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Health-Status Monitoring Through Analysis
of Behavioral Patterns
Tracy S. Barger, Donald E. Brown, Fellow, IEEE, and Majd Alwan, Member, IEEE

Abstract—With the rapid growth of the elderly population, there
is a need to support the ability of elders to maintain an independent
and healthy lifestyle in their homes rather than through more expensive and isolated care facilities. One approach to accomplish
these objectives employs the concepts of ambient intelligence to
remotely monitor an elder’s activities and condition. The SmartHouse project uses a system of basic sensors to monitor a person’s
in-home activity; a prototype of the system is being tested within
a subject’s home. We examined whether the system could be used
to detect behavioral patterns and report the results in this paper.
Mixture models were used to develop a probabilistic model of behavioral patterns. The results of the mixture-model analysis were
then evaluated by using a log of events kept by the occupant.
Index Terms—Ambient intelligence, human behavior models,
mixture models.

I. INTRODUCTION

T

HE population of Americans over 65 numbered 35 million
in 2000, comprising 12.7% of the total population and is
projected to more than double to over 70 million by 2030, while
the 85 population is expected to increase from 4.2 million in
2000 to 8.9 million in 2030 [1]. With this proliferation of the
elderly population also comes an increased need for services for
the elderly, including assisted-living facilities. However, many
elderly desire to stay in their own private residences for as long
as possible, and thus methods are needed to allow them to do so
safely and at reasonable costs.
One possible method to help enable elders to live independently is to employ the concepts of ambient intelligence by
installing remote monitoring technologies in elders’ homes.
The technologies could alert relatives, caregivers, or health-care
personnel of any change in an elder’s normal activity pattern.
The monitoring technologies should maximize the privacy of
elders while still providing information of any problems or
deviations from normal habits. As a result, simple and inexpensive motion-detection sensors are likely preferred to more
invasive technologies such as video recording. However, the
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ability of basic sensors to detect a person’s behavioral patterns
needs to be examined.
The primary objective of this paper is to examine whether a
system of basic motion sensors could detect behavioral patterns
and, thus, to provide the foundation for an ambient intelligence
approach to elder care. A mixture-model framework was used
to develop a probabilistic model of behavior and was tested on
data from the University of Virginia’s SmartHouse system. The
results were then compared to a user log to provide validation of
the patterns. The effect of analyzing behavior during work and
off-days separately was also examined.
The remainder of this paper is organized as follows.
Section II describes the background of the SmartHouse project
and related literature. Section III describes the mixture-model
analysis methodology. Section IV presents the results of the
mixture-model analysis. Section V compares the mixture-model
results to the user log. Section VI presents some conclusions.
II. BACKGROUND
The Medical Automation Research Center (MARC) at the
University of Virginia established a SmartHouse project to evaluate the ability to use a system of various sensors to provide
monitoring health checks. A prototype of the system was installed in the residence of a volunteer subject to examine the
use of such technology. This SmartHouse system consists of
a series of motion detection and on–off switches. Eight motion-detection sensors have been installed, one in each room of
the house (bedroom, bathroom, office, living room, kitchen, and
laundry room/back door area), one at the front door, and one
in the shower. These sensors fire whenever there is movement
within the sensor’s area of coverage. The switches are installed
primarily in the kitchen and indicate actions such as the opening
of a kitchen cabinet or the microwave. Sensor readings are collected continuously and consist of the sensor and the time at
which the sensor readings were recorded.
There have been several other research projects that have investigated the use of various sensor technologies on monitoring
of daily activity [4], [5], [13]–[15], [18]. Data-analysis techniques have included using plots and histograms to observe periodic patterns and infer activities [15], [18], comparing sensor
readings to a daily activity log [13], [14], and using neural networks to predict how long a person will spend in or out of
a single-room environment based on a succession of previous
times spent in and out of a room [5]. Other research efforts have
examined cyclical behavioral patterns, using probability estimates to detect deviations from the normal amount of time a
person spends in a room in an hour [16].
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This paper expands upon these previous studies by applying
a probabilistic approach to real data collected from a multiroom
environment. It improves upon the studies performed on real
data in a home-monitoring environment by utilizing a formal
statistical methodology. Compared to the study using neural networks to predict the time spent in or out of a room, this work
allows for a multiroom environment. The paper differs from the
research on cyclical behavioral patterns that applied an algorithm to simulated data by using real data and not dividing the
day into discrete hour time periods. This allows for the examination of behavioral patterns that may fluctuate between multiple
discrete hours.
Examining the research in other monitoring systems outside
of the home-health domain shows that there are a couple of examples where clustering and mixture-model methods have been
applied to analyze sensor data. Mathews and Warwick examined
the use of clustering techniques for identifying maintenance requirements on industrial machinery [12]. Goodman employed
mixture models to classify target types (e.g., personnel, vehicle,
background) based on data collected from unattended ground
sensors [9]. These two papers demonstrate the use of clustering
techniques in a sensor system domain and show the potential for
their application in the field of home-health monitoring.
III. MIXTURE-MODEL METHODS
A. Data
A total of 65 days of data collected from the SmartHouse
motion sensors during a 12-week period were used in the mixture-model analysis presented here. The data were randomly
split into a training and test set using an approximate 3/5 to 2/5
ratio to divide the days. Data from 40 of the days constituted the
training set, while data from the remaining 25 days were used
as the test set.
An observation in the data represents the time spent in one
room before moving to the next room. We considered four attributes associated with each observation: 1) the sensor location;
2) the start time; 3) the length of time spent in the room; and 4)
the activity level while in the room. The activity level is defined
as the number of sensor firings while in the room, divided by
the time (in seconds) spent in the room.
The observation data set was derived from the raw motion
sensor data collected in a log file on a personal computer in the
SmartHouse. The log file was chronologically ordered with each
line displaying the sensor ID and the time when motion was detected. The sensor ID maps to one of the eight motion-detection
sensors and was used to determine the room where motion occurred. Consecutive detections of motion in the same room were
then combined into one observation. For example, consider the
sample sequence of motion detections shown in Table I. The resulting observation used in the mixture-model analysis is shown
in Table II. The observation represents an event occurring in the
kitchen, starting at a time of 15 s, lasting 80 s, and having an
activity level of 0.05.
B. Mixture Models
Mixture models were applied to the sensor data to develop a
probabilistic model of event types which could represent under-
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TABLE I
SAMPLE SEQUENCE OF MOTION SENSOR DATA

