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Abstract

Accurate and detailed measurement of an individual’s
physical activity is a key requirement for helping re-
searchers understand the relationship between physical
activity and health. Accelerometers have become the
method of choice for measuring physical activity due to
their small size, low cost, convenience and their ability
to provide objective information about physical activity.
The challenge, however, is in interpreting accelerom-
eter data once it has been collected. In this work, we
applied machine learning algorithms to the problem of
classifying a time series as being one of several possible
physical activity types. We employed a simple but ef-
fective approach of dividing the accelerometer data into
short non-overlapping windows, converting each win-
dow into a feature vector, and treating each feature vec-
tor as an i.i.d training instance for a supervised learning
algorithm. In addition, we improved on this simple ap-
proach with a multi-scale ensemble method that did not
need to commit to a single window size and was able to
leverage the fact that physical activities produced time
series with repetitive patterns and discriminative fea-
tures for physical activity occurred at different temporal
scales.

Introduction

Although physical activity is well-known by the general
public to be essential for maintaining a healthy body, re-
searchers continue to seek a better understanding of the rela-
tionship between physical activity and health. A key require-
ment of this research is the accurate and detailed measure-
ment of an individual’s physical activity. Researchers can
use this data to identify people at risk of certain diseases,
evaluate the efficacy of intervention strategies for increasing
physical activity and understand why some groups of people
are more active than others (Bauman et al. 2006).

Self-reports have traditionally been the means of pro-
viding information about physical activity (de Vries et al.
2011). However, self-reports are susceptible to subjective
factors, such as recall bias and social desirability, thus lack-
ing accuracy. For instance, self-reports tend to overestimate
the time spent in unstructured daily physical activities, such
as walking (Tudor-Locke and Myers 2001).
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One of the most promising alternatives to self-reports is
the use of accelerometers (de Vries et al. 2011), which are
free from subjective biases. Accelerometers for physical ac-
tivity monitoring capture acceleration in different planes,
with triaxial accelerometers being one of the most common
types. Figure 1 illustrates triaxial accelerometer data col-
lected from seven different activity classes, with the data
from each axis shown in a different color. Once this data
has been collected, the challenge is to interpret this three
dimensional time series. Interpreting this data requires two
steps. First, if the accelerometer data were collected under
free-living conditions, the time series needs to be divided
into segments corresponding to one particular type of physi-
cal activity. Then, each smaller time series corresponding to
a segment needs to be classified as a physical activity type.
In our work, we focus on the classification task in the sec-
ond step because our data has already been segmented by
the nature of our data collection process. For future work,
we will investigate algorithms for segmenting data obtained
under free-living conditions.

The traditional approach in exercise science for classi-
fying a time series into physical activity classes is to use
regression-based thresholds called cut-points (Treuth et al.
2004) which allow researchers to estimate the time spent
performing physical activities at different intensity levels.
Researchers, however, have found cut-points to be inaccu-
rate (eg. (Staudenmayer et al. 2009)), and are turning to ma-
chine learning methods to identify physical activity types
and estimate energy expenditure more accurately.

The basic machine learning task involves classifying a tri-
axial time series as a single physical activity type. Many ap-
proaches to time series classification have been proposed in
the machine learning literature (Xing, Pei, and Keogh 2010)
and choosing the right approach depends on the nature of
the time series. Two key characteristics of physical activity
data (such as the data in Figure 1) that we will leverage to
improve classification accuracy are its repetitive pattern last-
ing for the duration of the physical activity and the fact that
discriminative features occur at different temporal scales.

