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Abstract — A multi-sensor, multi-modal sensor node for human and vehicle activity moni-
toring is designed and developed. As a first step to achieve our objective, we have used a dual
pyroelectric IR (PIR) sensor system for human activity monitoring. The sampled data from
two PIR sensors, under laboratory conditions, is first processed individually to determine the
event window size, which is then fed to simple algorithms to determine direction and poten-
tially measure speed of passing humans. We also show that human count can be obtained for
some special scenarios. Preliminary results of our experimentation show the effectiveness of

the simple algorithms proposed.
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I INTRODUCTION

Human detection and motion tracking have always
been of much interest for a large class of applications
including surveillance, navigation as well as smart en-
vironments. Conventionally, tracking is performed us-
ing cameras with large data processing overheads to
extract features, for instance, number of people, po-
sition and direction of motion [1]. Even if these so-
lutions are accurate, they have high cost and require
significant infrastructure deployment. On the other
hand, pyroelectric infrared (PIR) based sensors ex-
ploit pyroelectricity to detect an object that is not at
thermal equilibrium with the surroundings [2]. PIR
sensors are widely used in commercial applications to
detect human presence to trigger security alarms. In
addition, these sensors have also found applications in
thermal imaging, radiometry, thermometry as well as
biometry (3], [4].

A single PIR sensor is used widely in security re-
lated applications to detect an intruder [5]. Multiple
PIR sensors are used to achieve coverage [6], to assist
video surveillance (7] as well as to perform tracking [8].
The authors in [5] have used PIR sensors to differen-
tiate a still person from its background. The authors
in [6] have employed four PIR sensors to achieve 360°
coverage while performing human detection. In their

implementation all four PIR sensor outputs are com-
bined by a summing amplifier before being fed to an
analog-to-digital converter (ADC). Consequently, in-
dividual sensor outputs are not accessible to the signal
processing algorithm. This limits the capabilities of
the sensor node to human detection. A video surveil-
lance system using multi-modal sensor integration is
proposed in (7], in which a multiple camera tracking
system is integrated with a wireless sensor network
equipped with PIR sensors.

Human tracking using PIR sensors in a hierarchical
network involving sensing modules acting as slaves, a
synchronization and error rejection module as a mas-
ter and a data fusion module termed as host, is dis-
cussed in [8]. This is achieved by designing a geo-
metric sensor module with multiple PIR sensors, each
equipped with a Fresnel lens array to obtain a spa-
tially modulated field of view. In addition to track-
ing, PIR sensors can also be used to detect, differen-
tiate and describe human activity. In [9] the authors
have used PIR enabled sensor nodes with information
exchange with the base station to determine the di-
rection, speed and number of people. The work in
[9] is further extended in [10] to perform distance es-
timation in hallway like scenarios using two PIR en-
abled nodes installed on opposite sides of the hallways.



The approaches discussed above are limited due to the
accurate time synchronization required across sensor
nodes and the communication overhead involved. Our
proposed approach addresses these issues by integrat-
ing two PIR sensors at each sensor node providing
accurate timing for the sampled data from the two
PIR sensors and eliminating associated communica-
tion overhead.

II HuMAN DETECTION AND COUNTING

Usually PIR sensors are designed as part of an over-
all intrusion detection system, where alarms are ac-
tivated whenever a PIR output exceeds a predefined
threshold. Multiple PIR sensors along with simple
signal processing algorithms can be used for obtaining
parameters of interest. This paper attempts to obtain
the parameters of interest for human activity moni-
toring, by employing simple data analysis techniques,
once the sampled data from only a single node is ob-
tained. The first step towards this objective involves
distinguishing each individual object as it enters the
field-of-view (FOV) of the sensor. The next step in-
volves counting the number of human beings passing
through the sensor FOV. However, there are two is-
sues in this step when a single PIR sensor is used. The
first issue is related to the distance between the object
and the nearest sensor. If the moving object is closer
to the sensor, the resulting duration of excitation (i.e.
event window) will be shorter. Secondly, it would be
difficult to differentiate between the scenarios of 1)
two people walking close by with their individual sen-
sor excitations overlapping and; 2) A person walking
at half the speed of two close by people scenario.

A possible solution is to incorporate two sensors,
instead of one, to extract the parameters of interest.
There are several advantages of processing the out-
puts of both PIR sensors jointly. First, the speed of
the moving object can be calculated more reliably.
Secondly, the direction of the moving object can eas-
ily be determined from the first step. In addition, it
is also possible to count reliably the number of peo-
ple passing by for some scenarios. This will now be
elaborated on in more detail.

Consider an object moving at constant speed v and
being detected by a PIR sensor for the time interval
t. If there are two sensors placed close by on the
same node such that the midpoints of their FOVs are
separated by a distance d as shown in Fig. 1, then

tp
d= vdt, (1)

ta

where t4 and tp correspond to the time instances
when the moving object reaches the FOV midpoints
corresponding to the center of event window of sensors
A and B, respectively. A similar approach is proposed
in [11] for traffic monitoring, with the exception that
two physically separated nodes are used for that pur-
pose. The parameter 0 is used to adjust the overlap
of the respective FOVs of the two sensors. If it is as-
sumed that a human is walking in a narrow pathway

(of width ¢ as depicted in Fig. 1), then the assumption
of approximately constant d is valid and as a result
both sensors produce approximately similar output,
regardless of how the moving object approaches the
detector. For this fixed value of d the expression in
(1) can be rewritten as

d

v =
tg —ta

(2)
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Fig. 1: Physical arrangement of two PIR sensors and their FOV.
To limit the error due to relative proximity of the human object
to the sensor we assume that ¢/l < 1 leading to d = d; and
d= d2.
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The result in (2) can be used to estimate the speed
of moving objects because d is constant. Additionally,
the sign of v can be used to determine the direction
of the moving object under observation.