TABLE II
SAMPLE OBSERVATION DERIVED FROM SEQUENCE
OF MOTION DATA IN TABLE I

lying behavioral activities of the subject. The mixture-model approach is an unsupervised learning method of event estimation
with other such methodologies including self-organizing maps
[11] and -means clustering [10].
The mixture-model approach served to cluster the observations with each cluster considered to be a different event type.
An event type is thus defined to be a cluster of data observations
(e.g., long lengths of time spent in the kitchen in the evening),
while an activity is defined as an actual behavior performed by
the subject (e.g., preparing dinner). Assuming that the sensor
readings came from a mixture of different activities, then the
distribution of sensor properties should vary based on the activity. For example, consider the activities of checking e-mail
and putting a book away on the office bookshelf. Both of these
activities would occur in the office and be detected by the office motion sensor; however, the length of time spent in the office would be expected to be longer for checking e-mail. Assuming that these were the only two activities, a graph showing
the frequency of each length of time spent in the office would be
expected to have two peaks, one representing the normal time
spent for checking e-mail and the other for putting a book away.
Mixture models can then be applied to the combined distribution to separate sensor firings occurring during e-mail checking
from those resulting from putting a book away. With a mixture
model the combined distribution is assumed to be a mixture of
different groups. The appropriate number of clusters must
be determined along with the density-function parameters for
each group and the assignment of each observation to the appropriate group.
More formally, the mixture-model approach assumes that the
density function for the data can be modeled as a mixture of
individual density functions, with each density function representing a separate cluster. The density function for the data can
be written as
(1)

24

IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS—PART A: SYSTEMS AND HUMANS, VOL. 35, NO. 1, JANUARY 2005

The subscript specifies a particular cluster, while is a
random vector for the observations. The mixing proportion is
with
for all k and
. The term
represents the Gaussian density function of a particular cluster [3].
Each cluster can be represented as a Gaussian model of type