In this work, we apply machine learning techniques to
the task of predicting physical activity type from data col-
lected from a single body-mounted triaxial accelerometer.
We show that a straightforward application of supervised
learning techniques can produce highly accurate results. To
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Figure 1: An example of 10 seconds of data from all seven classes in the OSU_Hip dataset. These plots illustrate triaxial
accelerometer data collected at 30 Hz, and each color in a plot represents one axis. The activity types are, from left to right:
(top) dancing, lying down, running, sitting, (bottom) standing and household chores, walking and basketball.

produce even more accurate results, we develop a new algo-
rithm consisting of an ensemble of multi-scale classifiers in
which each ensemble member is trained on a set of features
computed from subwindows of different sizes from the orig-
nal time series, thereby leveraging discriminative features
found at different temporal scales. We evaluate this ensem-
ble method on three different accelerometer data sets.

Related Work

Past work has explored activity recognition using data from
a single accelerometer, typically placed at the waist or hip
(Staudenmayer et al. 2009; Bonomi et al. 2009). A variety
of standard supervised learning algorithms have been em-
ployed, but Ravi et al. (2005) conclude that ensemble meth-
ods, especially majority voting, were consistently among the
top performing algorithms for activity recognition. An alter-
native approach is to use data from multiple accelerometers
or other sensors for physical activity recognition (Bao and
Intille 2004). Although multiple sensors can produce more
accurate predictions, they are not practical as they would re-
quire an individual to wear multiple devices, which may be
considered too cumbersome.

Our task specifically involves classifying an entire nu-
meric time series as a single activity type. A variety of meth-
ods that accomplish this task (Xing, Pei, and Keogh 2010;
Wang et al. 2010) do so by transforming the raw time se-
ries into a more efficient representation that preserves its
key traits but reduces its dimensionality. Examples of these
representations include a symbolic representation (Lin et al.
2003) or a feature vector of shapelets (Ye and Keogh 2009).
Once a raw time series has been converted into an efficient
representation, supervised learning techniques can be ap-
plied to it. One of the most frequently used methods is the
k-nearest neighbor (k-NN) algorithm, which can be surpris-
ingly accurate using Euclidean distance (Keogh and Kasetty
2003) or dynamic time warping (DTW) (Wang et al. 2010).

These techniques work well when the task is to match the
overall shape of a time series, but as we will show, they per-
form poorly on accelerometer data with repetitive patterns.

Hidden Markov Models (HMMs) have also been used
for physical activity recognition (Lester et al. 2005). Since
HMMs can model transitions between physical activities,
they are more suitable for segmenting a time series into a
sequence of physical activity types rather than classifying
an entire time series as a single activity type.

Methodology

A simple and effective approach to the classification task is
to cut the time series up into non-overlapping windows of
some size . Then, each window can be converted into a
feature vector and each feature vector treated as if it were an
independent, identically distributed (i.i.d.) data instance. At
this point, supervised learning algorithms can be applied to
each feature vector. This approach works especially well for
time series with repetitive patterns, provided each window
contains at least one “cycle” of the repetitive pattern. Indeed,
this approach has been shown to be effective for physical ac-
tivity recognition by several researchers, who have all used
a variety of machine learning techniques such as neural nets
(Staudenmayer et al. 2009), decision trees (Bonomi et al.
2009) and support vector machines (Su et al. 2005).
Treating each window as an i.i.d data instance requires
addressing two key issues. The first important issue is how
to convert raw accelerometer data into a feature vector. Fea-
tures need to capture important aspects of the data that can
discriminate between different activity types and be appli-
cable for different subjects. Knowing what these features
will be beforehand is very difficult. Therefore, one approach
for engineering features is to follow the techniques used in
computer vision and create a bag of features (Zhang and
Sawchuk 2012), which generates a large set of potentially
useful features. In our work, we found that the bag of fea-



tures approach produced accurate predictions if the algo-
rithm can handle a large number of features by guarding
against overfitting (eg. through regularization of its parame-
ters). Furthermore, since the ultimate goal is to deploy phys-
ical activity recognition algorithms in real time, the step of
converting raw accelerometer data to a feature vector needs
to be efficient. We use a large number of coarse-grained
summary statitics as features that can all be extracted in lin-
ear time or less (Table 1).

