportunities that remind

them of previous transportation routes and correct simple errors before they become dan-

gerous errors. When the system has determined that an especially important opportunity

has made itself available, it plays a sound like a door knocking to get the user’s attention.

Less critical opportunities are simply displayed if the user expresses interest. We desire to

support existing cognitive capacities, not replace them, by helping users to remain engaged

in their transportation decisions. This ameliorates the risk of hastening cognitive decline

and removes some liability in the case of device failure.

Although in this thesis we focus on a system that assists cognitively impaired people,

the techniques we present can be applied to any user-centric location-based service that

would benefit from probabilistically predicted location information (e.g., just-in-time traffic

information for specific routes, home climate and appliance control, or reminders for errands-

of-convenience).

1In other publications the Activity Compass refers to work that does not take destination into account
when reasoning. OK reasons with destinations in mind. In this thesis, the distinction is less dramatic.
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4.4 Scenario: Eileen goes to Ted’s House

In order to ground our system, we present a fictitious running example that will help

illustrate the most important features of our system:

Eileen has a physical therapist at a nearby university campus, whom she visits on a

bi-weekly basis. After one such visit, Eileen finds herself exiting the building uncertain of

which way to proceed. After a few minutes of hesitation, she reaches for her phone and

invokes OK. OK offers images of three destinations that she typically travels to after the

therapist visit: her home, a grocery store, and the house of her friend Ted. Eileen selects

her home and the system suggests her typical route: it provides instructions to find the

nearest bus stop and tells her to wait for bus number 372.

Bus number 68 arrives first. Since this is the bus that Eileen normally takes to the

grocery store, she accidentally boards it instead. Its route initially coincides with that of

number 372; while OK can identify that she is on a bus, it is unable to detect the identity of

the bus. It remains silent as it observes that Eileen is moving toward home in the expected

manner. When the bus suddenly turns west after some time, following the bus route to the

grocery store, her phone makes a knocking sound and alerts her that she should get off at

the next stop. At that point, it directs her back a few hundred feet to a bus stop where she

can board the next 372 bus. This time she gets on a correct bus and arrives home safely.

4.5 System Architecture

In order to support Eileen in the way we describe in the previous scenario, several technical

pieces have to be composed. First, we describe the overall architecture of the system before

discussing the individual components in detail.

Figure 4.1 diagrams our overall system architecture. The data flow of our system starts

at a sensor beacon that is carried by a user. The sensor samples the environmental context

of the user and forwards this information over a secure Bluetooth connection to the cell

phone. The cell phone initially acts as a network access point and again forwards the

context information to a remote server over the high-speed GPRS data network. The remote

server, which is running the OK software, uses the sensor information in conjunction with
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Figure 4.1: Architectural Diagram of Opportunity Knocks.

Geographic Information Systems’ (GIS) databases to localize the user. When the software

has sufficient confidence in the position of the user, it is then able to suggest opportunities

about which the user may want to know. These opportunities are sent back to the cell phone

for display through the user interface. If an urgent opportunity, such as a plan for recovering

from boarding the wrong bus, is recognized, the phone proactively alerts by making a door-

knock sound; otherwise the phone remains passive with information available for reference

by the user. If the user selects an opportunity, such as a route to a frequent destination, the

cell phone requests supporting information from the server, which may require referencing

real-time information about bus schedules.

4.5.1 Cell Phone

We chose a cell phone as our client hardware because of its role as a defacto standard for a

portable computing device. It has inherent value that is related to its primary function as

a phone and for many people it is as common to carry as a wallet or a purse. As a result,

it is likely to be a familiar, non-stigmatizing method of delivering assistive services. In the

cell phone market there is a spectrum of products available, which spans from a traditional

phone on one end, to a Personal Digital Assistant (PDA) on the other end. We opted for

devices that were more like traditional phones rather than “smart-phones” because of their

ubiquity, simple interface, and limited maintenance requirements. Cell phones also offer the

promise of a cross-platform development environment which would enable an application

written for the J2ME (Java 2 Micro-Edition) platform to work on any compliant phone.

Our system currently uses a Nokia 6600 cell phone. The Nokia 6600 phone is a GSM
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phone that has a wide-range of features required by our system. First it supports the J2ME

Mobile Information Device Profile (MIDP) 2.0 that provides support for secure networking,

serial port connection support, and the Application Management System — a push registry

that enables authorized applications to be launched remotely. Some model specific features

of the phone that we utilize include a high-resolution (176 x 208 pixels), high color (16-

bit) screen, a digital camera, Bluetooth support, and high-speed data network capabilities

(GPRS). Under continuous operation our system lasts approximately 4 hours.

4.5.2 Sensor Beacon

The sensor beacon, which our users are required to carry, is a physically separate unit from

the phone. We intend for users to place the sensor beacon in a purse, on their belt, in a

backpack or on a wheelchair while transiting. In the future, it appears imminent that at

least a simple GPS sensor will be incorporated into the phone itself [47] eliminating the

need for a separate sensor beacon.

Currently, however, OK utilizes two different beacon implementations, both of which

broadcast exclusively GPS information. One is a commercial package available from Socket

Communications Inc. [135], shown at the top of Figure 4.2. This device measures 50x90x16mm,

and contains a rechargeable six-hour battery.

The second is a custom-made device shown at the bottom of Figure 4.2 that utilizes

a Bluetooth serial profile broadcaster and connects to an ATmega 128 processor. The

ATmega processor functions as a communication gateway, controlling the multiplexing of

several sensors, packaging of the data and sending it to the cell phone via Bluetooth. Our

custom system will enable prototyping new sensors (e.g., digital compass, accelerometer,

Wi-Fi localizer) in response to new research and our user studies.

4.5.3 Alternative Design Strategies

This system architecture is based on distributed design. This enables specialized devices to

be connected in a way that leverages each of their strengths: The GPS beacon provides loca-

tion, the phone provides communication, and the desktop provides computing horsepower.
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Top: picture and schematic of off-the-shelf sensor beacon. Bottom: schematic of
custom-built sensor beacon.

The drawback of such an architecture, however, is that it is prone to many single points

of failure. If the GPS unit loses synchronization with the satellites, position estimation

begins to degrade. The Bluetooth implementations for most platforms are not designed to

be fault tolerant - once a connection is lost the entire application has to be restarted just to

reinitialize the Bluetooth connection. If the cell-phone loses connectivity a similar problem

occurs. Many of these problems would be avoided if all of the components were built into

one device. Unfortunately such a device is not available today.

4.5.4 User Interface Concept

Based on exploratory interviews with members of our target community, we have focused

on a simple user experience. When the user desires transportation assistance, she refers

to her phone and observes up to four images of predicted destinations (in Section 5.5 we

describe how this selection is made). If she would like to go to one, she selects it. If the

system has observed the user going to this destination in different ways, for example by

foot and by bus, it will prompt her for the method she would currently like to take. The
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previously observed route is then provided in text form.

The system will not present destinations to which the user hasn’t previously traveled,

but it will allow the user to select a familiar destination even if it has never observed the user

getting there from the current location. In this case OK presents a route that is based on a

real-time bus route planning service provided by the local transit authority (e.g., [82, 146]).

Notably in the course of this interaction the user didn’t have to provide any information

about where she was, and only a very small amount of information about where she wanted

to go, yet the system was still able to route her effectively.

There are two occasions in which the phone might become proactive and make a knocking

sound. The first is when the system has high confidence that a novel or erroneous event has

occurred (independently tunable). The second is when the system identifies that you are at

a new significant location. We discuss the details of the second alert in the next section.

Position to Place

Our system interfaces with the user by suggesting destinations that it has high confidence

she is heading toward, and then routing her to that destination. It would be insufficient to

present destinations as GPS latitude/longitude positions, and infeasible to require the user

to enter a description for every interesting position on a cell-phone keypad.

Ideally, we would like to produce place descriptions automatically. This, however, is

recognized as a difficult open problem [38, 63]. When attempting to create a meaningful

label for a place, it is clear that the purpose of the labeling and the perspective of the

labeler quickly dominate the proposed ontology. Should a description of place focus on

demographics, land use, administrative use, functional use, or personal memories of the

place? What happens when multiple ontologies define a region in different ways, or don’t

even separate the region in the same way? And which way is the best way for the current

user?

To solve this problem we investigated a novel use of the camera phone. Since our system

is monitoring the user’s location, it is able to recognize when she has spent a sufficient

amount of time in a location to call it significant. When this condition is met, the camera
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phone alerts the user to take a picture that captures her location. In the future, whenever the

system wants to refer to that location, rather than trying to call it something in particular,

it simply uses the photo to identify the spot. The advantage of such a system is that the

user can decide what is meaningful about their location and can take a picture which reflects

that.

4.6 Summary

In this chapter we have described an argument for a valuable Assisted Cognition solution. It

addressed the problem of public transportation usage for the cognitively disabled as an en-

abling tool for the completion of many IADLs. We have presented our design decisions and

the rationale behind them and presented a distributed system architecture as an implemen-

tation. Our design uses commercial off-the-shelf technology that, at least as a prototype,

can meet the needs of our proposed transportation scenarios.
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Chapter 5

MODELING OUTDOOR ACTIVITIES

5.1 Modeling User Transportation

Given the design goals and perspectives introduced in the previous chapter, we now proceed

to develop a system to model user transportation, first for inference and eventually for

prediction and assistance.

Our approach is built on recent successes in particle filters, a variant of Bayes filters for

estimating the state of a dynamic system [44]. In particular we will show how the idea of

graph-constrained particle filtering introduced in [93] can be used to integrate information

from street maps. Our extensions to this technique include rich user transportation state

models and the inclusion of multiple kinds of commonsense background knowledge. We

introduce a three-part model in which a low-level filter continuously corrects systematic

sensor error, a particle filter uses a switching state-space model for different transportation

modes (and further for different velocity bands within a transportation mode), and a street

map guides the particles through the high-level transition model of the graph structure.

We will additionally show how to apply Expectation-Maximization (EM) to learn typical

transportation patterns of a user in a completely unsupervised manner. The transition

probabilities learned from real data significantly increase the model’s predictive quality and

robustness to loss of GPS signal.

5.1.1 Tracking on a Graph

Our approach tracks a person’s location and mode of transportation using street maps

such as the ones being used for route planning and GPS-based car tracking. We make the

assumption that whenever a person is transiting, they are traveling on or next to a mapped

road or path. More specifically, our model of the world is a graph G = (V,E) that has a set,
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V , of vertices and a set, E, of directed edges. Edges correspond to straight sections of roads

and foot paths, and vertices are placed in the graph to represent either an intersection, or

to accurately model a curved road as a set of short straight edges. To estimate the location

and transportation mode of a person we apply Bayes filters, a probabilistic approach for

estimating the state of a dynamic system from noisy sensor data. We will now briefly

describe Bayes filters in the general case, show how to project the different quantities of the

Bayes filter onto the structure represented in a graph, and then discuss our extensions to

the state space model.

Bayesian Filtering on a Graph

Bayes filters address the problem of estimating the state, xt, of a dynamic system from

sensor measurements. Uncertainty is handled by representing all quantities involved in the

estimation process using random variables. The key idea of Bayes filters is to recursively

estimate the posterior probability density over the state space conditioned on the data

collected so far. The data consists of a sequence of observations, z1:t, and the posterior over

the state xt at time t is computed from the previous state, xt−1, using the following update

rule (see [16, 44] for details):

p(xt |z1:t) ∝ p(zt |xt)
∫
p(xt |xt−1) p(xt−1 |z1:t−1)dxt−1 (5.1)

The term p(xt | xt−1) is a probabilistic motion model of the object dynamics (the user’s

transportation motion in this case), and p(zt | xt) describes the likelihood of making obser-

vation zt given the location xt, called the sensor model.

In the context of location estimation, the state, xt, typically describes the position and

velocity of the object in 2D-space. When applying Bayesian filtering to a graph, the state

of an object becomes a triple xt = 〈e, d, v〉, where e ∈ E denotes on which edge the object

resides, d indicates the distance of the object from the start vertex of edge e, and v indicates

the velocity along the edge [93]. The motion model p(xt | xt−1) considers that the objects

are constrained to motion on the graph and may either travel along an edge, or, at the

endpoint of the edge, switch to a neighboring edge. To compute the probability of motion
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from one edge to another, the graph is annotated with transition probabilities, p(ej | ei),

that describe the probability that the object transits to edge, ej , given that the previous

edge was ei and an edge transition took place. Without other knowledge, this probability

is a uniform distribution over all neighboring edges of ei.

Our work builds on graph-based Bayesian tracking by hierarchically extending the state

model. We add a higher level of abstraction that contains the transportation information

and a lower level sensor error variable. The resulting state, xt, consists of the variables

shown in Fig. 5.1. The presence of a bus stop near the person is given by the binary

variable bt, and the presence of a parking lot is modeled by pt. The mode of transportation,

denoted mt, can take on one of three different values

mt ∈ {BUS,FOOT,CAR}.

vt denotes the motion velocity, and the location of the person at time t is represented by

lt = 〈e, d〉. ot denotes the expected sensor error, which in our current model compensates

for systematic GPS offsets. Finally, at the lowest level of the model, raw GPS sensor

measurements are represented by gpst.

Tracking such a combined state space can be computationally demanding. Fortunately,

Bayes filters can make use of the independences between the different parts of the tracking

problem. Such independences are typically displayed in a graphical model like Fig. 5.1. A

dynamic Bayes net [40, 106], such as this one, consists of a set of variables for each time

point t, where an arc from one variable to another indicates a causal influence. Although all

of the links are equivalent in their causality, Fig. 5.1 represents causality through time with

dashed arrows. In an abstract sense the network can be as large as the maximum value of t

(perhaps infinite), but if one desires to do online inferencing under the assumptions that the

dependencies between variables do not change over time, and that the state space conforms

to the first-order Markov independence assumption, it is only necessary to represent and

reason about two time slices at a time. In the figure the slices are numbered t − 1 and t.

The variables labeled gps are directly observable, and represent the position and velocity

readings from the GPS sensor (where a possible value for the reading includes “loss of
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Figure 5.1: Dynamic Bayes net model of the transportation domain

Two-slice dynamic Bayes net model of the transportation domain, showing dependencies
between the observed and hidden variables. Observed variables are shaded. Intra-temporal

links are solid, inter-temporal links are dashed.

signal”). All of the other variables — sensor error, velocity, user location, mode, and the

presence of a parking lot or bus stop location — are hidden variables whose values must be

inferred from the raw GPS readings.

The dependencies between the nodes in Fig. 5.1 can be quite complex. The GPS reading

at each time point is influenced by the local sensor error and the user’s actual velocity and

location. The location at time t only depends on the person’s previous location and the

motion velocity. Note that GPS is explicitly not considered to provide the true user location;

urban interference, map reference point errors, GPS error and sensor failure all cause the

true location to be a hidden variable. The sensor offset correction node ot is used to reason

about errors in the GPS readings that are systematic over time and location. This node

maintains a probability distribution over corrections to the GPS signal, which are caused

by multi-path propagation error and/or dynamic satellite geometry. The node updates

its belief state by comparing GPS readings to the street map to gradually adjust to local

variations in signal offset.