(2)
with
The cluster has dimensions and is centered at mean
the variance-covariance matrix,
, determining the scaling
is a vector
properties [2]. For the data used in this analysis,
, length of time in the room
of the means of the time of day
, and activity level attributes
(3)
The covariance matrix can be decomposed into the form:
with the
matrix determining the orientation of the cluster, the
matrix describes the shape, the
scalar determines the volume, and the superscript
denotes
the transpose of the
matrix [2]. The orientation, shape,
and volume were allowed to vary between the clusters for the
analysis.
The maximum likelihood criterion was used to determine the
mixing proportions and density parameters. The objective was
then to maximize the log-likelihood of the parameters given the
data. This is represented as
(4)
where denotes the set of parameters [3].
The expectation maximization (EM) algorithm was applied
to calculate the parameter estimates and the assignment of observations to groups that maximized the log-likelihood [6]. This
algorithm consists of an iterative two-step process. When applied to mixture modeling, the -step involves computing the
probability that observation belongs to group given the current parameter estimates and assigning each observation to the
group for which the probability is the highest.
if belongs to group
otherwise

(5)

In the -step, the log-likelihood criterion is used to compute
the parameter estimates given the current set of assignments of
observations to groups
(6)
The number of groups can be determined by comparing the
Bayesian information criterion (BIC) value for different numbers of groups with
(7)

where
model,
model, and

is the maximized mixture likelihood of the
is the number of parameters estimated in the
is the number of observations [6].

C. Application of Mixture Models
The EM algorithm was applied to the training set data to develop the mixture-model parameters and assign observations in
the training set to clusters. The algorithm was run separately
on each sensor type. The number of clusters was selected by
choosing the model with the highest BIC value. The -step of
the algorithm was then used to assign the observations in the test
set to the clusters. This process was repeated for the subset of
data corresponding to each individual cluster. For a cluster to be
further subdivided, the BIC value for two or more clusters must
exceed that for one cluster. This iterative step helps prevent difficulties caused by clusters of different sizes.
After using mixture models to divide the data into clusters,
the clusters representing potentially significant event types must
be determined. Some groups may consist of simply random
events or several different types of underlying events that may
not be part of a consistent pattern of behavior. For example,
if 50-s events in the kitchen occur at about the same density
throughout the day, they may all be placed in one group. Such
events could represent many types of underlying activities from
walking through the kitchen on the way to the back door, to getting a quick snack, to checking on dinner. Random events are
assumed to most likely be those of short time lengths that do
not occur consistently at the same time of day.
Groups were considered to be significant if they met either
a length or time-range criterion and occurred on at least 25%
of the days. To determine whether the length of time was significant, the mixture-model-clustering algorithm was applied to
the mean length of time values for all groups. The groups were
split into two clusters with groups in the cluster with the longer
lengths of time considered to be significant. A similar approach
was used to determine whether the range of start times was significant. The range of start times was calculated for all groups,
and mixture modeling was used to divide the groups into two
clusters. The groups in the cluster with the smaller time ranges
were considered to be significant.
D. Analysis of Work and Off-Days
There may be significant differences in behavioral patterns
between days when the subject works and days when the subject
is off and, thus, before trying to discover patterns, it was important to first categorize the days into work and off-days. However,
the subject works a variable schedule, and whether a day is actually a work or off day is not known; thus, unsupervised learning
methods must be applied. The main indication of a work day is
a lack of activity in the house during the daytime hours. As a
result, the number of motion sensor firings during the daytime
hours could be used to classify the days. However, even on work
days, there could be some sensor firings during the day due to
occurrences, such as the opening of the front door or a sensor
firing because of an outside event such as a door slamming in the
basement apartment. Also, on off-days, errands might be run,
leaving several hours without activity. Hence, classifying the
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days could not be simply based on examining the data for an 8-h
period of no activity. Instead, a clustering approach was applied
to the hourly counts of the number of motion-sensor firings. This
allowed for grouping the days with low activity without setting
an arbitrary cut-off for the number of sensor firings in a particular hour that can occur.
The number of motion-sensor firings was calculated for
each discrete hour, and agglomerative hierarchical clustering
using Ward’s method was applied to the hours from 7 am.
to 7 pm. This method begins by placing each observation in
its own cluster. Clusters are then iteratively merged until all
clusters are combined. Ward’s method attempts to minimize
the within-cluster variance by merging the clusters with the
minimum sum of squares [17].
This clustering method divided the days into two primary
clusters with 37 days being classified as off-days and 28 identified as work days. The mixture-model analysis was then applied
separately to the work and off-days and the combined data set.
Results of the mixture-model analysis on these sets were compared and are described in the next section.
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TABLE III
SIGNIFICANT CLUSTERS THAT MEET EVALUATION
CRITERIA FOR COMBINED DATA

