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Abstract— To realize accurate tracking of people in the
environment, many studies have been proposed using vision
sensors, floor sensors, and wearable devices. The problem of
using vision sensors is that they do not provide ID information
of each people and there are ambiguities when people come
across. To solve the problem, we propose to combine
acceleration sensors that are attached to the human body. Since
the signals from vision sensors and acceleration sensors
synchronize when they observe same person who are acting or
walking in the environment, these signals are not independent.
The correlation between the signals is evaluated based on the
canonical correlation analysis. Experimental results are shown
to detect gesture and to track people to confirm the effectiveness
of the proposed method.

I

I. INTRODUCTION

N order to realize intelligent environment that supports
human activities, much work on sensor network has been
done by integrating many kinds of sensors in the environment
and wearable devices. Accurate and reliable tracking of
people and knowing their positions in the environment is one
of fundamental problems in sensor networks. The sensors
used in previous approaches are classified into three main
groups.
(1) Vision sensors
Vision sensors are widely used to understand the scene in
the environment, and much works have been done to
recognize human behavior using vision sensors [1]. Vision
sensors provide much information about people in the
environment, not only their positions but shape, color, and
gestures. The defects are that vision sensors do not provide ID
information and there are ambiguities in association when
two people are coming across.
(2) Floor sensors
By spreading touch sensor network on the floor, the
positions of people are accurately detected [2] [3] [4]. Floor
sensors are very reliable, but it does not provide any
information to distinguish each person.
(3) Wearable devices
Positions of people are detected by using wearable device
on the body. Many systems have been proposed using
infrared [5], ultrasonic wave [6], RFID [7], and wireless LAN
[8]. Since the ID information to distinguish each person is
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explicitly sent to the system, personal identification during
tracking is perfect. However, we have to install many reader
devices in the environment to obtain positions of people
accurately. And it is desirable that people carry the device in
natural manner.
In this paper, we propose to integrate vision sensors in the
environment and acceleration sensors that are attached to the
body. A typical problem to track people with only vision
sensors is that it is difficult to recognize ID of people in the
images. Since an acceleration sensor measures the motion of
each person and it contains the ID of the person, the
association problem is solved effectively. We suppose that
our method is applied to track people who are carrying
cellular phones that have acceleration sensors inside. So we
are carrying acceleration sensors in daily life and our method
works under current information infrastructure.
The problem is how to integrate vision sensors and
acceleration sensors in different representations. Many works
has been done in the research area of the sensor fusion, and
typical approach is to convert each sensory signal to a
common representation before integration. For example, to
integrate signals from microphones and video cameras,
locations of a sound source is estimated in sound and video
independently. Then the precise position is computed by
integration of estimated locations. However, since
acceleration sensors do not provide location information
directly and there are large drift in estimating position by
integrating acceleration sensor signal, it is difficult to apply
previous sensor fusion methods.
In this paper, we propose novel integration method to
integrate floor sensors and acceleration sensors based on
statistical method. We solve the association problem by
evaluating correlation between sensory signals by the
canonical correlation analysis (CCA).
In section 2, the sensor fusion framework based on signal
correlation is described. In section 3, the algorithm to
integrate vision sensors and acceleration sensors are
described in detail. In section 4, experimental results are
shown. In section 5, we conclude the paper.

II. CROSS MODAL ASSOCIATION OF DIFFERENT KINDS OF
SENSORS BASED ON COMPUTING CORRELATION
A. Cross modal association based on computing correlation
When different kinds of sensors observe same information
source, the observed signals display synchrony and the
signals are not independent. Recently, several studies of
sensor integration have been done by extracting synchrony
between the signals from different kinds of sensors based on
statistical methods (Fig. 1).

Fig. 2. Integrating different kinds of sensors based on computation of
synchrony between signals. The motions of people in the environment are
measured by acceleration sensors on the body and transmitted to the
sensor network.

images. It is important to apply the approach to many types of
sensors and investigate the possibility and the limitation of
the approach. This paper is the first trial of integrating vision
sensors and acceleration sensors using this approach.
Fig. 1. Integrating different kinds of sensors based on computation of
correlation between signals.

Hershey et al. [9] observed people speaking alternately
with a camera and a microphone. They extracted synchrony
between the audio signal and the brightness of the pixel
around the speaker’s mouth. They localized the speaker in the
image by computing mutual information between the signals.
This method has extended and has been applied to especially
sound source localization problem [10] [11] [12]. A
limitation of the method is the assumption that the target does
not move in the images. In coping with a moving target,
object detection methods using object models are applied
before the integration process [13] [14]. In these methods, the
object detection stage and the integration stage is separated
B. Signal source detection and tracking by maximizing
correlation between signals
The problem of the two-stage approach is that it is not
robust integration method. Since the object detection stage
and the integration stage are separated, the integration fails if
the object detection fails. In this paper, these stages are
integrated into one process. We have proposed to detect and
track the sound source simultaneously based on the criteria of
mutual information maximization [15]. However, number of
the sound source is limited to one in the method.
C. Integration of vision sensors in the environment and
wearable acceleration sensors
In this paper, we propose to integrate vision sensors in the
environment and wearable acceleration sensors that are
attached to the body. By sending the acceleration sensor
signal and the ID of each person wirelessly, everyone in the
environment are detected and tracked in video images by
computing correlation between sensory signals.
The sensor integration approach by detecting synchrony
between sensory signals is a general approach and it does not
depend on the type of sensors. However, previous studies
mainly focused on the sound source localization in video

D. Estimating the most correlated direction of the
acceleration signal by the canonical correlation analysis
Many kinds of motion are measured by a three dimensional
acceleration sensor. In order to detect the correlation between
a camera and an acceleration sensor, it is important to
estimate the direction of the acceleration with the largest
correlation. In this paper, we applied the canonical correlation
analysis (CCA) to estimate the direction that maximizes
correlation between signals [12][13].
III. ALGORITHM TO INTEGRATE VIDEO CAMERAS AND
ACCELERATION SENSORS
A. Preprocessing
Fig. 3 shows the typical acceleration sensor signal when
two people walks. Each person has an acceleration sensor on
the right hand. The acceleration signal is averaged in each
video frame.
Fig. 4 shows the examples of images from two cameras in
the environment. Frame difference between subsequent video
frames is computed.