A more complex relationship governs how the mode of transportation influences the
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instantaneous velocity (see figure 5.2). The influence of mode on velocity is complicated

by the fact that the range of possible instantaneous velocities for each mode overlap. For

example, movement at 7 km/hr may be a brisk walk or a slowly moving car or bus. To

simplify the relationship between mode and velocity we model the continuous velocities using

the Gaussian mixture shown in Fig. 5.2. A separate unsupervised Expectation-Maximization

(EM) process determined the parameters of these probability densities using real velocity

data. Our model assumes that velocities are drawn randomly from these Gaussians, where

the probability of drawing from a particular Gaussian depends on the mode. For example,

the walking mode draws a speed from the left-most cluster with high probability. In the bus

mode, the person has a uniform chance of being in each of the three slowest velocity clusters.

In our current approach, the probabilities for the Gaussians in the different transportation

modes were set manually based on external knowledge. Learning the weights of the mixture

components depending on the transportation mode (and eventually location) is left for

future research.

In our model, the motion mode at time t only depends on the previous mode and the

presence of a parking lot or bus stop. For example, the person can only get on a bus if the

node bt indicates the presence of a bus stop. The values of the bus stop and parking lot

nodes depend on the location of the person, as indicated by the arrows in the model shown

in Fig. 5.1. Learning mode and location transition probabilities is an important aspect of

our approach and will be discussed in Sect. 5.2.

Particle Filter Based Implementation

Particle filters provide a sample-based implementation of general Bayes filters [44]. They

represent posterior distributions over the state space with temporal sets, St, of n weighted

samples:

St = {〈x(i)
t , w

(i)
t 〉 | i = 1, . . . , n}

Here each x
(i)
t is a sample (or state), and the w(i)

t are non-negative numeric factors called

importance weights, which sum to one. Like Kalman filters, particle filters apply the re-
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Figure 5.2: Gaussian mixture model for transportation velocities.

Gaussian mixture model for the dependency of transportation mode on velocities. The
Gaussians were learned using EM based on previously collected velocity data. The

frequencies of the raw velocity values are indicated by the bins. Different transportation
modes are modeled by sampling with different probability from the four Gaussians.

cursive Bayes filter update to estimate posteriors over the state space, but unlike Kalman

filters, particle filters are not restricted to unimodal posterior distributions. 1 The basic

particle filter updates the posterior according to the following sampling procedure, often

referred to as sequential importance sampling with re-sampling (SISR, see also [44]):

• Sampling: Draw n samples x(i)
t−1 from the previous set and generate n new samples

1We consider multi-hypothesis tracking to be a viable alternative to our particle filter based implemen-
tation. Multi-hypothesis tracking overcomes the restrictive assumption of the plain Kalman filter by
estimating a state using multiple Kalman filters [15]. An implementation of such an approach is demon-
strated in [92].
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x
(j)
t using the distribution

p(xt | xt−1).

The new samples now represent the density given by the product

p(xt | xt−1)p(xt−1 | z1:t−1)

This density is the so-called proposal distribution used in the next step.

• Importance sampling: Assign each sample x(j)
t an importance weight according to

the likelihood of the observation, zt, given the sample,

w
(j)
t = p(zt | x(j)

t ).

• Re-sampling: Multiply / discard samples by drawing samples with replacement

according to the distribution defined through the importance weights w(j)
t .

It can be shown that this procedure in fact approximates the Bayes filter update (5.1), using

a sample-based representation [41, 44].

The application of particle filters to the problem of location and mode estimation using

the network shown in Fig. 5.1 is rather straightforward. Each particle x(i)
t represents an

instantiation of the random variables describing the transportation mode mt, the location

lt, and the velocity vt. The parking lot and bus stop variables pt and bt are extracted from

each sample location lt. Finally, ot is determined globally for all particles by estimating the

offset between GPS readings and the street map. The update steps of the particle filter

can be implemented as follows. The temporal sampling step corresponds to advancing each

particle according to the motion model: First the transportation mode is chosen according

to the previous transportation mode and the presence of bus stops or parking lots. This

gives us mt. Then we randomly pick a velocity from the velocity model for the specific mode

mt. The velocity is used to advance the position of the person on the graph. If the sampled

velocity implies a transition to another edge, the next edge et is drawn with probability

p(et | et−1,mt) (see [93] for more information on edge transitions). After these sampling
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steps, the resulting states represent the predicted location, velocity, and transportation

mode. The importance sampling step is implemented by weighting each sample according

to the likelihood of observing the current signal from the GPS sensor given the new location

of the sample. The re-sampling step of the particle filter algorithm does not have to be

changed.

5.2 Parameter Learning

One of the advantages of modeling the world with a graph is the ability to record behavioral

data about edge transitions. The discrete nature of such transitions facilitates unsupervised

learning of hierarchical model parameters. We have an intuitive prior expectation of how

state transitions occur between and within edges: edge transitions occur uniformly among

the edge’s neighbors, and mode transitions vary according to the presence of a bus stop or

parking lot.

Learning in this context means adjusting the model parameters to better fit the training

data, typically to better model an individual user or the environment. Learning parameters

for specific individuals captures idiosyncratic motion patterns — the movements the user

commonly makes, as opposed to the logically possible set of movements. Since our model also

includes transportation mode, learning also means changing our prior expectations about

which edges mode transitions occur on. Bus stops and parking locations are conceptual

locations where mode transitions may occur. Our model enables learning of the commonly

used subset of these locations, to highlight where a user frequently parks her car, for example.

The learned model supports better tracking and prediction than the prior model, and is the

foundation upon which high-level understanding of the user’s behavior is built.

We now describe how to learn the parameters of our graph model using data collected

by a person moving through the community. Our motivating application of the Activity

Compass forces us to learn the transportation modes in an unsupervised manner. When

deployed, Activity Compass users must not be required, for example, to keep a diary for

several weeks of their transportation modes in order to create a supervised training set.

Hence, the most obvious difficulty is that we have to learn the motion model based solely
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on a map and a stream of non-continuous and noisy GPS sensor data.

A general approach for solving such learning problems is the well-known Expectation-

Maximization (EM) algorithm [20, 120]. In our application, EM is based on the observation

that learning the model parameters would be easy if we knew the person’s true location

and transportation mode at any point in time. Unfortunately, location and transportation

mode are hidden variables, i.e. they cannot be observed directly but have to be inferred from

the raw GPS measurements. EM solves this problem by iterating between an Expectation

step (E-step) and a Maximization step (M-step). In a nutshell, each E-step estimates

expectations (distributions) over the hidden variables using the GPS observations along with

the current estimate of the model parameters. Then in the M-step the model parameters

are updated using the expectations of the hidden variables obtained in the E-step. The

updated model is then used in the next E-step to obtain more accurate estimates of the

hidden variables. EM theory tells us that in each iteration the estimation of the parameters

will be improved and it will eventually converge to a local optimum. In the following we

give a more detailed description of how to apply EM theory in our domain.

5.2.1 E-step:

Let Θ denote the parameters of the graph-based model we want to estimate and Θi denote

the estimation thereof at the i-th iteration of the EM algorithm. The model parameters

contain all conditional probabilities needed to describe the dynamic system shown in Fig. 5.1.

The E-step estimates

p(x1:t | z1:t,Θ(i−1)), (5.2)

i.e. the posterior distribution over the trajectories of the person given the observations and

parameters updated in the previous iteration. Here x1:t and z1:t are the states and obser-

vations, respectively. Since it is not possible to find a closed-form solution for the posterior

over x1:t, we have to resort to an approximate approach [89]. Observe that when we do

particle filtering using the motion model with parameter Θ(i−1), the particle distribution at

each time t along with the history of particles is an approximation for p(x1:t | z1:t,Θ(i−1)).
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Hence, the desired expectation can be computed using the graph-based particle filter de-

scribed in Sect. 5.1.1. Before we give implementation details for the E-step, let us take a

closer look at the M-step.

5.2.2 M-step:

The goal of the M-step is to maximize the expectation of log p(z1:t, x1:t | Θ) over the distri-

bution of x1:t obtained in the E-step by updating the parameter estimations. Because the

distribution of x1:t is represented by the history of particles, the estimation of the parameters

at the i-th EM iteration is computed by summing over all trajectories:

Θ(i) = argmax
Θ

n∑
j=1

log p(z1:t, x
(j)
1:t | Θ)

= argmax
Θ

n∑
j=1

(log p(z1:t |x(j)
1:t ,Θ) + log p(x(j)

1:t |Θ)) (5.3)

Here, n is the number of particles, x(j)
1:t is the state history of the j-th particle, and assuming

the following independence condition:

p(z1:t | x(j)
1:t ,Θ) = p(z1:t | x(j)

1:t ),

i.e., observations are independent of model transition parameters if the state trajectory is

known and the sensor model is fixed. We arrive at the following:

Θ(i) = argmax
Θ

n∑
j=1

(log p(z1:t |x(j)
1:t ) + log p(x(j)

1:t |Θ)) (5.4)

= argmax
Θ

n∑
j=1

log p(x(j)
1:t | Θ) (5.5)

For simplicity, we assume that all the particles have equal weight (at least after they are

resampled). It is straightforward to extend our derivation to the case of different weights.

Our approach is in fact a direct extension of the Monte Carlo EM algorithm [147]. The

only difference is that we allow particles to evolve with time. It has been shown that when

the number of particles n is large enough, Monte Carlo EM estimation converges to the
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theoretical EM estimation [89].

5.2.3 Implementation Details

Even though EM can be used to learn all parameters Θ of the model described in Sect. 5.1.1,

we are mostly interested in learning those parts of the model that describe the typical motion

patterns of a user. All other parameters are fixed beforehand and not adjusted to a specific

user. An advantage of this approach is that it requires much less training data than learning

all parameters at once.

The motion patterns of a specific user are described by the location transitions on the

graph and the mode transitions at the different locations. For the learning process, we have

to initialize these probabilities to some reasonable values:

p(et | et−1,mt−1) is the transition probability on the graph conditioned on the mode of

transportation just prior to transitioning to the new edge. This conditional probability

is initialized to a uniform distribution across all outgoing edges, with the exception of

bus routes, which have a strong bias forcing buses to follow the route (bus routes can

be obtained from GIS sources such as [37]). With this exception, our model has no

preference for a specific path of the person.

p(mt | mt−1, et−1) is the mode transition probability. This probability depends on the pre-

vious mode mt−1 and the location of the person, described by the edge et−1. For

example, each person has typical locations where she gets on and off the bus. Mode

transitions are initialized with commonsense knowledge (e.g., one may not switch from

a bus to a car without first being on foot), and with knowledge of bus stops. Parking

lots are uniformly distributed across our map with no biases toward actual parking

lots.

A straightforward implementation of the E-step given in (5.2) is to generate the expectation

over state trajectories by storing the history of each particle (see [44] for a discussion). To

do so, at each re-sampling phase, the history of old samples needs to be copied to the new
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samples 2. Then at the last time step, we have a set of samples with their histories. At

the M-step, we update the model parameters simply by counting over the particle histories.

For example, to get p(ej | ei, BUS), we count the number of times when a particle in BUS

mode transits from edge ei to ej and then normalize the counts over all edges following ei

and BUS. This approach, although easy to implement, suffers from two drawbacks. First,

it is not efficient. When the data log is fairly long, saving the histories for all the particles

needs a large amount of space and history replication becomes slow. Second, and more

importantly, since the number of samples is finite, the repetition of the re-sampling will

gradually diminish the number of different histories and eventually decrease the accuracy

of the particle based approximation [44].

We can overcome these problems by observing that we are only interested in learning

the discrete transitions between edges and modes, e.g., the probability of transiting from

edge ei to edge ej in BUS mode. The discreteness of these transitions allows us to apply

the well-known Baum-Welch algorithm [120], an EM algorithm for hidden Markov models

(HMM). The Monte Carlo version of the Baum-Welch algorithm [142] performs at each

iteration both a forward and a backward (in time) particle filtering step. At each forward

and backward filtering step, the algorithm counts the number of particles transiting between

the different edges and nodes. To obtain probabilities for the different transitions, the counts

of the forward and backward pass are normalized and then multiplied at the corresponding

time slices.

To show how it works, we define:

αt(et,mt) is the number of particles on edge et and in mode mt at time t in the forward

pass of particle filtering.

βt(et,mt) is the number of particles on edge et and in mode mt at time t in the backward

pass of particle filtering.

ξt−1(et, et−1,mt−1) is the probability of transiting from edge et−1 to et at time t− 1 and in

2Unnecessary copy operations can be avoided by using tree data structures to manage pointers describing
the history of particles.
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mode mt−1.

ψt−1(mt,mt−1, et−1) is the probability transiting from mode mt−1 to mt on edge et−1 at

time t− 1.

A short derivation gives us [120, 142],

ξt−1(et, et−1,mt−1) ∝ αt−1(et−1,mt−1)p(et | et−1,mt−1)βt(et,mt−1) (5.6)

and

ψt−1(mt,mt−1, et−1) ∝ αt−1(et−1,mt−1)p(mt | mt−1, et−1)βt(et−1,mt) (5.7)

After we have ξt−1 and ψt−1 for all the t from 2 to T , we update the parameters as: 3

p(et | et−1,mt−1) =
expected number of transitions from et−1 to et in mode mt−1

expected number of transitions from et−1 in mode mt−1

=
∑T

t=2 ξt−1(et, et−1,mt−1)∑T
t=2

∑
et∈Neighbors of et−1

ξt−1(et, et−1,mt−1)
(5.8)

and similarly

p(mt | mt−1, et−1) =
expected number of transitions from mt−1 to mt on edge et−1

expected number of transitions from mt−1 on edge et−1

=
∑T

t=2 ψt−1(mt,mt−1, et−1)∑T
t=2

∑
mt∈{BUS,FOOT,CAR} ψt−1(mt,mt−1, et−1)

(5.9)

The complete implementation is depicted in Table 5.1. As the number of particles

increases, the approximation converges to the theoretical EM estimation. Fortunately, our

approach is very efficient in this regard, since our model parameters are associated with the

number of edges and modes in the graph, not the number of particles.

In addition to the user specific parameters, our model requires the specification of other

parameters, such as motion velocity and the GPS sensor model. The motion velocity is

modeled as a mixture of Gaussians from which velocities are drawn at random. The proba-

bilities of the mixture components depend on the current motion mode and can be learned

3Usually we also need a prior number for each transition. These are hand set in this model.
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Figure 5.3: Training Data used for Model Learning Experiment

Car (left), Foot (middle), and Bus (right) training data used for experiments. The black
dot is a common map reference point on the University of Washington campus.

beforehand using data labeled with the correct mode of motion. We use a standard model

to compute the likelihood p(zt | xt) of a GPS sensor measurement zt given the location xt

of the person [62].