The second issue involves determining the window size
W, which is seldom addressed even though it affects the ac-
curacy of the algorithm (Trost et al. 2012). The larger the
window size, the longer it takes to identify the activity. For
instance, if the window size were 60 seconds, then one must
wait for a full 60 seconds worth of data to be accumulated
before the prediction can take place. On the other hand, the
smaller the window size, the less information is available to
make an informed prediction of the activity type. If the fea-
tures are summary statistics over the window (eg. the mean),
then the window size also has an effect on the quality of
the computed features. Having the wrong window size can
cause the feature representation to oversmooth/undersmooth
aspects of the data that are needed to discriminate between
physical activity types.

Features
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Table 1: Time series features used in our representation of
each window where the time series is denoted as s, ..., ST
and T is the length of the window

Algorithm

We now describe the Subwindow Ensemble Model
(SWEM), which is designed to leverage a key aspect of
physical activity recognition — that physical activity types
have discriminative features at different temporal scales. The
SWEM consists of an ensemble of classifiers, with each
classifier trained on a different feature representation of the
data. Each feature representation corresponds to a set of fea-
tures generated from different temporal scales of the time
series. With this approach, we avoid committing to one par-
ticular window size at the expense of having to perform fea-
ture generation and classifier training for as many times as
we have ensemble members. At the end, the predictions by
each ensemble member are combined via majority vote to
produce an overall prediction for a time series.

Algorithm 1 provides pseudocode for how the en-
semble members in the SWEM are trained. The
SWEMMEMBERTRAIN function accepts as input la-
beled time series data and a list of subwindow sizes. If we
use Figure 2 as a running example, we have L = 1,5, 10,
corresponding to subwindows of 1, 5 and 10 seconds
length. The for loop in line 2 iterates over the subwindow
sizes. In lines 4-10, we decompose each time series t
into overlapping subwindows of size [; the overlap occurs
because each subwindow of size [ is shifted over by 1
second, as in Figure 2. Line 5 retrieves the class label of
time series t. Lines 6-9 takes each subwindow of size [,
converts it to a feature vector with the FEATURIZE function,
and adds the feature vector with the class label to the
training data. The BUILD-MODEL function in Line 11
trains the ensemble member with the training data and adds
the trained ensemble member to the set M.

Algorithm 1 SWEMMEMBERTRAIN(T, L)
Input

1: T': dataset of labeled time series for training.

2: L: subwindow sizes.
Output

1: M: the ensemble members.
Procedure

1 M—{}

2: foreach/in L do

3:  training_data — {}

4 for each time series ¢ in 7" do
5: label «— CLASS-LABEL(t)
6
7
8

for each subwindow s of ¢ with length [ do
x < FEATURIZE(s)
: training-data «— training_data U (z, label)

9: end for
10:  end for
11: M «— M UBUILD-MODEL(training_data)
12: end for
13: return M

Algorithm 2 describes how SWEM classifies a new time
series. In lines 1-8, the SWEM-PREDICT function collects
the predictions by an ensemble member over subwindows of
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Figure 2: Decomposing a time series of a 10-second walk into 1, 5 and 10-second overlapping subwindows. The subwindows

shift by 1 second.

Algorithm 2 SWEMPREDICT(M, t)
Input
1: M: the ensemble
SWEMMEMBERTRAIN.
2: t: the time series to be predicted.
Output
1: prediction: the prediction of time series ¢.
Procedure
v—{}
: for each ensemble member m in M do
[ — SUBWINDOWLENGTH(m),
p—{}
for each subwindow s of ¢ with length [ do
p < p U PREDICT(m, FEATURIZE(S))
end for
v[m| < MAJORITYVOTE(p)
. end for
. prediction < MAJORITY VOTE(v)
: return prediction

members  generated by
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size [. In line 3, we retrieve the length [ of the subwindow
associated with ensemble member M. The for loop in lines
4-6 converts all subwindows of length [ in 7" into a feature
vector, predicts the class of each subwindow feature vector,
and adds the predictions to p. In line 10, the prediction by a
single ensemble member m for the entire time series ¢ is ob-
tained by a majority vote over p, which stores the predicted
class labels for each subwindow. Finally, in line 11, the over-
all prediction by the ensemble is produced by a majority vote
over the predictions by each ensemble member.