Another metric involves comparing the parameter values
of the mean length of time and mean time of day properties
and
as calculated by the mixture-model algorithm (
) to the estimated values of the parameters from the
and
). The differences can be
test set clusters (
normalized by dividing by the parameter standard deviations to
provide an estimate of consistency between the properties of
the test set clusters and the original model
(12)
(13)

IV. MIXTURE-MODEL RESULTS
A. Metrics
Several performance metrics were used to evaluate the results
of the mixture-model analysis. One performance metric for each
individual cluster is the uncertainty values for the assignment of
the observations to the cluster. For each cluster, the probability
that the observation belongs to the cluster was calculated. The
repuncertainty is then one minus this probability value. Let
resent the uncertainty for cluster , represent the number of
the probability that
observations assigned to cluster , and
observation belongs to cluster
(8)
A second metric compares the estimated probabilities of a
cluster in the training and test sets. For example, based on an
consisting of the different clusters, the
event space
estimated probability of event A is the number of occurrences of
divided by the total number of event occurrences
event

(9)
The probability of event for the training and test sets can then
be compared using a percent error metric
(10)
Similarly, the probability that event occurs at least once a day
can be compared between the training and test sets. In this case,
the probability of event occurring on a day was estimated by
dividing the number of days on which event occurred
by the total number of days in the data set
(11)

B. Results From the Combined Data Set
The data were grouped into 139 clusters. The mean uncertainty level for each observation in the training set was 0.1016
and the standard deviation was 0.1468. For the test set, the mean
uncertainty level for each observation was 0.1087 and the standard deviation was 0.1509. For the training set, 72.76% of the
uncertainty values were less than 0.20 while 73.08% of the test
set observations had uncertainty values less than 0.20. The percent of values exceeding 0.50 uncertainty was 1.90% for the
training set and 2.14% for the test set.
Of the 139 clusters, 44 were determined to be significant. Fifteen of these 44 clusters exceeded a mean uncertainty level of
0.20, indicating a relatively high level of uncertainty for some of
the clusters for the training set data. These clusters were evaluated using the test set. Comparing the percentage of days on
which a cluster occurred in the training and test sets showed
that many of the clusters showed a consistent rate of occurrence;
however, 19 had percent errors exceeding 0.20. For the measure
representing the percentage of days on which at least one observation in the cluster occurred, there were also 19 clusters with
percent errors exceeding 0.20. When comparing the time of day
attribute between the test set and model parameters, one cluster
differed from the mean parameter by more than one standard
deviation while six additional clusters differed from the mean
parameter by more than one half the standard deviation. For the
length of time parameter, one cluster differed from the mean parameter by more than three times the standard deviation. All of
the other clusters had an estimated mean within one standard deviation of the mean parameter value with four clusters exceeding
one half of the standard deviation. Similar to the training set, the
mean uncertainty levels for clusters in the test set included both
low and high levels of uncertainty with the mean uncertainty exceeding 0.2 for 15 clusters. Table III summarizes the number of
clusters that met each of these criteria.
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TABLE IV
COMPARISON OF OFF, WORK, AND COMBINED MODEL RESULTS