Fig. 3. Signals from acceleration sensors when two people walk in the
environment. Each person has an acceleration sensor on the right hand.

Fig. 4. An example images and the frame difference image.

B. Computing canonical correlation between acceleration
signals and video signals
We estimate the direction of the motion by computing
correlation between signals. In this paper, we apply canonical
correlation analysis that finds the linear mapping that
maximizes correlation between video signal and acceleration
signal.
Given three dimensional acceleration sensor signal at each
of the T video frames, the signals can be expressed as:

[

X = a x, a y , a z

]

video signal is sampled at 30 frames/second, and the image
size is 360x240.
A. Sensors
The acceleration sensor used in the experiments is
ADXL330 (Analog Devices, Inc.) (Fig. 5). All people in the
environment are assumed to have the sensor with the right
hand. The motion of the Wiimote is sensed by a 3-axis linear
accelerometer located slightly left of the center of the
controller. The signal is sampled at 70 kHz, and the signals

where
a x = [a x (1) a x (2) L a x ( N )]T

and

(a x (t ), a y (t ), a z (t ))

is the observed acceleration signal at

frame t. A sequence of intensity of a pixel can be expressed
as:
T

[

Y = I x, y (1) I x, y (2) L I x, y ( N )

where

I x, y (t )

]

is an intensity of the pixel (x,y) at frame t.

By subtracting the average of each row,
deviation matrices:

[

~
X = a x − ax , a y − a y ,a z − az

~
X

~
and Y represents

]

~
Y=Y−Y

Canonical correlation analysis finds canonical correlation
coefficients a, b that maximizes correlation r (a, b) :
a T S XY b

r ( a, b) =

T

T

a S XX a b SYY b

that satisfies following conditions.
ai T S XX ai = 1
T

bi SYY bi = 1

where

S XX , SYY , S XY

are variance covariance matrices:
S XX =

1 ~T ~
X X
N

1 ~T ~
Y Y
N
1 ~T ~
S XY =
X Y
N
SYY =

Then the vector a and b are computed by SVD:
S XY −1S XY SYY −1 = A Λ BT

where A and B is orthogonal matrices and Λ is a diagonal
matrix. The first column vector of A and B is the canonical
correlation vectors a, b, respectively.
IV. EXPERIMENTS
To confirm the effectiveness of the proposed method, we
apply the method to detect and track people in a room. The

Output signal
8 bit integer
Frame rate
70 Hz
Fig. 5. Acceleration sensor used in the experiments.

are transmitted via Bluetooth. The average of the signal is
computed in each video frame. An example signal is shown in
Fig. 3.
Standard digital video cameras are used in the experiments.
In the second experiment, we placed two video cameras in the
environment.
B. Experiment (1)
First we recorded two people that are shaking their arms.
Fig. 6 shows the computed correlation function between each
pixel in the images and each acceleration sensor.
C. Experiment (2)
Next we recorded two people that walk across. Fig. 7
shows the detection and tracking results when two people go
across. The region with the highest average correlation is
detected and tracked in images for each acceleration sensor
signal. The right of the figure shows the trajectory of the
region that maximizes correlation between sensory signals.

a)

b)

Images taken by a camera.

Intensity of computed correlation between the images and each acceleration sensor. The Pearson’s correlation
function is computed for each pixel in images. Darker pixels show larger value of correlation. In this motion, the
acceleration signals of y-axis and z-axis have large correlation.

c)

Intensity of correlation of the right person for different types of motions. For the first motion, significant
correlation is detected only in the z-axis. However, the axis with the largest correlation is different depending on
the type of motion. In the proposed method, the direction with the largest correlation is selected using canonical
correlation analysis and significant correlation is detected.
Fig. 7. Experimental result (1).

V. CONCLUSION
In this paper, we proposed a novel method to track multiple
people in the environment by integrating vision sensors and
acceleration sensors that are attached to the human body.
Since many cellular phones have an acceleration sensor, the
proposed framework can be applied in the common
environment. By using only vision sensors, it is difficult to
know the ID of each people and to track each people without
correspondence ambiguity. We proposed to evaluate
synchrony between vision sensors and acceleration sensors
on the body based on canonical correlation analysis. By
selecting regions in images that changes of the intensity are
correlated to acceleration sensor signal, the correct
associations are estimated.
To confirm the effectiveness of the proposed method, two
experimental results are shown. In the first experiment, two
people who shake their hands are located independently in the
images. In the second experiment, two people who walk in
the environment are detected and tracked.
In the future, we plan to apply the proposed method to
track more than two people who show various behaviors like
skipping and dancing.
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Fig. 6. Experimental result (2). Two people walk across. The left figures
show the original images and the right show computed correlation function
between intensity of each pixel and the signal from the acceleration sensor
on the left person.
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