Evaluation
Datasets

The SWEM was evaluated on three accelerometer-based
physical activity datasets — two datasets were from Oregon
State University (OSU) and the third was from the Human
Activity Sensing Consortium (HASC).

The OSU datasets contained data recorded by triaxial ac-
celerometers at a 30 Hz sampling rate. Participants of ages
5-15 were asked to perform seven different types of physi-
cal activities for 2 minutes each in a controlled lab environ-
ment. The seven activity classes included: lying down, sit-
ting, standing and household chores, walking, running, bas-

ketball and dance. The OSU_Wrist dataset contains data col-
lected from 18 participants with wrist-mounted accelerome-
ters while the OSU_Hip dataset contained data from 53 par-
ticipants with hip-mounted accelerometers. Figure 1 shows
an example of all seven classes in the OSU_Hip dataset. Data
from the OSU_Wrist dataset is similar and not shown due to
space limitations. The two minutes of data were cut up into
10-second time windows. In past work, Trost et al. (2012)
found that 10-second time windows were a good compro-
mise between collecting enough data to predict the activity
class and having a fast enough detection time.

The third dataset used in our experiments consists of the
“Sample Data” from the Human Activity Sensing Consor-
tium (HASC) 2011 challenge' (Kawaguchi et al. 2011).
The data were collected from seven subjects with triaxial
accelerometers at a 100 Hz sampling rate. Six activities,
namely stay, walk, jog, skip, stUp (stair-up) and stDown
(stair-down), were performed by all subjects in a controlled
lab environment. As with the OSU data, we divide the
HASC time series data into windows of length 10 seconds.

Experiments

The SWEM consisted of 10 ensemble members, with each
ensemble member corresponding to a subwindow of length
1, 2, 3, etc. up to 10 seconds. Features 1-18 were extracted
from each axis, and Feature 19 (the correlation between
axes) was extracted from each pair of axes, resulting in a
total of 57 features. The ensemble members for the SWEM
were linear support vector machines. Libsvm (Chang and
Lin 2011) was used as the SVM implementation in our ex-
periments.

The dataset was randomly split by subject into three non-
overlapping subsets for training, validation and testing. Each
algorithm in our experiments was trained on the training
set, each trained model was tuned on the validation set,
and parameter settings achieving the highest performance on
the validation set were chosen as the parameters for the fi-
nal model evaluated on the test set. For the SVMs used in
SWEM, the C parameter was tuned over values 0.01, 0.1, 1,
10, 100 and 1000. Each algorithm was evaluated using 30
training-validation-testing splits and the average macro-F1
was reported.

We compared the performance of SWEM against the fol-
lowing algorithms. First, 1-nearest neighbor is a commonly

! Available at http://hasc.jp/hc2011/download-en.html



used baseline for time series classification algorithms. We
applied a 1-nearest neighbor algorithm on the raw time se-
ries with both a Euclidean distance metric (INN_EUC) and
with Dynamic Time Warping (INN_DTW). In addition, we
applied a 1-nearest neighbor algorithm on the SAX repre-
sentation of the time series with both a Euclidean distance
metric (INN_EUC_SAX) and with Dynamic Time Warping
(INN_DTW_SAX). For SAX, we tuned the number of seg-
ments (10, 50, 100) and the number of symbols (5, 10, 20)
but found that the results did not change much. Finally, we
also applied a linear SVM, with the C' parameter tuned on
the validation set. We chose an SVM because it was one of
the best performing algorithms on the physical activity data
as compared to other supervised learning techniques. Since
artificial neural networks (ANNs) are commonly used in the
exercise science literature, we include results from an ANN
in which we tuned the number of hidden units (1-30) and
decay weights (0, 0.5, and 1). We also attempted to repre-
sent the data with shapelets (Ye and Keogh 2009), but the
training phase of the shapelet algorithm, which is computa-
tionally expensive, did not finish running on our full dataset.