Of the significant groups, 12 had uncertainty levels under 0.20
for both the training and test sets, had error rates of less than 0.20
for the percentage of observations and percentage of days measures, and were within one standard deviation of the parameter
mean for the time of day and length of time parameters. These 12
groups include four bedroom clusters, three office sensor clusters, one living room cluster, one front door sensor cluster, one
laundry room cluster, and two kitchen clusters.
C. Effect of Evaluating Work and Off-Days Separately
When the off and work day data were analyzed separately,
the mean uncertainty for both the training and test sets was less
than for the combined data set, showing an improvement in performance. The mean uncertainty for the work data at 0.034 56
was especially low. Furthermore, the standard deviations of the
parameter values for the separate off and work day models were
in general smaller than for the combined data. As a result, despite the smaller number of observations, there were a similar
number of significant clusters and significant clusters that met
all the evaluation criteria. Table IV summarizes the comparison
between the off-day, work-day, and combined data models.
The results of the off, work, and combined data sets were
further compared on each of the evaluation criteria. The results
showed a significantly higher rate of errors in the percentage of
observations measure for the separate off and work day models.
Only 32.5% of the significant clusters for the off-day data and
28.6% of the clusters for the work-day data had percent errors
less than 0.2 for the measure. This compares to 56.8% for the
combined model. Another measure where the error rates were
higher for the separate models was in the comparison of parameter values to the test set mean time and mean length values.
For the combined model, there was only one cluster for both attributes where the difference exceeded one standard deviation.
In comparison, for the work-day data set fourteen observations
exceeded a difference of one standard deviation for the time of
day parameter and ten observations exceeded a difference of one
standard deviation for the length of time parameter. The uncertainty metric was the main one that showed improvement from
the combined model to the separate models. Tables V and VI
show the number of significant clusters that met each evaluation criteria for the off and work day data sets.
V. COMPARISON TO USER LOG
An activity log from the subject was collected for a period
of 37 days that did not correspond to the days used in the mixture-model analysis. The log was created by the subject using a

TABLE V
SIGNIFICANT CLUSTERS THAT MEET EVALUATION CRITERIA FOR OFF DAYS

TABLE VI
SIGNIFICANT CLUSTERS THAT MEET EVALUATION CRITERIA FOR WORK DAYS

customized PDA, where several event types, as well as the location of the activity, could be selected. The subject was asked
to log activity entries in as close a time proximity to the activity
event as possible. The PDA automatically stamps the entry with
the correct date and time. The log consisted of 448 entries where
one of 26 activity types was selected. These entries were compared to the significant clusters that met all of the evaluation
criteria for the combined, off-day, and work-day data sets.
The clusters were compared to the log-entry events by
noting for events of the same sensor type whether the time the
log-event was recorded occurred within one standard deviation
of the mean start and end time for a cluster. For the combined
data, 42.19% of the log-entry events occurred within one
standard deviation of the 12 clusters meeting all the evaluation
criteria. This percentage was 41.07% for the off-day clusters,
22.54% for the work-day clusters, and 59.15% when the offand work-day clusters were combined. When clusters from all
three data sets were used, the percentage was 66.29%. This
percentage included all bedroom and front-door entries 75.0%
of the office entries, 64.2% of the kitchen entries, 45.3% of the
bathroom entries, 37.5% of the living room entries, and only
5.4% of the laundry room entries. These results help validate
that the results of the mixture-model analysis represent many
of the patterns of one event type that actually occurred.
The clusters were then compared to the activity log to determine which clusters may potentially represent an activity.
Of the 12 clusters from the combined data, nine represented at
least 25% of the occurrences for at least one activity type. The
corresponding activities included sleep, waking-up, changing
clothes, computer use, television use, and meal activities. For
the off-day data, seven of the clusters corresponded to an activity with the activities including all of the previous types except television use plus toilet use. The work-day data had the
lowest number of clusters corresponding to activities at six. The
activities included sleep, changing clothes, toilet use, entering
the house from the front door, and eating. These results show
that most of the significant clusters correspond to actual event
patterns.
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VI. CONCLUSION
The results of this analysis demonstrate that a remote monitoring system with inexpensive motion sensors, such as the
SmartHouse, can be used to detect behavioral patterns. The
mixture-model results show that there are clusters that occur
consistently over time with low classification uncertainty.
Such clusters represent behavioral patterns of one event type.
Comparison of these results to the user activity log shows
that even though the data are from different time periods the
significant clusters accurately represent many of the recorded
events. Identifiable events include sleep behavior, changing
clothes, bathroom/toilet use, leaving/returning home, and meal
preparation, which constitute the majority of the activities of
daily living that are used in functional assessments performed
by healthcare professionals. Evaluating the work and off-days
separately helps to reduce the uncertainty in classification of
observations and provides a method for detecting event patterns
that may be specific to work or off-days.
For future application, a SmartHouse-type system could be
adapted to meet the needs of the individual user. Additional sensors could be used and placed where needed to monitor specific concerns. The analysis methodology described in this paper
could then be utilized to provide a baseline characterization of
the user’s activity pattern, which could be refined through interaction with the user, and provide a reference for detecting
behavioral changes. As such, the results described here provide
the basis for turning the current SmartHouse technologies into
ones with greater intelligence that can adapt the environment to
user needs and conditions.
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