5.3 Experiment #1

To validate our formalisms, we conducted an experiment using real position data. Our test

data set consists of logs of GPS data collected by the author. The data contains position and

velocity information collected at approximately 5 second intervals during periods of time

in which the author was moving about outdoors. This data was hand labeled with one of

three modes of transportation: foot, bus, or car. This labeling was useful for validating the

results of our unsupervised learning, but was not used by the EM learning process described

in sec 5.2.

From this data set, we chose 29 episodes representing a total of 12 hours of logs. This

subset consists of all of portions of the data set that were bounded by GPS signal loss, i.e.
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Table 5.1: EM-based parameter learning algorithm

Model Initialization: Initialize the model parameters p(et|et−1,mt−1) and
p(mt|mt−1, et−1).
E-step:

1. Generate n uniformly distributed samples and set time t = 1.

2. Perform forward particle filtering:

(a) Sampling: generate n new samples from the existing samples using the current
parameter estimation p(et|et−1,mt−1) and p(mt|mt−1, et−1).

(b) Importance sampling: reweight each sample based on observation zt.

(c) Re-sampling: copy / discard samples according to their importance weights.

(d) Count and save αt(et,mt)

(e) Set t = t+ 1 and repeat (2a)-(2d) until t = T .

3. Generate n uniformly distributed samples and set t = T .

4. Perform backward particle filtering:

(a) Compute backward parameters p(et−1|et,mt), p(mt−1|mt, et) from
p(et|et−1,mt−1) and p(mt|mt−1, et−1)

(b) Sampling: generate n new samples from the existing samples using the backward
parameter estimation.

(c) Importance sampling: reweight each sample based on observation zt.

(d) Re-sampling: multiply / discard samples according to their importance weights.

(e) Count and save βt(et,mt)

(f) Set t = t− 1 and repeat (4b)-(4e) until t = 1.

M-step

1. Compute ξt−1(et, et−1,mt−1) and ψt−1(mt,mt−1, et−1) using (5.6) and (5.7) and then
normalize.

2. Update p(et|et−1,mt−1) and p(mt|mt−1, et−1) using (5.8) and (5.9).

Loop Repeat E-step and M-step using updated parameters until model converges.
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Table 5.2: Results of Estimating Transportation Mode

Mode estimation quality of different algorithms.
Model Cross-Validation

Prediction Accuracy
Decision Tree with Speed and Variance 55%

Prior Graph Model, w/o bus stops and bus routes 60%
Prior Graph Model, w/ bus stops and bus routes 78%

Learned Graph Model 84%

had no intermediate loss of signal of more than 30 seconds, and that contained a change

in the mode of transportation at some point in the episode. These episodes were divided

chronologically into three groups which formed the sets for three-fold cross-validation for

our learning. Fig. 5.3 shows one of the cross-validation groups used for training. The street

map was provided by the US Census Bureau [26] and the locations of the bus stops come

from the King County GIS office [37].

5.3.1 Mode Estimation and Prediction

One of the primary goals of our approach is learning a motion model that predicts trans-

portation routes, conditioned on the mode of transportation. We conducted an experiment

to validate our model’s ability to correctly learn the mode of transportation at any given

instant. For comparison, we also trained a decision tree model using supervised learning

on the data [101]. We provided the decision tree with two features: the current velocity

and the standard deviation of the velocity in the previous sixty seconds. Using the data

annotated with the hand-labeled modes of transportation, the task of the decision tree was

to output the transportation mode based on the velocity information. We used three-fold

cross-validation groups to evaluate all of the learning algorithms. The results are summa-

rized in the first row of Table 5.2. The first result indicates that 55% of the time the decision

tree approach was able to accurately estimate the current mode of transportation on the

test data. Next, we used our Bayes filter approach without learning the model parameters,

i.e. with uniform transition probabilities. Furthermore, this model did not consider the
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locations of bus stops or bus routes (we never provided parking locations to the algorithm).

In contrast to the decision tree, the Bayes filter algorithm integrates information over time,

thereby increasing the accuracy to 60%. The benefit of additionally considering bus stops

and bus routes becomes obvious in the next row, which shows a mode accuracy of 78%.

Finally, using EM to learn the model parameters increases the accuracy to 84% on test data

not used for training. Note that this value is very high given the fact that often a change

of transportation mode cannot be detected instantaneously.

Table 5.3: Prediction Accuracy of Mode Transition Changes.

Model Precision Recall
Decision Tree with Speed and Variance 2% 83%

Prior Graph Model, w/o bus stops and bus routes 6% 63%
Prior Graph Model, w/ bus stops and bus routes 10% 80%

Learned Graph Model 40% 80%

A similar comparison can be done looking at the techniques’ ability to predict not just

instantaneous modes of transportation, but also transitions between transportation modes.

Table 5.3 shows each technique’s accuracy in predicting the qualitative change in transporta-

tion mode within 60 seconds of the actual transition — for example, correctly predicting

that the person got off a bus. Precision is the percentage of time when the algorithm predicts

a transition that an actual transition occurred. Recall is the percentage of real transitions

that were correctly predicted. Again, the table clearly indicates the superior performance of

our learned model. Learning the user’s motion patterns significantly increases the precision

of mode transitions, i.e. the model is much more accurate at predicting transitions that will

actually occur.

An example of the modes of transportation predicted after training on one cross-validation

set is shown in Fig. 5.4.
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Figure 5.4: Results of learning

This map shows the learned transportation behavior based on one cross-validation set con-
taining nineteen episodes. Shown are only those edges and mode transitions that the learned
model predicts with high probabilities. Thick gray lines indicate learned bus routes, thin
black lines indicate learned walking routes, and cross-hatches indicate learned driving routes.
Circles indicate parking spots, and the triangles show the subset of bus stops that were
learned to have a high probability of transitioning to or from foot. There are four call-outs
to show detail. (A) shows a frequently traveled road ending in three distinct parking
spaces. This route and the parking spots indicate the correctly learned car trips between
the author’s home and church. (B) shows a frequently traveled foot route that enters from
the northeast, ending at one of the frequently used bus stops of the author. The main road
running east-west is an arterial road providing access to the highway for the author. (C)
shows an intersection at the northwest of the University of Washington campus. There
are two learned bus stops. The author frequently takes the bus north and south from this
location. This is also a frequent car drop off point for the author, hence the parking spot
indication. Walking routes extend west to a shopping area and east to the campus. (D)
shows a major university parking lot. Foot traffic walks west toward campus.
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Figure 5.5: Location Prediction Capabilities of the Learned Model.

5.3.2 Location Prediction

The location prediction capabilities of our approach are illustrated in Fig. 5.5 and 5.6. In

Fig. 5.5, the learned model was used to predict the location of the person into the future.

This was done by providing the ground truth location and transportation mode to the

algorithm and then predicting the most likely path based on the transition probabilities

learned from the training data. The figure shows the percentage of trajectories that were

predicted correctly, given different prediction horizons. Prediction length was measured in

city blocks. For example, in 50% of the cases, the location of the person was predicted

correctly for 17 blocks when the person was on the bus. In 30% of the cases, the prediction

was correct for 37 blocks, and 75 blocks were predicted correctly in 10% of the cases. Note

that the linear drop in bus route prediction probability is due to the fact that the data

contained several correctly predicted episodes of a 92 block long bus trip. Obviously, long

term distance prediction is much less accurate when a person walks. This is due to the

higher variability of walking patterns and the fact that people typically do not walk for
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Figure 5.6: Location and Mode Prediction Capabilities of the Learned Model.

many city blocks, thereby making a long term prediction impossible.

In Fig. 5.6, the learned model was used to predict both the location and the transporta-

tion mode of the person into the future. This was done by providing the ground truth

location to the algorithm and then predicting the most likely path and sequence of trans-

portation mode switches based on the transition probabilities learned from the training

data. The graph shows that in 50% of the cases, the model is able to correctly predict the

motion and transportation mode of the person for five city blocks. This result is extremely

promising given that the model was trained and tested on subsets of 29 episodes.

5.4 Experiment #1 Summary

The work presented so far in this chapter helps lay the foundation for reasoning about

high-level descriptions of human behavior using sensor data. We showed how complex

behaviors such as boarding a bus at a particular bus stop, traveling, and disembarking

can be recognized using GPS data and general commonsense knowledge, without requiring
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additional sensors to be installed throughout the environment. We demonstrated that good

predictive user-specific models can be learned in an unsupervised fashion.

The key idea of our approach is to apply a graph-based Bayes filter to track a person’s

location and transportation mode on a street map annotated with bus route information.

The location and transportation mode of the person is estimated using a particle filter. We

showed how the EM algorithm along with frequency counts from the particle filter can be

used to learn a motion model of the user. A main advantage of this unsupervised learning

algorithm is the fact that it can be applied to raw GPS sensor data.

5.5 The Complete Inference Engine

In previous chapters we have described the desired behavior of our system — a behavior

that depends on the system being able to learn and reason about its user’s transportation

routines. In particular, we required the following:

• the system should learn about its user’s transportation routines in an unsupervised

and unobtrusive manner;

• the system should be able to predict likely destinations the user may want to go to at

any given moment in time;

• the system should be able to recognize anomalous behavior; in particular, if told where

the user is going (by the user who requests directions or by a care taker or job coach

who specifies the destination), the system should be able to detect, as early as possible,

when the user strays from one of the usual paths that lead to that destination.

Because of the inherent uncertainties about human behavior as well as the possible errors

from the maps and GPS measurements, we have adopted a probabilistic approach that can

handle potential errors and uncertainties in a statistically sound way. Neither the model

we have described so far in this chapter nor a model from the recent literature proposed

in [11, 113] are sufficient to meet the needs of our system. They both have fundamental

inadequacies with respect to the set of requirements laid out above. Once we examine them
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Figure 5.7: Two Proposed Techniques for Modeling Transportation Behavior

On the left, a second order Markov Model (2MM) from [11] showing dependencies between
observed and hidden variables. Shaded nodes are observed. All links are inter-temporal.
On the right, a redrawn two-slice Dynamic Bayesian Network (2TBN) from figure 5.1

showing dependencies between observed and hidden variables. Shaded nodes are observed.
Intra-temporal causal links are solid, inter-temporal links are dashed.

we will continue by discussing a more comprehensive model that subsumes the other two

and provides the required functionality. In Section 5.6 we will evaluate the new model with

respect to our needs.

5.5.1 Previous Models

Ashbrook, et al. have proposed using a second order Markov model (2MM – see Figure

5.7-left) as a predictive tool for reasoning about likely destinations toward which a user

may next be traveling [11]. The system logs continuous GPS signals, extracts places where

the user seems to have stopped for a significant amount of time and then clusters them into

significant locations. The optimal radius for a significant location is chosen after manual

inspection of results for different radii. These results become the basis for training a second

order Markov model. The authors have demonstrated that given the last two significant

locations visited by the user, the system was able to generate a small and accurate set of

the next most likely destinations.
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In contrast to our desired behavior, this model is not able to refine estimates of the

current goal using GPS information observed when moving from one significant location

to another. Since significant locations might be long distances away this causes an unac-

ceptable lag in noticing unusual behavior and significant amounts of GPS information are

disregarded. This model also has no timing mechanism, so there is no way to judge when

destinations will be reached or to react when too much time has passed. Finally, since the

model only considers two previous locations, complex plans involving multiple significant

locations cannot easily be reasoned about.

The model proposed earlier in this chapter is a two slice Dynamic Bayesian Network

(2TBN – see Figure 5.7-right) for inferring a user’s transportation mode from continuous

GPS signals (see also [113]). A Dynamic Bayesian Network is an extension of Bayesian

Networks that allows for time–changing variables (details in [106]). Given a representation

of the street maps, we saw that the system was able to accurately infer a user’s most likely

position, compensating for GPS sensor errors. The system was also able to infer locations

of parking lots accessed by the user as well as bus routes and bus stop locations, all of which

improved its accuracy. Finally, it estimated a user’s street to street transition probabilities

in an unsupervised manner and was able to use the information to further improve its

accuracy.

The 2TBN could easily be adapted to detect when the user strays from a frequently

traveled path. But the biggest shortcoming of this model stems from the fact that the

system does not explicitly reason about the ultimate goals of a trip. Therefore, the system

cannot predict the likely destinations toward which the user may be heading. Moreover,

neither model, even if told a user’s destination, can reason about the likely paths the user

might take and, subsequently, cannot detect when the user strays from a correct path.

5.5.2 A New Hierarchical Model

To account for the inability of these models to meet our desiderata we use a new hierarchical

Dynamic Bayesian Network model representing transportation routines introduced by Liao

et.al. in [92]. The new model subsumes the capabilities of the previous models and bridges
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Figure 5.8: Hierarchical activity model

Hierarchical activity model representing a person’s outdoor activities. The top level
estimates the current goal, the middle layer represents segments of a trip and mode of
transportations and the lowest layer estimates the person’s location on the street map.

Figure courtesy of Liao [92]

the gap between the raw sensor measurements and the abstract goal intentions of a user.

A brief discussion of this model follows; refer to [92] for full technical details of the model

structure, inference and training.

Figure 5.8 shows the graphical structure of the new model. At the very highest level of

this model, goals gk (subscript k indicates the discrete time step) are explicitly represented

as significant locations. Transitions between goals have specific probability distributions

independently of the routes by which they are reached. Each goal destination influences

the choice of which trip segments the user takes. Trip segments are sequences of motion in

which the transportation mode is constant. Each trip segment t includes its start location

tsk, end location tek, and the mode of transportation, tmk , the person uses during the segment.

Each trip segment biases the expectation over the mode of transportation and the changes

in location. The mode of transportation m, in turn, determines the location and velocity

distribution of the user. At the bottom level, we denote by xk =< lk, vk > the location and
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motion velocity of the person. Edge transition τk indicates the next street when passing an

intersection and data association θk “snaps” a GPS measurement onto some streets around

it. The switching nodes fg
k , f t

k and fm
k indicate when changes in a variable’s value can

happen.

An efficient algorithm based on Rao-Blackwellised particle filters [24, 25, 43] has been

developed to perform online inference for this model. At the lowest level, location tracking

on the street map is done using graph-based Kalman filtering which is more efficient than

the grid-based Bayesian filter and traditional particle filtering [44] used for the 2TBN model.

At the highest level, the joint distribution of goals and trip segments is updated analytically

using exact inference techniques. As a result, this model makes it possible to reason about

high level goals (or significant locations) explicitly. The contribution of this model is that

it considers not only previous significant locations visited but also the current location and

the path taken so far to reason about likely destinations.

The parameters in the model are estimated in an unsupervised manner. This is a three

step process. In a first pass through the data, the possible goals for a user are discovered

by observing when the user stays at a location for a long time. Then in a second pass,

the usual parking spots and bus stops are inferred using an Expectation-Maximization

algorithm [120] similar to the learning of the 2TBN earlier in this chapter. Finally, the

transition matrices at all levels are re-estimated simultaneously using a second Expectation-

Maximization procedure with the full model. The learning process does not require any

labeled data and therefore, requires no intervention from the user.