Discussion
Algorithm OSU_Hip | OSU_Wrist | HASC
SWEM_SVM 0.9427 0.8967 0.8207
SVM 0.937 0.886 0.794
ANN 0.919 0.787 0.738
INN_EUC 0.572 0.456 0.648
INN DTW 0.561 0.494 0.648
INN_EUC_SAX | 0.142 0.147 0.169
INN_DTW_SAX | 0.143 0.143 0.169

Table 2: Average macro-F1 scores of the various algorithms
on the three datasets. The bold font marks the model with
the highest average macro-F1 and the symbol { indicates
that the improvement by SWEM is statistically significant
(Wilcoxon signed rank test, p-value < 0.05) above all the
other algorithms.

Table 2 illustrates the results of the experiments. The
SWEM_SVM was the best performing model on the
OSU_Hip (0.942), OSU_Wrist (0.896) and HASC (0.820)
datasets. SVMs and ANNs performed reasonably well,
with SVMs being superior to ANNSs, especially on the
OSU_Wrist dataset. Although SWEM_SVM resulted in a
slight improvement over SVM, both SWMs and ANNs were
provided with an informed value of W = 10, which helped
their performance. In general, finding an appropriate value
for this window size is difficult to do. The SWEM_SVM al-
gorithm, in contrast, removes the need to commit to a par-
ticular window size and it can exploit features of the data
from different subwindow sizes. The nearest neighbor meth-
ods performed poorly because they tried to match the overall
shape of the time series. In addition, the SAX representation
also performed poorly because the aggregation caused many
of the discriminative details to be smoothed out.

We can gain further insight into the benefits of the multi-
scale approach of SWEM_SVM by comparing its perfor-
mance to that of its individual ensemble members by remov-
ing the meta-layer performing a majority vote. In doing so,
we report results as if we had made a prediction by using
only a single temporal scale. Table 3 compares the classi-
fication accuracies of SWEM_SVM against each individual
ensemble member on the OSU _Hip dataset. We refer to each
ensemble member as SWEM_SVM followed by the size of
the subwindow eg. SWEM_SVMI1 for a 1 second subwin-
dow. Note that SWEM_SVMIO is the largest possible sub-
window size and these results are identical to applying an
SVM to each window of data (ie. the results in Table 2).

This analysis revealed that ensemble members of differ-
ent subwindow sizes performed better for certain activities
than others, confirming our hypothesis that discriminative
features existed at different temporal scales for the various
activity types. For example, on the OSU_Hip dataset, sub-
windows of size 8 and 9 produced the best results for ly-
ing, sitting, and walking while subwindows of size 1 pro-
duced the best results for standing and running. Similarly,
on the HASC dataset (table not included due to lack of
space), the best results for walking were produced with a
subwindow size of 9 while the smaller subwindow sizes pro-
duced more accurate predictions for stay, jog, skip, stUp and
stDown. Some ensemble members performed better than
SWEM_SVM for specific activities, but over all activities,
SWEM_SVM always had a higher average macro-F1 than
individual ensemble members.

Conclusion

We proposed the Subwindow Ensemble Model which used
an ensemble of classifiers trained on features made up of
coarse summary statistics computed from different tempo-
ral scales. The SWEM outperformed other baseline algo-
rithms and it had the additional benefit of not needing to
commit to a single window size W. The SWEM algorithm
achieved very accurate results (> 90% for OSU data, > 80%
for HASC), which suggests that the algorithm could be vi-
able for deployment. For future work, we will investigate
the challenge of deploying physical activity recognition al-
gorithms in real time on free-living data. Since free-lving
data consists of a mixture of different activities performed
throughout an individual’s day, we explore algorithms for
segmenting the data and classifying these segments into
physical activity types.
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