To detect abnormal events, the approach uses two models with different transition pa-

rameters. The first tracker assumes the user is behaving according to his personal historical

trends and uses the learned hierarchical model for tracking. The second tracker assumes a

background model of activities and uses an untrained prior model that accounts for general

physical constraints but is not adjusted to the user’s past routines. The trackers are run in

parallel, and the probability of each model given the observations is calculated. When the

user is following his ordinary routine the learned hierarchical model should have a higher

probability, but when the user does something unexpected the second model should become

more likely.
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To compute the probability of each model, we use the concept of Bayes factors, which are

a standard tool for comparing the quality of dynamic models based on measurements [149].

The Bayes factor Hk is computed recursively as

Hk ≡ P (z1:k |Mprior)
P (z1:k |Mlearned)

=
P (zk | z1:k−1,Mprior)
P (zk | z1:k−1,Mlearned)

· P (z1:k−1 |Mprior)
P (z1:k−1 |Mlearned)

=
P (zk | z1:k−1,Mprior)
P (zk | z1:k−1,Mlearned)

·Hk−1, (5.10)

where P (zk | z1:k−1,Mprior) and P (zk | z1:k−1,Mlearned) are the likelihoods of the observa-

tion zk given the untrained and the hierarchical model (the likelihoods are extracted as a

side-product of tracking). From a Bayes factor, we can compute the probability of abnormal

behavior:

Pk(Abnormal) ≡ Pk(correct model = Mprior)

=
P (z1:k |Mprior)

P (z1:k |Mprior) + P (z1:k |Mlearned)
=

Hk

Hk + 1
(5.11)

The last step follows directly from (5.10).

5.5.3 Errors versus Novel Behavior

The above approach can detect unexpected events, but cannot distinguish errors from de-

liberate novel behavior. An important contribution of OK, however, is the ability to dif-

ferentiate these cases using knowledge of the user’s destination. This is possible because

there are times when the system knows where the user is going, e.g., if the user asks for

directions to a destination, if a care-giver or job coach indicates the “correct” destination, or

if the system has access to a location enabled date-book. In those situations we can clamp

the value of the goal node in our model and reinterpret the low level observations. When

the observations diverge significantly from the clamped high level predictions, the system is

able to signal a possible error. Unlike in the 2TBN model, this model is capable of spotting

anomalous behavior even if the user is following a well-trodden path, provided that path
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does not lead to the specified destination. This is what enabled us, in Section 4.4, to alert

Eileen that she should get off bus number 68 and switch to 372, even though she takes both

routes frequently.

Similarly to Equation (5.11), the probability of erroneous behavior given the user’s input

g (i.e., the true goal and/or true trip segment) is

Pk(Error | g) =
Ĥk

Ĥk + 1
(5.12)

where the Bayes factor Ĥk is now defined as

Ĥk ≡ P (z1:k |Mprior)
P (z1:k |Mlearned, g)

. (5.13)

Here, P (z1:k |Mlearned, g) is the likelihood given the clamped model.

In practice, when we track users for a long time, the probability of an error can grow

very small and it can take too long for an observed error to cause this probability to cross

the recognition threshold. To combat this lag, one could specify a floor that limits the error

probability (e.g., 0.01 in our experiments) or compute the Bayes factors using the n most

recent measurements.

5.6 Experiment #2

5.6.1 Experimental Methodology

In order to test our destination-enhanced model, we had a user carry a WAAS-enabled GPS

logger with him continuously for 24 hours a day for 30 days. We then performed a three way

cross validation procedure on the data without any manual labeling. The learned model

correctly identifies six common goals, frequently used bus stops and parking lots, as shown

in Figure 5.9 (left). Furthermore, our system is able to estimate the transition probabilities

between goals, trip segments and streets. Using those transition matrices, we calculate the

most likely trajectories on the street map between the goals, as shown in Figure 5.9 (right).

We tested our system using the learned model on a scenario similar to that in Section 4.4.
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Figure 5.9: Learning Destinations and Routes

The left picture shows the street map along with the goals (dots), and usual bus stops and
parking lots (cross marks). The right picture shows the most likely trajectories between

the goals.
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The results are shown in Figures 5.10 through 5.15. These figures present a sequential panel

of experimental results. The left side of each panel displays a representation of the reasoning

process that the inference engine is undertaking. The right portion of each panel displays

what the users saw at each stage of the experiment, and the bottom portion holds a text

description of the frame.

5.6.2 Model Clamping for Error Detection

In Figures 5.10–5.15, we have shown that OK is able to detect errors even when the user

was on a frequently taken route. The system achieves this by letting the user explicitly

select a destination, which we call model clamping. Figure 5.16 shows the impact of model

clamping on inference results.

On the top we use the same data as in Section 5.6.1. In this example for the first 700

seconds both models have approximately equal belief that the user is not making an error,

but when the bus took a turn that the user had never taken to get home, the probability of

errors in the clamped model instantly and dramatically jumped. In contrast, the unclamped

model cannot determine an error occurred because the user had taken that route to get to

other destinations.

On the right is a foot experiment in which the user left his office and proceeded to

walk in a direction away from the parking lot. When the destination is not specified, the

tracker has a fairly steady level of confidence in the user’s path (there are lots of previously

observed paths from his office), but when the destination is specified, the system initially

sees behavior consistent with walking toward the parking lot, and then as the user begins

to turn away at time 125, the tracker begins to doubt the success of the user’s intentions.

5.7 Summary

In this chapter we have presented a system called “Opportunity Knocks” (OK) that utilizes

a rich model of user motion and behavior based on GPS sensor information to provide

transportation assistance to people with mild cognitive disabilities. The primary function

of the system is to route an individual from their current location to a chosen destination,
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Figure 5.10: Experimental Results Part 1

This frame shows the user at “Work” while the system attempts to identify his most likely
destinations. Circle areas correspond to relative likelihood. The phone displayed images of
the most likely destinations left to right, top to bottom: home, friend 1, friend 2, grocery
store. At this point, the user pretended to be confused and referred to OK for assistance.
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Figure 5.11: Experimental Results Part 2

After the user indicated that he’d like to go home, the system identified two routes that he
usually takes, a bus route shown in solid lines and a car pool route shown in dashed lines.

The system asked the user which way he would like to proceed.
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Figure 5.12: Experimental Results Part 3

The user selected the bus route and OK presented a text description of the learned route.
The user proceeded to the bus stop, and boarded a bus. The bus that the user boarded
however was going to his friend’s house, a familiar, but incorrect route considering the

expressed intention to go home.
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Figure 5.13: Experimental Results Part 4

The user rode the incorrect bus and the system monitored his progress. The system was
unable to identify that the user was on the wrong bus because the routes coincided for the

first portion of the bus ride. Before getting to the correct bus stop for going home, the
system observed that the user had departed from the expected trip segment and turned

west.
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about errors. When the error probabil-
ity rises above 50% confidence, the sys-
tem believes an abnormal condition ex-
ists. OK waits until a clamped curve
breaks 80% confidence before alerting.

Figure 5.14: Experimental Results Part 5

When the bus diverted from the correct route, the system identified the behavior
condition as an error. This was possible even though the user was on a frequently taken
route. Because the user has explicitly selected a goal, OK identified an actual error (not
just a novel behavior) had occurred. In response it proactively made its door knocking

alert noise and showed a corresponding message
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Figure 5.15: Experimental Results Part 6

Once off the incorrect bus, the user reselects home as the destination. This time the
system has no history of the user ever going home from the current location. As a result

OK queries a real-time bus planning system for a route home. The user is directed to walk
back to the arterial road and catch a different bus that is going the correct way.
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Figure 5.16: Impact of Model Clamping on Error Detection.

Probability of errors is shown in comparison to time in the presence and absence of a
known destination. The dotted line shows the probability of errors when the user’s
destination is not known. The solid line shows the probability of errors when the

destination is known (and clamped). The bus experiment is on the top (error made at
time 700) and the foot experiment is on the bottom (with a gradual error beginning at

time 125).
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but unlike existing route planning systems, it is user-centric, not vehicle-centric and requires

very little user input. Instead it relies on observed user history as a basis for predicting

likely destinations and identifying novel and erroneous behavior.

Our system utilizes a Bluetooth GPS beacon that talks to a cell-phone, which in turn

exchanges information with a remote inference engine. The software on the remote engine

runs a new hierarchical dynamic Bayesian network that is able to explicitly reason about

how high-level destinations will affect many levels of transportation decisions by the user,

down to the street level.

We are able to use the camera function of the phone as a method of labeling places to

eliminate the need for a user to manually translate positions to places before the system

can communicate about them with the user.

Finally, we have experimentally shown that this system, in conjunction with real-time

transit information, has promise for effectively providing transportation assistance in the

face of mild confusion, memory lapses, and inattention.
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Chapter 6

BARISTA: MODELING INDOOR ACTIVITIES

Up to this point we have argued that enabling outdoor activity recognition is a valuable

and practical approach to take to support the independence of people who make cognitive

errors. Indoor activity recognition also has many potential benefits. Many ADLs are them-

selves indoor activities and therefore enabling a computer to recognize them is the first step

at creating technological aids for their performance. For example a computer that under-

stands that you are done cooking can promote safety by alerting you that the stove is still

on, but it could also adjust your dining room lighting, alert family members that dinner is

ready or update a nutritional log with data about the meal. In this chapter we are going

to look at the feasibility of performing fine-grained indoor activity recognition.

ADL monitoring is an ongoing, important activity in health care. For example, in the

United States, any nursing home that receives Medicare funds has to record and report

ADLs. Trained caregivers spend a great deal of time measuring and tracking ADL accom-

plishment for persons under their care. However, manual monitoring is time-consuming,

error-prone, and invasive. Automated aids that can address these issues and reduce the

record-keeping burden on caregivers are of great interest.

Previous work has approached activity recognition from several different directions.

Early work on plan recognition [79, 150] had the insight that much behavior follows stereo-

typical patterns, but lacked well-founded and efficient algorithms for learning and inference,

or any way to ground their theories in directly sensed experience. More recent work on

plan-based behavior recognition [35] uses more robust probabilistic inference algorithms,

but still does not directly connect to sensor data.

Most, if not all, systems that recognize home activities have been limited in the variety

of activities they recognize, their robustness to noise, and their ease of use. In particular

previous work on activity recognition has (i) used sensors that can provide only a very coarse
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idea of what is going on — for example, by detecting movement in a room, one might infer

that an activity associated with that room is happening [53, 57]; (ii) required deployment

of an extensive custom sensing apparatus to monitor each task [17, 99, 100, 133, 143]; (iii)

and/or relied upon solutions to deep technical problems such as machine vision [72, 103].

We present an approach to activity recognition that addresses these problems in three

ways:

• We provide a simple and flexible framework for modeling activities in terms of the

manipulation of physical objects.

• Recent radio frequency identification (RFID) tag technologies have allowed wearable

computers, in particular, to have unambiguous knowledge about the objects in their

environment. We utilize this approach and treat RFIDs as the primary sensor.

• We employ efficient probabilistic reasoning algorithms that can quickly and robustly

infer long sequences of activities from unsegmented data.

In this chapter we will examine the advantages and challenges of this framework for

performing indoor activity recognition. We will present the results of two experiments. In

the first experiment, we successfully applied our system to a known difficult problem from

health care: recognizing multiple ADLs in a home environment. We used data from non-

researchers performing activities in a real-home outfitted with RFID tags. In the second

experiment we focused on the analysis and identification of what features of our model were

valuable for activity recognition. We evaluated a sequence of increasingly powerful proba-

bilistic graphical models for activity recognition using data collected from 10 mornings in

the same household. Through this second experiment, we demonstrated the advantages

of adding additional complexity and concluded with a model that can reason tractably

about aggregated object instances and uses a technique called abstraction smoothing that

generalizes gracefully from instances to object classes. Using these models we demonstrate

situations in which both aggregation and abstraction are crucial for disambiguating ac-

tivities. We then validate the use of these techniques on data collected from a morning

household routine.
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Figure 6.1: RFID tags

An example of the RFID tag types used in this experiment next to a ruler for scale.

6.1 Vision and Background

As we will argue in more detail below, RFID technology provides an appealing alternative

to existing activity recognition technologies. RFID tags are tiny, inexpensive, semi-passive

transceivers that can be attached to practically any object, and then sensed to determine

when that object is moved or manipulated.

Our approach is therefore object-based activity recognition. It relies on the “invisible

human hypothesis” of [119] which states that activities are well characterized by the objects

that are manipulated during their performance, and can be recognized from streams of

sensor data about object touches. In fact, every ADL we have been able to imagine involves

the physical manipulation of one or more objects in the environment. For example, cooking

involves utensils, appliances, and packages of food; dressing involves items of clothing; and

so on.
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6.1.1 Sensing using RFID

Central to this approach is the assumption of a world in which many consumer goods are

tagged with RFIDs. Currently, except for a few trials, RFIDs are only utilized for supply-

chain management at the palette level. However, recent advances in miniaturization and

manufacturing have dramatically improved the functionality and reduced the cost of RFID

transceivers. They can now be purchased off-the-shelf and cost roughly $0.40 each. As such

they are expected replace product barcodes in the near future [144]. Thus, much of the

necessary infrastructure will exist “for free” in coming years.

The tags have the form factor of postage stamps (including adhesive backing), have no

batteries and can withstand day-to-day use for years. Fig. 6.1 shows a few examples of the

tags used in our experiments. Unlike barcodes they do not require line-of-sight in order to

be read and they identify specific globally unique instances of objects, rather than merely

classes of objects. For example, a bar code might identify a can of orange juice of a specific

brand and size, but an RFID tag will identify which of the millions of those cans is being

used.

RFID deployment involves tagging tens to hundreds of objects in the environment, and

entering each tag identifier into a database. This can be done incrementally; the more tags,

the broader and deeper the potential coverage of ADLs. As mentioned above, market forces

are pushing toward the near-universal use of RFID tags on essentially all products, from

clothing to foodstuffs.1 Such pre-existing tags could then be used for applications such as

ours by using global databases to map tag IDs to types of objects.

ADLs that would be difficult or impossible to detect using either coarse location sensors

or state of the art machine vision can often be recognized on the basis of contact with a

tagged object. For instance, consider trying to determine if a person is reading. Location

alone is clearly inadequate, while reliably recognizing the act of “reading” from a video

stream under a wide range of orientations, positions, and lighting conditions is far beyond

the capabilities of machine vision for the foreseeable future. On the other hand, if all the

1The EPCglobal organization is coordinating the development of universal international standards for
RFID tags; information about this effort and the state of the art of RFID technology can be obtained
from http://www.epcglobalinc.org.
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books, magazines, and newspapers in the home were tagged, determining when a person

was reading could be done quite reliably.

We are working with a short-range RFID reader built into the palm of a glove that can

determine the objects that the user is touching with a 0% false positive rate [144]. The

prototype glove, built by Intel Research Seattle [68], is shown in figure 6.2. The antenna

is connected to an Intermec RFID reader, which is packaged with a Crossbow Mica Mote

radio, a USB-based power supply, and a rechargeable battery. All components except the

antenna itself are housed in the small box on the back of the glove. The reader samples

the environment once every half second; any RFID seen is broadcast to an HP iPaq 5400,

utilized as a wearable computer. The iPaq either stores the data on-board for future analysis

or forwards it via WiFi to the inference engine running on a workstation. The reader lasts

for two hours at this duty cycle.

While it would be problematic for many applications to use such a glove, this is a

temporary problem. When a portable RFID glove as a UI device was proposed three years

ago [129], it measured roughly 160 cm3, and was not wireless. Our latest version is a

little over 30 cm3, including wireless. The ultimate end system would require technology

which is less obtrusive than a glove, for example a bracelet or ring which offered the same

technologies. A different form-factor would enable activities which involve touching liquids

and harsher environments and is feasible given the rate of progress in miniaturizing this

technology.

6.1.2 Research Contributions

The research contributions of our first experiment include the following:

1. We develop a framework for modeling everyday activities that handles activities with

partially-ordered substeps, continuous times, and probabilistic associations between

substeps and the manipulation of physical objects. While the inference in the first

experiment uses hand-crafted models (and indeed, we argue that basic models are

easy to create in our formalism by simple introspection or traditional knowledge-

engineering) we will briefly allude to our related work on learning models from natural
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Figure 6.2: RFID glove

Two views of the right-handed RFID glove. The left-hand glove was symmetrically
identical.
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language descriptions, which has allowed us to created fine-grained libraries containing

over 20,000 different activities. By avoiding intricate causal structure for activities

while associating as many relevant objects as possible, our models are both robust

and accurate.

2. We describe techniques for efficient implementing inference using particle filtering [107].

In order to efficiently handle the object probabilities we introduce a new re-sampling

method based on estimating the expected probability of an activity based on possible

future objects that are seen before the activity completes.

3. We deployed and evaluated our system in a real home over a six week period, including

a final evaluation involving 14 non-researcher users. Our early results are promising.

We show that nine ADLs, which no known prior work has addressed, were accurately

inferred by our system. For four more ADLs, we were able for the first time to move

beyond qualitative presentation to quantitative analysis.

In the second experiment we explore object-interaction based behavior recognition in a

more challenging and realistic setting. We address the problem of activity recognition in

the presence of complexities such as interleaved and interrupted activities. In particular,

we put forward the following contributions related to accurately tracking and distinguishing

activities based on the objects that are touched during their performance:

• We demonstrate accurate activity recognition in the presence of interleaved and in-

terrupted activities.

• We accomplish this using automatically learned models.

• We demonstrate the ability to disambiguate activities when the models share common

objects.

• We show that object-based activity recognition can be improved by distinguishing

object instances from object classes, and learning dependencies on aggregate features.
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• We introduce abstraction smoothing, a form of relational learning, that can provide

robustness and prevent drastic loss in recognition accuracy in the face of expected

variation in activity performance.

Figure 6.3: Making tea represented as an activity graph.

6.2 BARISTA Experiment #1

6.2.1 Modeling Activities

The goal of representing activities of daily living in terms of the gross manipulation of

physical objects requires us to face the problem of developing a formal model that satisfies

a number of constraints: first, the model should easily express significant properties of

and distinctions between activities, while remaining robust to unimportant variations in

activity performance; second, the parameters of the model should be be easily estimated;

and third, the model should be implementable in a manner that supports efficient and

scalable inference.

Descriptions of activities from a wide variety of sources, including healthcare literature,

instructional manuals, and recipes typically break an activity down in a set of steps, where

each step involves manipulating one or more objects over some period of time. Although

textual descriptions usually present the steps in a total order, the underlying logical depen-

dencies between steps often form only a partial order, and include alternative and optional
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steps. The kinds of objects used in a step is usually flexible, and it is not difficult to form a

coarse estimate on the probability of object use on the basis of the description. For example,

while making a cup of tea (used as running example in this section), we might estimate that

the probability of using a spoon to stir the tea is 75%, allowing for cases where one uses

a different utensil or none at all. Such considerations led us to develop the general model

that is described in this paper.

Fig. 6.3 gives an example of modeling the activity “making tea” in four stages: getting

out the supplies, heating the water, steeping the tea, and flavoring (i.e. adding sugar or

lemon to the tea). The first stage consists of two steps which must both occur but in

any order: this is indicated by a conjunctive arc across arrows the first pair of outgoing

arrows and the following pair of incoming arrows. This is an example of a partial ordering

constraint. The disjunctive choice of which of two ways to heat the water — using the

microwave or using the stove — is indicated by a set of plain arcs. The fact that the

flavoring step is optional is represented by a disjunctive arc that bypasses the step.

Each step also has a Gaussian duration. Duration information can provide important

constraints for distinguishing activities that use similar objects. For example, washing your

hands at the kitchen sink takes about a minute, while washing dishes at the kitchen sink

takes about ten minutes. Finally, each step includes a set of objects that are expected

to be used. (In Fig. 6.3 the duration and object information is only shown for the Boil

Water step.) The value associated with each object is termed an object use probability,

and is the estimate of the probability that the object is manipulated at least once before

the step completes. Also included in the model but not shown in the illustration are prior

probabilities on each activity as a whole and on choice transitions within a model (such as

the probability of including the optional “flavor tea” step); by default these are uniform

across choices.

Although the diagram is similar to a Markov model, it is differentiated by its use of

partial orders and object use probabilities. This diagram also assumes small discrete time

steps to approximate continuous time. While partial orderings could be handled by a

disjunction of linear total orderings, the way object use probabilities are specified requires

special attention. A Markov or semi-Markov model specifies an instantaneous probability
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that an observation is made at each time step. By contrast, object use probabilities give

the chance that at least one observation of a given type is made over all the time steps that

the agent is engaged in a particular step of an activity.

We believe that object use probabilities are more appropriate than instantaneous prob-

abilities for modeling the kinds of activities we are concerned with for two main reasons:

First, for many activities seeing an object more than once does not greatly change your

intuitive belief about what is occurring. Second, as we argued above, reasonable values for

completion probabilities are often easy to estimate and hold for a wide range of individuals.

Using instantaneous probabilities, however, would require us to estimate the probability

that an object tag is seen at each time point during the step. This value depends upon

many factors, such as the number of times the object is touched, the duration of each touch,

and esoteric details of the tag reader. Creating a useful and general apriori estimate of such

a value is difficult. Conceivably, a system could learn such parameters for a particular indi-

vidual and sensor apparatus, at the cost of gathering and labeling extensive training data

for each user and the resulting model which is fragile to variations in routine.

The models of ADLs used in this experiment were created by hand. In related work

we are investigating data mining techniques for automatically extracting activity models

from natural language texts available on the Web [116]. Web sites such as “ehow.com”

contain step-by-step instructions for tens of thousands of activities — ranging from complex

mechanical operations (e.g., how to repair a dishwasher) to simple ADLs (e.g., how to brush

your teeth). Lightweight syntactic parsing can be used to extract the steps and associated

objects for an activity, and statistics on the co-occurrence of the names of activities and

objects can be used as (rough) estimates of object use probabilities.

6.2.2 Inference

We now turn to the problem of computing the probability distribution for the current activ-

ity given the history of observations, also called filtering, and the related task of computing

the most likely sequence of activities that explains the data.

Inference in activity graphs can be conceived of as a two-stage process. First, we will
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Figure 6.4: The dynamic Bayesian network encoding of an activity graph.

describe how an activity graph can be translated to a DBN (the same formalism as was

used in “Opportunity Knocks”). With the DBN we specify the set of variables that describe

the system’s “state of belief” (that is, a joint probability distribution) at any point in time,

and how those variables influence each other instantaneously and between adjacent time

points. Second, we will describe how an approximate inference algorithm for DBNs can be

efficiently implemented to solve both the filtering and most-likely-sequence tasks.

The reason for (conceptually) introducing the DBN is that it is a well-established for-

malism that provides a precise, abstract way to specify the probabilistic dependencies that

should be respected by any method for implementing inference. The way in which these

models capture timing constraints of activities are also well-characterized (e.g. [111]). Many

exact and approximate inference algorithms (such as particle filtering) have been defined for

DBNs, so we do not need to start from scratch in devising a way to reason about activity

graphs. In practice, however, we do not need to explicitly translate the activity graph into

a DBN; we can, in one step, turn the activity graph into the data structures used by the

particle filter.

The DBN consists of a set of variables indexed by time point. Each variable can influence
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variables at the same and next time points. In concept the DBN extends infinitely into the

future, but only two adjacent slices need to be explicitly represented at any one time.2

Fig. 6.4 illustrates the DBN structure for the translation of an activity graph. The

variables are A, the current activity step; D′, the total duration of the current activity step

(from the past into the future); D, the time remaining in the current activity step; C, a set

of “credits” used to handle partially-ordered activities (as described below); R, the objects

currently being touched; H, the history of all objects that have been touched during the

current activity step; and z, the current sensor readings (a set of RFID tags). The arcs

specify the influences from one variable to another. A DBN is called a “generative” model,

because it can be used to generate a probability distribution over observations (z). Inference

means finding the most likely distribution over the hidden variables (such as A) given the

actual observations.

Not shown in the figure are the conditional probability tables (CPTs) for each node,

that give the probability distribution over values for the variables given the values of its

parents (incoming nodes). Note that the graphical structure of the DBN shows us the

general structure of influences between variables, but nothing about the particular activity

model. The activity model is represented by the particular values stored in the conditional

probability tables.

In order to complete our description of the DBN we need to describe the general form of

CPTs so that the DBN respects the semantics of the activity graph. When an activity step

A begins both D′ and D are initialized to amount of time the step will require, by randomly

sampling from the Gaussian associated with the particular value of A. D then counts down

by one unit at each time slice. When D reaches 0, the activity step has completed and the

value of A must switch at the next time slice, at which point D′ and D are reinitialized. The

arcs in the DBN between At−1, Dt−1, At, D′
t, and Dt indicate the logical dependencies in

this process. When an activity includes partially-ordered steps, we allow a transition from

a step within the partial order to any other step within the partial order whose immediate

2In this version of a DBN time is assumed to be discrete as some fine level of granularity. There are
also versions of DBNs where time is fully continuous, and the “next” slice refers to the time of the next
observation; since our sensors are clocked to take readings at fixed intervals, the difference is not significant.



99

predecessors have all been completed. The completed steps within a partial order are stored

in the variable C. Thus when At switches, its new value may depend on Ct−1 as well as on

At−1 and Dt−1.

The arc from R to z models the accuracy of the RFID tag reader: that is, the probability

of missing a reading when an object is touched. The history Ht of objects touched during

the current step is determined by its previous value Ht−1 and the objects being touched at

the current instance Rt. In the special case when a new activity begins — that is, when

Dt−1 = 0 — Ht−1 is initialized to the empty set.

The final part of the network we must specify is Rt, the instantaneous probability of

touching an object. As we argued above, we do not want to require the user to specify

such instantaneous probabilities, but rather object use probabilities that are only defined

for completed activity steps. But the abstract DBN model must allow us to compute

P (Rt|z1, ..., zt) since a DBN represents a complete joint distribution over all variables. To

do this, we have to determine the conditional probability P (Rt|Ht−1, At, Dt, D
′
t), which is the

probability of touching a specific object given the current activity, the relative time spent in

this activity, and the objects touched since the activity started (cf. the DBN in Figure 6.4).

Our system determines this value by assuming that the probability of touching an object for

the first time during an activity depends on the object use probability of the activity and

the time left in the activity. All values needed to compute this probability are contained

in the variables Ht−1, At, Dt, and D′
t. If Ht−1 already contains the object in Rt, then we

assume that the probability of touching an object again is independent of the actual activity.

As a result, the object use probability is counted only once during an activity; when the

object is being touched for the first time. In our experiments we found that this approach

successfully avoids the problem of generating overly peaked posterior distributions when an

object is being touched for extended periods of time.

Now we turn to the particular inference algorithm we employed for the first BARISTA

experiment: particle filters, an approach based on evolving a set of samples (particles) of

the joint probability distribution over time. At any moment the probability of a particular

activity step can be estimated by counting the number of particles that sample that step.

The most likely sequence given all the observations can be estimated as the history of the
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most likely particle at the final time slice.3

In order to make particle filtering efficient we employ two techniques, one old and one

new. The first is to reduce the number of particles needed by representing some of the

variables as distributions, rather than single quantities. In particular, we can keep a dis-

tribution of the time remaining in an activity step by storing just the time at which the

particle last switched to a new value for A. Then from the sample of A, the difference

between the last-switch time and the current clock time, and the Gaussian associated with

the activity step, one can calculate the probability distribution for Dt. At each time slice a

particle will split into two particles, where one particle stays in the current activity step and

the other progresses to a next activity step; the weight of each particle is determined by the

distribution over Dt. This simple technique immediately reduces the number of particles

needed for accurate inference by more than an order of magnitude (from 20,000 to 1,000).

The second technique to improve efficiency is based on the observation that it is not

necessary to re-weight and re-sample every particle at every time slice. Instead, we simply

update the observation H based on any new sensor readings, but do not re-weight or re-

sample until one of the following occurs:

• When a particle “splits” and switches to a new value for A, the new particle is re-

weighted according to the object use probabilities for the previous activity and history.

• When the number of particles exceeds a threshold (due to particles splitting), re-weight

and re-sample all particles according to the expected probability that the particle will

have at the completion of the current step.

We call this technique sporadic re-sampling. With it we can process the data from a hour

of sensor data from the experiments described below in a few seconds.

6.2.3 Experiment #1

Of the more than 20 ADLs that caregivers typically monitor, we chose 14 for evaluation.

We eliminated the rest due to the structure of our experiment, where subjects performed

3By “history” we mean the sequence of all values assumed by each variable in the particle over its complete
life — not the variable H, the observation history.
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Table 6.1: Tested ADLs and their descriptions.

No. ADL Task Sheet Description
1 Personal Appearance Please touch up your personal appearance.
2 Oral Hygiene Please take care of your oral hygiene as if

you are about to go to bed.
3 Toileting Please use the toilet.
4 Washing Please wash up.
5 Housework Please clean something.
6 Safe use of Appliances Please use an appliance.
7 Use of heating Please adjust the thermostat.
8 Care of clothes and linen Please use the washer and/or dryer.
9 Preparing simple snack Please prepare something to eat.
10 Preparing simple drink Please make yourself a drink.
11 Use of telephone Please use the Telephone to get your horoscope.
12 Leisure Activity Please watch TV, read, play cards, or listen to

music for a few minutes.
13 Caring for an infant Please care for the baby.
14 Taking Medication Please take some pills.(These were candy pills, of course.)

Figure 6.5: Left: kitchen of experiment home. Right: examples of tagged items in the
bathroom: after-shave lotion, toothpaste, razors.
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the tasks in another person’s home, so ADLs such as “bathing” could not feasibly be tested.

Others were omitted because they required travel outside the home (e.g., “shopping”). We

stress that it was the focused nature of the experiment, not any limitation of the toolkit,

which led to this exclusion. The 14 ADLs we tested (Table 6.1) are, to our knowledge, 11

more than any other system has attempted.

We felt it vital to use a real home that was subject to the wear and clutter of daily

living. The home belonged to a colleague, where he lived with his wife and their 2-year-old

child. We instrumented it with 108 tags in a few hours. We did this before the activity

models were written, so as to not be biased by its later designation of “key” objects. By

tagging as many objects as possible, we also hoped to avoid having subjects feel they were

“steered” to a narrow set of objects. Fig. 6.5 shows the kitchen area with some tags circled,

and a close-up of tagged objects in the bathroom.

At various times over the next 6 weeks we tested 14 subjects (3 male and 11 female, with

ages ranging from 25 to 63). We did not include the homeowner or his family in the test

group. Although the test subjects were not in their own homes, this arrangement gave us

a practical compromise between testing on a broad range of different people and the desire

to have the same baseline environment for this initial study.

After a tour of the house and a demonstration of the RFID glove (Fig. 6.2), subjects

were informed of the nature of the experiment. Subjects were given a package of 14 task

sheets, one for each ADL. Table 6.1 shows the tasks as described on each sheet. The task

sheets also had pictures of where some objects could be found in the house to avoid “treasure

hunts”. We kept activity descriptions as broad and as close to the medical description as

possible.

Subjects randomly selected 12 of the 14 tasks. They then went into the house, and

performed those 12 tasks, in any order, without observation. This took from 20 to 60

minutes, depending upon the subject. Subjects could engage in other household activities

as they wished. As they touched tags in the course of performing their tasks, they would

hear a “beep”, as the system indicated that it had recorded a tag touch. Since this round

of experiments was not meant to test the efficacy of the glove itself, subjects were asked

to touch something several times if they saw that they were touching a tagged object and
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did not hear a beep. This was sometimes necessary due to the prototypical nature of the

glove; however, only about 1 touch of out 60 needed to be repeated. While performing

tasks, subjects wrote on a sheet of paper which task they were doing. After leaving the

house, subjects gave one experimenter the sheet. This was kept separate from the other

experimenters until after the results were processed.

As an additional test of the robustness of the system, the tags were left in the house

while subjects were not present. With the exception of a few tags that were awkwardly

placed on edges all tags stayed usable throughout the entire experiment.

Cleaning
Toileting

Medicating

Makeup
Heating

Boil Water

Toileting
Telephone

Childcare

Hygiene
Boil Water

Oral Hygiene

900 984 1060 1306 1420 1585 1670 1756

baby clothes drawer
baby shirt
bathroom

cabinet door
bleach

calcium pills
cheerios

coffee mug
baby wipes

cupboard
diaper

toilet brush
phone

fan switch
faucet

floss
hair brush
hand soap
high chair

kleenex box
light switch

lotion
microwave

stereo
thermostat

toilet handle
toilet paper
toothbrush
toothpaste

vitamin c
yellow pages

Cleaning Listen to Music
Drink Water

Figure 6.6: An recorded trace of a user in a home. The horizontal axis is the time in seconds
(beginning at timestamp 900). The vertical axis lists the tags that were recorded for this
particular session, and a circle indicates the time of a tag reading. The horizontal lines
and captions at the bottom of the graph indicate the segmentation and most likely activity
sequence inferred by our system, and errors (missed or mistaken activities) are noted at the
top of the graph.
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Table 6.2: Summary of in-home experiment. Key: TP = true positive, FP = false positive,
FN = false negative.

ADL No. TP FP FN Precision Recall
1 11 1 1 92 92
2 7 3 2 70 78
3 8 3 3 73 73
4 3 0 6 100 33
5 8 0 4 100 75
6 21 4 6 84 78
7 8 0 3 100 73
8 7 0 2 100 78
9 6 2 4 75 60
10 9 5 5 64 64
11 11 0 3 100 79
12 7 0 5 100 58
13 13 0 1 100 93
14 9 0 2 100 82

TOTAL 128 18 47 88 73

We gave the complete tag sequence for each subject (without manually segmenting

between activities), along with models for the 14 activities to the inference engine. The

engine returned a log of the most likely sequence of activities that would explain the readings.

Fig. 6.6 illustrates the recorded trace and inferred activity sequence for one of the trials.

We compared the logs generated by the system with the activity sequence reported by

the subjects immediately after the experiment, which was treated as ground truth. A true

activity, correctly, recognized is counted as a true positive (TP); an inferred activity that

did not actually occur is a false positive (FP); and an unrecognized true activity is a false

negative (FN). We then computed the standard metrics of precision and recall. Precision

is TP/(TP+FP), and recall is TP/(TP+FN). Precision and recall are termed “positive

predictive value” and “sensitivity”, respectively, in the medical community.

Table 6.2 summarizes the results. As one can see, the system did well on average, with a

precision of 88% and recall of 73%. Given the ambiguous and overlapping activity definitions

(consider the ADLs personal appearance (#1), oral hygiene (#2), and washing up (#4)),
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we believe this is strong validation for our basic approach.

To place these numbers in further context, note that while ADL inferencing has often

been investigated, 9 of the ADLs inferred here are inferred for the first time. For 4 more

(meal preparation, toileting, heating control, and medication taking), this is the first time

that any quantitative results are reported. For the one ADL where previous quantitative

results were presented, hand washing, our system’s precision/recall of 100/33% are below

the 95%/84% reported by Mihailidis [99]. However, that work targets the single activity of

hand washing, and requires cameras to be installed in the bathroom. The performance on

hand-washing is actually our worst case.

We now discuss the reasons for this result, and a few others of interest. The radio waves

used by most RFID tags are absorbed by water and metal; metal can also attenuate the tag

antenna. These factors cause the detection rate to plummet for tags which are too close to

those substances, which particularly affected the activities of washing hands (#4), making

a snack (#9), and making a drink (#10). Using newer RF tags which are optimized for

placement near liquids and metal could mitigate this.

In some cases, the model involves so few observations as to not be easily distinguishable

from noise. For example, the only observable for playing music (activity #12) was the

stereo. The single observation that results is not enough to convince the activity inference

engine that a new task has begun. Adding more relevant tags could solve this (e.g., tagging

the CDs).

Activities with common prefixes posed a more subtle problem. For instance, activities

for personal appearance (activity #1), oral hygiene (#2), toileting (#3) and washing (#4)

all begin with entering the bathroom and possibly turning on the light. Our models replicate

the nodes for these sub-activities for each of the four activities. When bathroom and light are

detected, each of these activities are equally likely (nominally 25%). When disambiguating

objects are then seen (e.g., toothbrush and toothpaste), the inference engine concludes that

the oral hygiene activity is the correct one. If the user then uses the toilet without leaving

the bathroom first, the inference engine fails to detect the second activity. To solve this

problem, we are working on an extension to the activity model that allow different activities

to share sub-steps.
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Although it is possible for our approach to learn parameters without supervision (in

particular, duration of sub-activities) using techniques such as expectation maximization

(EM) [120], the initial experiments we report here did not involve learning. For example,

the duration our model specified for boiling water was too short. As a result the system

would sometimes prematurely conclude that boiling was complete, and erroneously jump

ahead to the most likely next activity — yielding a false positive.

6.2.4 Summary of Experiment #1

The first experiment in this chapter demonstrated first steps toward building practical and

well-founded systems for monitoring a wide variety of activities of daily living in the home.

It builds upon the AI community’s success in applying dynamic Bayesian networks and

particle filtering inference algorithms to behavior recognition problems, together with recent

advances in sensing technology. This experiment provides support for the hypothesis that

we can engineer robust and general probabilistic models of high-level behavior by focusing

on the manipulation of physical objects.

As we have noted before, a major part of our overall project that is not dealt with in

this first experiment is learning activity models from sensor data (as opposed to knowledge

engineering or mining models from natural language texts). In the next section we will

discuss techniques to learn parameters for simpler models automatically.

6.3 BARISTA Experiment #2

In this second experiment we take a step back from the previous focus on accuracy of

ADL inference to try and understand what components of a probabilistic model are most

valuable for this task. The previous experiment had the capability to monitor many aspects

of an activity, but surprisingly didn’t necessarily benefit from all the flexibility. In particular

the duration modeling in the hand-models was uniform across all steps in all activities and

still recognition accuracy was very high.
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Table 6.3: Activities performed during data collection

1 Using the bathroom
2 Making Oatmeal
3 Making Soft-Boiled Eggs
4 Preparing Orange Juice
5 Making coffee
6 Making tea
7 Making or answering a phone call
8 Taking out the trash
9 Setting the table
10 Eating Breakfast
11 Clearing the table

6.3.1 Methodology

Problem Domain

For the purpose of this second experiment, we focused on a morning routine in a small home.

In order to investigate the properties that we were interested in, activities were chosen such

that they shared objects and by their ability to be naturally interleaved during execution.

Table 6.3 lists the 11 activities which were included. To create our data set, one of the

authors performed each activity 12 times in two contexts: Each activity was performed

by itself twice, and then on 10 mornings all of the activities were performed together in a

variety of patterns.

In order to capture the identity of the objects being manipulated, the kitchen was

outfitted with 60 RFID tags placed on every object touched by the user during a practice

trial. The list of tagged objects is shown in table 6.4.

In this experiment the user simultaneously wore two RFID gloves (unlike in the first

experiment in which one glove was used). The time and id of every object touched was sent

wirelessly by the glove to a database for analysis. The mean length of the 10 interleaved

runs was 27.1 minutes (σ = 1.7) and object touches could be captured at approximately 10

per second. The mean length of each uninterrupted portion of the interleaved tasks was 74

seconds. Most tasks were interleaved with, or interrupted, by others during the 10 full data
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Table 6.4: Tagged Objects

The 60 objects tagged for this experiment. Parentheses denote multiple instances.

bowl, coffee container, coffee grinder, coffee tamper, cupboard(6), dishwasher, door(2),
drawer(2), egg carton, espresso cup(2), espresso handle, espresso steam knob, espresso
switches, faucet(2), freezer, milk, hand soap, juice, juice pitcher, kettle, measuring cup-half,
measuring cup-one, measuring scoop, milk steaming pitcher, mug, oatmeal, refrigerator,
salt, saucepan, cooking spoon, stove control(2), sugar, table cup(4), table plate(4), table
spoon(4), tea bag, tea box, telephone, toilet flush handle, toilet lid, vanilla syrup

collection sessions.

This data represents a significant increase in inference difficulty over experiment #1 by

introducing three confounding factors:

• We collected data in the presence of multiple people. Although only one was in-

strumented, four people were present in the home during all data collection adding

uncontrolled variability to the data collection.

• The activities were not performed sequentially or in isolation from each other. When-

ever there was a pause in an activity, progress was attempted in other activities (such

as when waiting for water to boil) and some activities interrupted others at uncon-

trolled times (such as answering the phone).

• The activities that the user performed had objects in common. This made interleaved

activity recognition much more difficult than simply associating a characteristic object

with an activity (such as a vacuum cleaner indicating a vacuuming activity)

6.3.2 Models Which Improve Accuracy

In order to justify the inference model that we ultimately developed we proceeded system-

atically by first focusing on accuracy and then on robustness. We developed the simplest

possible probabilistic model, evaluated its performance and then augmented it with features

that were sufficient to disambiguate errors. In this section we will present the techniques
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we used to improve accuracy by describing the three baseline models that we used and a

fourth model that incorporated reasoning with aggregate features. The models increase

in complexity by adding representational power. In subsequent sections we will present

abstraction techniques that we used to improve robustness.

Baseline Model A: Independent Hidden Markov Models

As a baseline we modeled the activities individually as 11 independent one-state Hidden

Markov Models (HMMs) (see figure 6.7). Used in a generative context, each state emits an

object-X-touched event or a no-object-touched event at each tick of the clock. Each state’s

emission probability was trained on the 12 examples of a user performing the corresponding

activity. After training, the probability of emitting a no-object-touched event was equalized

across all HMMs so that the timing characteristic of the model was completely captured by

the self-transition probability.

To infer the activity being performed at each second, each HMM was presented with a

74 second window of data ending at the query second (This was the mean amount of atomic

time spent performing any portion of an activity in the training data.) This produced a

log-likelihood value for each model at each tick of the clock. The activity model with the

highest log likelihood was used as the system’s estimate of the current activity.

This model was trained and tested on data in which object types were equalized so that

there was no distinction made between spoon #1 and spoon #2, for example, but both

appeared identically as a “spoon”.

Baseline Model B: Connected HMMs

As a second baseline we connected the states from the 11 independent HMMs of baseline A in

order to be able to learn about and subsequently smooth the transitions between activities.

We retrained this HMM using the 10 examples of the user performing the 11 interleaved

activities. The no-object-touched emission probability was again equalized across all states

(see figure 6.8).

This HMM was evaluated over the entire data window and the Viterbi algorithm [120]
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Figure 6.7: Model A

A state diagram for baseline model A consisting of 11 independent one-state HMMs. The
log likelihood of each HMM was calculated on overlapping successive short windows of

data.

OBS

A1

A11

...

A2

Figure 6.8: Model B

A state diagram for baseline model B consisting of an 11 state HMM. At any moment in
time the user is in exactly one of the 11 states. The most likely state sequence was

recovered using the Viterbi algorithm over the entire data sequence.
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Figure 6.9: Model C

A state diagram for model baseline C consisting of an 671 (61 tags x 11 activities) state
HMM. At any moment in time the user is in exactly one of the 671 states. The most likely
state sequence was recovered using the Viterbi algorithm over the entire data sequence.

was used to recover the activity at every time point given by the maximum likelihood path

through the state-space. Again, this model was trained and tested on data in which object

types were equalized to eliminate distinctions between instantiations of objects.

Baseline Model C: Object-Centered HMMs

As a third baseline we split the states in baseline B into a separate state for each activity

and each object that may be observed. This allowed this model to capture some information

about how objects were used at different points in the execution of an activity (i.e. early

versus later) at the expense of introducing more trainable parameters. We retrained this

HMM using the 10 examples of the user performing the 11 interleaved activities. The

no-object-touched emission probability was equalized across all states. The conditional

probability table associated with state observations was degenerate for this model since

each state could only emit an observation of one particular object or no-object-touched (see
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figure 6.9).

This HMM was also evaluated over the entire data window using the Viterbi algorithm

and was trained and tested on data with object types equalized.

Aggregate Model D: Dynamic Bayes Net with Aggregates

For our fourth model we chose to examine the effect of reasoning about aggregate infor-

mation. The specific feature that we wanted to model was how many objects of a given

type were touched during the course of the current activity. This aggregate can only be

computed if globally unique object instances can be identified. This choice was motivated

by the desire to differentiate setting the table from eating breakfast. Both of these activi-

ties generate a sensor stream in which many of the same objects are touched (a spoon for

example), but the difference is captured in whether one spoon is touched four times or four

spoons are touched once.

Figure 6.10 shows a DBN which accomplishes this. Unlike figures 6.7, 6.8, and 6.9,

which are state diagrams, this figure is a dependency diagram in which the state of the

system is factored into independent random variables indicated by nodes in the graph. It

has been rolled out in time showing nodes from three different time steps and dependency

diagrams for models A-C are also shown for comparison. The top row of model D has the

same dependency structure as models A-C.

Model D adds an additional deterministic state variable, the boolean exit node “E”,

which captures dynamic information about when an activity has changed. It is true if the

state has changed from one time step to another.

The gray box denotes an aggregation template which is instantiated for each class of

objects with multiple object instantiations. Each “Obj” node in the template is a de-

terministic boolean node indicating whether a given instantiation of an object has been

touched since the last time the activity changed. The “Obj” nodes are aggregated by a

summation node, “+”. When the DBN changes activities (“Exits”), the system explicitly

reasons about the number of different instantiations of the objects in the template that were

touched. This is captured by the dependence of the aggregate distribution node, “AD”, on
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Figure 6.10: Model D

A dependency diagram showing the DBN used for inference in comparison to the baseline
models, rolled out for three time steps. Time steps are separated by a vertical dotted line.

Observed variables are shaded, hidden variables are not. All variables are discrete
multinomials.
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Table 6.5: Summary of model representational power .

Exponential Inter- Intra- Aggregate
Timing Activity Activity Info.

Distribution Transitions Transitions
Model A
Ind. HMMs
Model B
Conn. HMMs

√ √

Model C
Object HMMs

√ √ √

Model D
Agg. DBN

√ √ √

the state node,“S”. The “AD” node is constrained to be equal to the summation node

from the previous time step through the observed equality node, “=”. The equality node

is always observed to be true and coupled with its conditional probability table force “AD”

to equal “+”.

The overall effect is that the probability of the model inferring whether or not an activity

has ended is mediated by an expectation over the number of objects in each class which

have been touched.

This model, including the aggregate distribution for activities, was also automatically

learned from the 10 labeled training traces, but in contrast to models A, B and C, this

model differentiates between instantiations of objects so that, for example, spoon #1 and

spoon #2 created different observations.

Model Summary

The various features of these models are summarized in table 6.5. In this table “Expo-

nential Timing” distributions refer to the fact that the model expects the length of an

uninterrupted portion of an activity to occur with a duration which is distributed according

to an exponential distribution. The parameters of the distribution are learned from the

data. This timing distribution is a result of the structure of the HMMs and DBNs used.
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“Inter-Activity” transitions refers to the ability of the model to represent the tendency of

certain activities to follow or interrupt other activities more or less often. “Intra-Activity

Transitions” refers to the ability of the model to represent biases about when in the course

of an activity certain objects are used. (e.g., one uses a kettle early in the process of mak-

ing tea). Finally “Aggregate Information” refers to the ability of the model to represent

aggregations over individual objects.

6.3.3 Accuracy Experiments

Our accuracy experiments were conducted with leave-one-out cross validation across the 10

interleaved runs. We calculated two accuracy metrics. The first was what percentage of

the time the model correctly inferred the true activity. This metric is biased against slight

inaccuracies in the start and end times and will vary based on the time granularity with

which the experiments were conducted. We also evaluated our models using a string edit

distance measure. In this case we treated the output of the inference as a string over an

11 character alphabet, one character per activity, with all repeating characters merged. We

calculated the minimum string edit distance between the inference and the ground truth. A

string edit distance of 1, means that the inferred activity sequence either added a segment

of an activity that didn’t occur (insertion), it missed a segment that did occur (deletion),

or it inserted an activity that didn’t occur into the middle of an activity (reverse splicing).

A perfect inference will have a string edit distance of 0. The string edit distance is biased

against rapid changes in the activity estimate and is tolerant of inaccuracies in the start

and end time of activities. Table 6.6 summarizes the results of experiments.

Baseline Model A

Figure 6.11 shows a short portion of the inference in which model A performed badly and

demonstrates some of the key reasons why inference with this model only obtained 68%

accuracy. In this figure ground truth is indicated with a thin line and the inference is

indicated by a dot at each time slice. The model clearly needs to be smoothed to prevent

rapid switching between activities. This was the primary motivation for using model B.
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Make Soft Boiled Eggs   
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Eat Breakfast           

Clear The Table         

                        

Time (seconds)

Model Inference
Ground Truth

Figure 6.11: Model A Results (Independent HMMs)

Small segment of inference with various models. Ground truth is indicated by the thin
line. Inference is indicated by the dots.
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Table 6.6: Summary of accuracy results

Time-Slice Accuracy Edit Distance
µ (σ) µ (σ)

Model A 68% (5.9) 12 (2.9)
Ind. HMMs
Model B 88% (4.2) 9 (6.2)
Connected HMMs
Model C 87% (9.3) 14 (10.4)
Object HMMs
Model D 88% (3.1) 7 (2.2)
Agg. DBN

Baseline Model B

Figure 6.12 shows a short portion of the inference performed by model B. In this graph

the benefits of learning a distribution over the inter-activity transitions is displayed in the

relatively smooth trace. The tendency of model A to jump between activities was eliminated.

There are two places in the figure however in which the model inferred the wrong activity.

In both cases the activity “Eat Breakfast” is confused with the activity “Clear the Table”.

These two activities weren’t differentiable by the objects that were used in their performance:

both activities used plates, spoons and cups. Two possibilities emerged for representations

in which these two activities could be disambiguated. The first was to allow the model to

learn a tendency for objects to be used earlier or later in the activity – this inspired model

C. Second was to allow the model to differentiate activities based on the number of objects

which were touched – this capability inspired model D.

Object Model C

Figure 6.13 shows a short portion of the inference performed by model C. For comparison,

the same segment of time is shown as in the other figures. However, this model did consid-

erably worse, according to the string edit distance metric, in areas of inference not shown

in the figure. What the graph demonstrates however is that this model is able to correct for

the errors of model B. It clearly makes an inter-activity error by inferring a transition from
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Figure 6.12: Model B Results (Connected HMMs)

Small segment of inference with various models. Ground truth is indicated by the thin
line. Inference is indicated by the dots.
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Figure 6.13: Model C Results (Object-Centered HMMs)

Small segment of inference with various models. Ground truth is indicated by the thin
line. Inference is indicated by the dots.
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eating breakfast to setting the table then to clearing the table. Given a sufficient amount of

training data, this model will not make such an error. However there are a huge number of

parameters required to specify this model. This model required 6712 transition parameters

to be learned and our data set simply did not have enough data to capture statistically

significant information for every transition. Unlike model B, which captures information

about transitions for activity Ai to Aj , model C represents information about transitions

from AiObjj
to AkObjm

.

Aggregate Model D

Figure 6.14 shows a short portion of the inference performed by model D. In this graph

learning a distribution over the aggregate number of object instantiations eliminates the

ambiguity in Figures 6.11-6.13 without requiring an inordinate number of parameters to be

introduced into the model.

6.3.4 Models Which Improve Robustness

One of the concerns with the previous models is how well they will respond if someone used

a functionally similar object but one which was nonetheless unexplained by the model. For

example, in our model we trained on cooking oatmeal using a cooking spoon. Our inference

should not fail if the user performed the same task using a table spoon. Likewise if the

user makes tea in a cup rather than a mug, that should be a less likely, but still plausible

alternative. To solve this problem we introduce the concept of abstraction smoothing.

Abstraction Smoothing Over Objects

In order to perform smoothing over objects we created a relational model inspired by [9].

Unlike the full power of that work, however, we used a single hierarchical object relation

rather than a lattice. The hierarchy that we used was mined with supervision from an

internet shopping site [51] (see figure 6.15). The name of each object was entered into the

shopping search engine and the hierarchy that was returned for that object was inserted into

the global object tree. In the case of objects with multiple hierarchies, one was manually



121

4500 4750 5000 5250 5500 5750 6000 6250 6500

Use The Bathroom        

Make Espresso           

Make Tea                

Make Juice              

Make Oatmeal            

Make Soft Boiled Eggs   

Use The Phone           

Take out trash          

Set The Table           

Eat Breakfast           

Clear The Table         

                        

Time (seconds)

Model Inference
Ground Truth

Figure 6.14: Model D Results (Aggregate DBN)

Small segment of inference with various models. Ground truth is indicated by the thin
line. Inference is indicated by the dots.
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Figure 6.15: Object Abstraction Hierarchy

A portion of the object abstraction hierarchy mined from an Internet shopping site.
Objects in our training data are shaded. Abstractions are not shaded.
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selected.

The semantics that we applied to the resulting tree were that objects that were close

to each other in the graph were functionally similar. To specify the notion of “close”,

we weighted all edges on the graph equally and created an all-pairs functional equivalence

metric according the following formula:

P (Oi → Oj) =
exp(−Dist(Oi,Oj)

2 )∑
j

exp(−Dist(Oi,Oj)
2 )

(6.1)

Where Dist(Oi, Oj) is the shortest-path distance between Oi and Oj on the graph. This

says that when object Oi is expected in the model, it will be substituted by object Oj with

probability P (Oi → Oj). The likelihood of substituting one object for another falls off

exponentially with distance in the hierarchy.

Figure 6.16 shows how the abstraction function is inserted graphically into model D.

This changes the semantics of the model somewhat so that now the node Oi represents the

object that “should” be touched in order to complete this activity and what is observed

is Oj . The conditional probability table associated with the dependency is captured by

equation 6.1.

Table 6.7: Accuracy metrics for when an object in the test trace is replaced by a functionally
similar object.

Model A Model B Model D
Ind. Single Aggregates

HMMs HMM w/ Abstract.
Mean Accuracy 52.5% 77.4% 81.2%
Net Change -15.1% -10.9% -6.4%
Mean Edit Dist. 24.7 35.6 8.8
Net Change +12.7 +26.6 +1.1

Robustness Experiments

To validate how well this technique worked when objects were substituted, we reran our

experiments with abstraction smoothing added to model D. This resulted in an insignificant
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Oi

S

Oj

Figure 6.16: Model Changes to Support Abstraction Smoothing

The Oi and Oj nodes replace the previous “OBS” node in the DBN with P (Oi → Oj)
embodied in the CPT.

decrease in accuracy of 0.1% and -.1 in edit distance.

Then we reran our experiments with the same data streams in which all instances of an

object were replaced by another instance of an object. Table 6.7 shows our results for one

scenario.

Whereas abstraction smoothing doesn’t greatly harm normal activity recognition it

greatly increases robustness to object substitution as Table 6.7 demonstrates. The met-

rics from this table were generated by replacing a mug in all of the testing sequences with

a cup. In two of the baseline models accuracy is dramatically lowered, but the abstraction

model suffers a relatively modest decrease in accuracy, especially according to the string

edit metric.

6.4 Summary

In this chapter we described two experiments. The first examined how feasible activity

recognition in a home environment was. We demonstrated strong results indicating that an

RFID based activity system is plausible, deployable and informative.

The second experiment evaluated a progression of increasingly sophisticated models
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we applied to an activity recognition problem generated by an RFID-glove. We made

a methodological point of proceeding in a bottom-up manner, starting with the simplest

possible approach, and adding complexity only when it was necessary to improve accuracy

and illuminate relevant features related to activity recognition. Such an approach makes

clear how and why each feature of the system contributes to successful recognition. A second

benefit is that the final system supports highly efficient inference and learning.

We saw that the popular approach of training separate HMMs (Model A) for each

activity, and then performing classification by selecting the HMM that accords the current

observation the highest likelihood (for example, see [33]), performs poorly once activities

interact in time or when object use is shared among activities. This led us to consider

a combined HMM model, where the observations still correspond to using an object of

a given type. Although this greatly improves accuracy by learning transitions between

activities, we saw that it could not distinguish between activities that used the same objects.

Needing to distinguish among activities that use the same objects occurs often in modeling

household activities — not only in kitchen activities, as in our experiments, but in many

others ADLs: for example, doing laundry versus getting dressed, reading a book versus

organizing a bookshelf, etc.

Modeling observations as touches of particular objects (as an RFID-glove does) does

not, by itself, solve the activity recognition problem, because we would then lose any ability

to generalize in those cases where object identity is irrelevant. The heart of the matter is

that many activities are naturally non-Markovian, i.e., they are best modeled in terms of

the history of objects that were used during their execution. This led to our DBN model

(D) that maintained such a history, by using memory nodes, and which allowed us to infer

the aggregate feature of the number of objects used.

Differentiating between a model which allows for objects to be used at different temporal

points in an activity versus a model which reasons about aggregations of objects (Model C

vs Model D) allowed us to tease apart different ways in which two activities which used the

same objects could be disambiguated. Our results demonstrated that both model C and

model D had power to disambiguate these activities. Using aggregations of object touches

however performed the best without requiring as much training data.
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Finally, we saw that the use of smoothing over an abstraction hierarchy of object types

greatly enhances the robustness of the system with no significant change in accuracy, and

no significant additional computational burden.

In summary, these results argue that key features for modeling activities of everyday

life on the basis of object interaction (and, very likely, on the basis of other kinds of direct

sensor data) include a way to capture transition probabilities between activities; a way to

compute aggregate features over the history of instantiated events in the activity; and a

way to handle abstract classes of events. With these features alone, it is possible to perform

quite fine-grained activity recognition. The activity recognition is successful even when the

activities are interleaved and interrupted, when the models are automatically learned, when

the activities have many objects in common and when the user deviates from the expected

way of performing an activity.
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Chapter 7

FUTURE DIRECTIONS

As sensors in the environment proliferate and as networking becomes available in smaller

and smaller devices there seems to be a certain future for activity recognition in many forms.

In this thesis we have looked at two different types of activity recognition, outdoors and

indoors, using two different types of sensors GPS and RFID, respectively. In this chapter I

would like to look at the future of these technologies.

7.1 Opportunity Knocks’ Assumptions

OK is a very specialized type of activity recognition. Recognizable transportation plans

were narrowly defined. The target user population and target application were also narrowly

defined. Future work should consider relaxing each of these assumptions.

7.1.1 More Complicated Transportation Plans

OK assumed a particular form of transportation plan. It was a movement from a starting

place to an ending destination, connected by segments of three different kinds of transporta-

tion. The only sub-goals consisted of transportation change locations (bus stops, parking

lots etc.). From the perspective of an activity recognition system, the activity that was

being recognized was quite rigidly defined. Fortunately it was successfully able to capture

quite a bit of real transportation behavior.

A challenge for future work is to broaden the definition of a transportation plan to

include more of the variation that occurs in the real world. An interesting extension would

be to include the idea of sub-goals. These sub-goals could be either facilitating the current

activity or not.

Facilitating sub-goals are places that people stop on the way to another location but
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that are premeditated and in some sense necessary. Places like this include, ATMs on the

way to a movie, mailboxes on the way to work, and fast-food drive-throughs on the way

home. To a certain degree OK can already learn this type of behavior. For example, if the

sub-goal is a regular part of a person’s routine then OK would just learn it in the course of

its normal operation. The existing system simply learns that the route you take from home

to the theater is either the one that goes by the ATM or the one that goes directly.

This is somehow not a satisfying solution, though, because it denies the computer any

opportunity to imbue high-level context information into the stop at the sub-goal. If the

computer knew that the ATM was a “short stop” or understood the manner in which it

facilitated the current activity it could potentially aggregate statistics across all trips from

home to the theater even when they included a sub-goal. It could also infer about new

times when you might stop by the ATM even though you had never stopped at an ATM on

that route before. Such reasoning would seem to be important for extending applications

beyond way-finding recovery.

The challenge of reasoning with such intermediate locations is that it introduces com-

plexity. Now instead of inferring about possible end goals, (assuming the start goal is known

from GPS) a system would have to entertain the possibility of many different combinations

of sub-goals and end-goals. Multiple sub-goals causes an exponential growth in the combi-

nations. This complexity could be reduced in an interesting way with an understanding of

why a person makes a stop at a sub-goal and then only including it as an option when that

condition exists.

The other class of sub-goals don’t immediately facilitate the current activity. This would

be a situation where you stop at an ATM on the way to work, not because you need the

money for work but because your spouse needs cash for some unrelated event at a future

time. Accommodating these “random” stops of convenience is difficult because one would

like to remove them from the learning process in order to improve statistical aggregation,

but still allow them to become “routine” stops of convenience once there is enough evidence

to support them as such.

Differentiating between the two types of stops might require the introduction of a hidden

random variable that captures the notion that the sub-goal is facilitating the current activity.
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Then aggregation can occur in different ways that reflect the state of that variable.

Typing locations

The previous discussion also suggests the idea of extending the notion of goals from simply

physical locations to places that are typed and then reasoning with a relational model over

types rather than necessarily instantiating the destination immediately. There is much

active work along these lines [92].

But typing locations presents another difficult problem, that of identifying what the

types of locations should be. Different locations are typed in different ways for different

people at different times. One person’s “office” might be another person’s “bank” or still

another person’s “ATM”. How each person uses each location depends a lot on how they

type the location.

One of the advantages of typing locations is that it holds the promise of transferring

model parameters among people by creating a layer of indirection from the actual physical

locations of places and instead reasons about them with abstract labels. The assumption

that one has to make in transferring model parameters among people is that different

people will travel among places in the same way if they agree on their semantic labeling. A

correlated and very interesting problem would be to see if the parameters transfer between

people using abstract labels even if the same physical locations are labeled in contradictory

ways. An extreme and simple example would be two apartment managers who might live

at the location where the other works. “Home” and “Work” are opposite locations for these

two people, but the patterns of travel between home and work would presumably transfer.

There are many different potential sources of type label information. One possibility

is to type places based on how people use them. This would be an implicit typing. With

only time and location as input, implicit typing would mean categorizing places in terms

of the timing and frequency of visitation. Another source of information is GIS databases

which impose their own ontology on the world to support their application. A third source

would be a mass collaboration database that allows people to type places with free-form

descriptions. Naturally hybrid approaches also seem plausible.
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Other Types of Transportation Plans

Not all transportation consists of moving from one destination to another. Exercising, for

example, frequently involves traveling a circuit outdoors and arriving at your starting point.

Or alternatively spending a fair amount of time in roughly one outdoor location, such as

playing basketball. Running errands looks like a successive sequence of sub-goals with no

end goal.

Different types of careers also involve different sensor signatures. Someone who works

as a delivery person, or as a bus driver, or long-haul truck driver completely reverses the

assumed transportation model. For these people going to work means constant motion, not

arriving at a destination. Plumbers, Cable T.V. repairmen, contractors go to “homes” when

they go to “work.”

Capturing this type of transportation requires generalizing the transportation model to

capture alternative patterns.

7.1.2 Relaxing the Targeted User Population

OK assumed a user that made good decisions the majority of the time such that statistical

analysis of their behavior could reveal meaningful patterns. These same users were then

assumed to make occasional errors which could be corrected in light of past behavior. This

user model is compelling because it corresponds with the behavior of people with MCI or

early stage Alzheimer’s Disease. It also rings somewhat true of all people. Everyone can

relate to being distracted and missing a bus stop, highway exit, or getting lost. OK would

need to change, however to support more and less cognitively able individuals.

If the user made more errors rather than just on an occasional basis, the OK learning

mechanism would begin to break down. The learning mechanism would aggregate the

common portions of the errors, learn them and start to encourage the user to repeat the

same error patterns.

Someone with traumatic brain injury who is unable to navigate but can use a map

or other descriptive tool, could utilize OK by turning off learning and relying on definitive

routes previously loaded into OK. This would allow the system to make very certain decisions
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about when a user was making an error and immediately tell them or alert a care-giver.

This is like putting someone inside a moving invisible fence that can sound an alarm when

it is breached.

On the other end of the spectrum are people who are higher functioning. These are

people for whom deviations from routing behavior are intentional and should not indicate

an error. Working with such a user population is much easier because inference can always

assume the user is correct. Such users will likely demand significant new value for the small

burden that a location system like OK entails. This would likely take the form of new

location-based applications.

7.1.3 Enhancing the application

There are other applications that an OK-like system could support.

• Location Awareness: Communicating current and likely future locations to remote

parties

• Car Finding: Helping high functioning individuals find their car in large parking lots

• Sub-goal recommendations: Suggesting previously unknown ATMs that a user might

want to stop at, because an ATM stop is predicted.

• Physical item reminders: Reminders for bringing things to a predicted destination

• Location based to-do lists: Reminders for accomplishing things when you are in a

particular location

7.1.4 Other Opportunity Knocks Ideas

There are several other directions OK research could explore.

• User Interface Design: An analysis of user-interface decisions needs to be conducted

for different subsets of the target population.
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• Human Subjects Evaluation: Is a system like OK going to provide real value to people?

• Information Integration: Many other sources of information are available that could

be effectively leveraged for improved accuracy or enhanced functionality. Calendars,

weather reports, and traffic reports, for example, all contain information that influ-

ences where and how people travel. Weekends indicate that different transportation

plans are in effect for many people.

• Different modes of transportation: OK could potentially differentiate ferry routes,

airline routes, subway routes, trolley routes, monorail routes, etc.

• New sensors: Incorporating knowledge about specifically what bus or car one is riding

in would enable much more accurate estimates of future trajectories. This could be

accomplished through specifically instrumenting vehicles. Incorporating new location

technologies could enable OK to continue working indoors. Adding a digital compass

to the device would help to orient a lost user.

• Not all transportation occurs on roads. There are places where a graph representation

of the world fails to accurate capture the motion that occurs there. Extremely large

parking lots, shopping malls, parks, etc., all have structures that prevent easy graph-

based inference. Extending the current model to allow for open space with free-form

motion seems appropriate.

• Power management: When a person is sitting still there is little need for the full range

of processing capabilities to be on-line. Current battery life for our system hovers

around four hours. Aggressive management of power consumption could extend that

further.
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7.2 Multiple People

7.2.1 Outdoors

Reasoning with multiple people simultaneously in an outdoor environment has a lot of inter-

esting potential. Clearly environments in which multiple people are cooperating outdoors

already have a lot of effort devoted to coordination, both technically advanced and some not

so advanced. Tasks in which people intentionally coordinate there behavior include military

exercises, transfer of physical goods, team delivery of goods and services to multiple delivery

points. Communication with a central coordination point is traditionally an effective and

efficient way of managing resources.

Recognizing carpooling would be an interesting direction. This could be extended with

services that automatically informed all parties concerned about transportation status. It

would require the ability to recognize that two people are moving together even though they

are only roughly collocated.

It also begs the question of trying to understand whether coordinated movement actually

expressed some sort of coordinated plan. On the one hand a carpool seems to require

some relationship between the individuals that could be supported with communications

(automatically), but a bus could also look like a big carpool and it is neither interesting nor

appropriate to report the status of every bus rider to every other bus rider.

From a sensor perspective it would be interesting to try and discover that two agents

are working in tandem. In any densely populated environment this seems nearly impossi-

ble without some sort of additional information. If an object were tagged then one could

coordinate the motion of the object with a person and identify that the object has been

transferred to another person. For some objects this might be interesting, like a key, pa-

perwork, or deliverable packages, but for other objects this is not so interesting. It doesn’t

seem interesting to track individual bills as they transit among people because they are

somewhat interchangeable.

The entire realm of social contact mining would require identifying when multiple peo-

ple were in close proximity for the purposes of socializing, exchanging information and/or

conducting business. Again, this is very difficult to identify in general public spaces such as
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a coffee shop. It seems hard to identify from a single interaction whether or not two people

are just eating lunch near each other or whether they are engaged in a social endeavor.

For some venues however it might be possible to identify such a collaboration. This

would require additional information about the location such as the fact that a group of

people have assembled in a meeting or conference room. Or that the space is a lecture hall.

The reverse is also true. Knowing that a location is a coffee shop decreases the likelihood

that two people are actually socializing.

In both situations time plays an important role. In a coffee shop, a chance encounter

might not mean anything, but multiple repeated encounters of the same type might carry

more information. Again, deciding whether or not this is important is more difficult in a

coffee shop where the regulars return on schedule day after day, but really don’t know each

other. In contrast, however, repeated visits to a classroom does indicate something more

important.

Another aspect of time that is important is whether or not the social contact begins and

ends at the same time. Social events seem likely to end with all parties dispersing. Start

times probably have more variability in their collocation initiation.

Key aspects of multiple person activity recognition depend a great deal on the type of

activity that is being detected. A class of activities requires additional knowledge about the

objects involved. Another class (social) requires additional knowledge about the locations

involved and both seem like they could benefit from some observation of repeated encounters

as well as duration and co-occurrence of starting and ending times.

7.3 BARISTA

7.3.1 Multiple People Indoors

Inferring how and if multiple people are coordinating their indoor activities in a system like

BARISTA seems very challenging based on the assumptions of our system. The primary

assumption was that the objects that people touch are the primary source of knowledge

about what activities are in progress.

Given just two people and two sensor streams possible explanations for the observations
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are that individual independent activities are in progress, that a single coordinated activity is

in progress, or some combination of multiple activities with some combination of coordinated

effort. As more people are added to the system, identifying who are coordinating their

activities with whom grows much worse. Decomposing these sensors streams into individual

activities requires strong expectations about observations an activity is likely to generate.

These expectations are likely to come from some sort of a “recipe” that describes how an

activity is accomplished.

7.3.2 Activities are Hard to Define

Once an activity recognition system begins to scale up to hundreds of activities, it becomes

challenging to split them into meaningful exclusive categories. Some activities are indepen-

dent of who does them, for example, changing the state of the world. Opening or closing a

specific door, cooking spaghetti or cleaning the floor are fairly straightforward to describe.

But depending on how an activity is described it could much more difficult.

Take for example the activity of washing a load of laundry. One might describe this ac-

tivity in many ways that are appropriate for different activities. Perhaps in an ADL recog-

nition context it is important to recognize “washing one’s clothes”. This places restrictions

on which clothes are being washed. Two people can coordinate to “wash clothes” or two

people can coordinate to “wash Mary’s clothes”. These are both activities that might be

accomplished simultaneously which aren’t at all exclusive. Exclusivity of activities was an

important simplification made in BARISTA. In fact many activities may have taken place

in the course of a single load of laundry. Clothes were washed, Mary’s clothes were washed,

clothes were dried, laundry was done, cleaning (in a sense) was done.

One solution to this problem of identifying activities would be to put all activities in

a strict ontology. This would be some sort of a structure that places all activities into

exclusive bins such that at any given time one is only engaged in one activity. This is how

BARISTA was structured.

As soon as the possibility of accomplishing multiple activities becomes possible, the

possibility of doing all activities simultaneously must be considered. This is true both in
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the sense that multiple activities are occurring simultaneously as well as in the sense that

multiple activities are both being accomplished by the same actions. Based on our attempts

to model this problem we found that solving this problem with exact inference is beyond

the capabilities of today’s inference engines.

One possible solution would be to approach this problem from a query-based perspective

instead. Instead of trying to detail every possible type of activity that might be of interest.

An inference engine might be better served by just indexing an incoming data stream and

then attempting to answer specific questions after the fact. Such as “was the laundry done

today?”, or “Does Mary have clean clothes?”. In such cases commonly asked queries could

be cached or computed in near real-time so that up-to-date status could be relayed when it

was needed.

In some sense the ontology approach is implicitly accomplishing this. The ontology is a

way of defining the queries that are able to be asked in the future and then processing the

data in advance to collect sufficient statistics to answer a set of possible queries. In effect

an ontology is saying that the inference engine is able to identify which of the exclusively

defined activities was in progress at any given time. The struggle is in trying to balance

the flexibility for the query asker - that is allowing the largest number of possibly future

queries to be answered, with tractability.

7.3.3 Other Directions for BARISTA

• Reasoning with specific instances of objects is an interesting direction to take activity

inference. We began to explore this in our aggregation model, but there is more

interesting work to be done along these lines. Especially when an activity is only an

activity when you use the same exact object at particular times in an activity.

• Different types of RFID tags promise to offer new capabilities. If an RFID tag could

sense small amounts of information about the world around it, that information could

be leveraged by the inference engine. For example, a tea pot that indicated there was

hot water inside would be of great help in deciphering the process of making tea in

the presence of multiple people and an unexpected sequence of observations.
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• Leveraging location would reduce the number of activities that could be considered

at any given time. It shouldn’t be necessary to consider the possibility that you are

mowing the lawn when you touch a lawn mower in the store, or that you are brushing

your teeth when you are detailing your car, in the driveway, with a toothbrush.
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Chapter 8

CONCLUSIONS

In this thesis we have looked at the future of aging in the industrialized world and seen

that the absolute and relative numbers of the future elderly are going to strain existing

social structures. The amount of fiscal and social capital that is going to be required to

take care of the predictable challenges of aging is daunting. Since one of the leading causes

of these costs is functional impairment leading to admission in a long-term care facility, a

viable solution is to maintain the independence of these individuals.

Advances in both sensor technology, and probabilistic reasoning offer some hope of how

we can promote independence in the face of cognitive decline. By developing information

systems that augment cognition in the same way that physical devices compensate for

physical disabilities we may be able to maintain higher quality of life for elderly people and

their care-givers. At the same time we can reduce costs to these families and their various

governments.

We have looked at two possible avenues for assistance. The first is using an outdoor

activity recognition system based on GPS to help people who make occasional cognitive

errors recover safely. The second is an indoor activity recognition system based on a wearable

computing platform and RFID tags that is designed to monitor which activities are occurring

in a home.

In the outdoor case, we demonstrated that such a system could successfully be built

now, that the reasoning that such a system can do is both accurate and valuable and that

user interface innovations make such a system usable without extensive user programming.

In the indoor case, we saw that a single technology can subsume many previous activity

recognition techniques in a way that is robust, easily deployable and accurate at a mod-

erately fine level of detail. We identified particular aspects of object interaction that are

valuable for activities disambiguation and suggested some ways of dealing with functional
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object substitution.

In summary we have shown that it is possible to use current and next generation sen-

sors to recognize activities of individuals with sufficient detail that cognitive errors can be

recognized, and corrected.
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