There are situations where more than one human
being, for instance multiple persons having a conver-
sation and walking in a queue, are passing through
the FOV of the sensor and are close enough to one
another that their respective PIR sensor outputs over-
lap. However, as excitation duration, and as a result
event window, are proportional to human body ‘thick-
ness’, which is constant under the assumption of an
approximately fixed d, the number of persons consec-
utively approaching the detector can be enumerated
from the event window duration and the correspond-
ing walking speed v.

In practice, to obtain a reliable estimate of v, the
midpoint of FOV for the two sensors must be suffi-
ciently separated to obtain a larger denominator in
(2). At the same time, it cannot be made very large
due to the fact that each sensor has a limited range.
More details on the hardware design will be presented
in the next Section.

III NODE ARCHITECTURE

Our sensor node is designed to achieve local intelli-
gence using a multi-modal, multi-sensor architecture,
while minimizing the inter-node data transfers to im-
prove its power efficiency. To achieve this, some pa-
rameters are sensed using more than one sensor pro-
viding diversity enabling us to extract some of the de-
sired features, which cannot be obtained using a single
sensor. The block diagram in Fig. 2(a) provides the
architectural details of our sensor node with different
subsystems and the respective data exchange inter-
faces. The hardware realization of our sensor node



Communication

Real-time Clock
and Clock

Wireless Modem

(CC1101) e (DS1390) Wireless
H ubsystem ' p
S A A b PIR Sensor A Temperature ™ | jght e
P \ 4 SPI bus \ 2N . 2 : ;
. | ‘k » 3
 Processor and
Memory Subsystem Y
i Accoustic |8
_ | & < Two PIR Sensors
Microcontroller  [€—ADC— E
with Integrated Z R .
= % ual Axis Magnetic
Memory S« Qo g Dual axis PIR
(PIC18F4550) <H_SE€HSOF__ -a Magnetic Sensor B
vent
A @ <
‘ tsm ) Weather Sensors e
<«

Data Memory Sensor Subsystem 51 .
(AT45DBO081) 3

(a)

(b)

Fig. 2: (a) Sensor node architecture block diagram with different subsystems and the corresponding data exchange interfaces. (b)
Picture of node hardware with sensor board mounted on top of the processor and communication board.

using a modular approach is depicted in Fig. 2(b).
The sensor module having dimensions 60 mm x 70 mm
is mounted on top of a processor and communication
module with dimensions 60 mm x 100 mm. The pro-
cessor and communication module is also equipped
with a USB interface so that the node can be used as
a host, which results in a relatively larger node size.
We emphasize that the node size can be reduced by
removing the USB interface for the non-host sensor
nodes. Next the building blocks of our sensor node is
briefly described.

a) Sensor Subsystem

The objective of the sensor subsystem is to monitor
moving objects i.e. pedestrians and vehicles, in a re-
liable manner. For each sensed parameter, the sen-
sor along with its signal conditioning electronics con-
stitutes the corresponding sensor module. Different
sensor modules are interfaced to the processor using
an analog multiplexer. Digital power control is pro-
vided to selectively turn on a sensor module leading
to power consumption minimization. The individual
sensor modules for monitoring pedestrians and vehi-
cles are as follows.

e Pedestrian Monitoring: The PIR sensor is at the
heart of achieving the pedestrian monitoring ob-
jective. The signal conditioning block for each of
the PIR sensors consists of two cascaded filter-
ing/amplifier stages with an overall gain in ex-
cess of 60 dB. The two sensors are mounted on
the board in such a way that they have partial
overlap in their respective FOVs. The sensor per-
formance is limited due to its high susceptibility
to sunlight and its long startup time (> 1000 ms

[12]).

e Traffic Monitoring: For the purpose of traffic
monitoring, we consider magnetic and PIR sen-

sors jointly to achieve vehicle detection, travel
direction, vehicle classification and speed estima-
tion. Joint processing of two sensor inputs allows
us to differentiate vehicles from humans, as the
magnetic sensor only responds to passing vehi-
cles. Due to the special response characteristics
of each of these sensors different algorithms for
detection/classification and parameter extraction
may be required. On the other hand, a sensor
capable of sensing two different classes of objects
(e.g. PIR can be used for detecting both vehicles
as well as pedestrians), needs to be complemented
by an intelligent algorithm and/or a sensor to
achieve multi-parameter extraction.

Table 1 lists the selected sensors and their key fea-
tures for each of the sensed parameter. In contrast
to multiple special purpose sensor nodes distributed
spatially and lacking accurate time synchronization,
our multi-modal multi-sensor node, with simplified lo-
cal data processing algorithms should achieve better
performance by jointly processing data from different
sensors.

b) Communication and Clock Subsystem

The communication interface is based on the CC1101,
sub 1 GHz ISM band, radio transceiver. The CC1101
radio is interfaced to a hardware interrupt to wakeup
the processor upon the arrival of an incoming packet
to reduce node power consumption. The transceiver
can achieve a 10 dBm transmit power without an ex-
ternal power amplifier. A hardware based real time
clock (RTC) source at each sensor node is used for
periodic node wakeup. This is in addition to the
event based wakeups from human and traffic moni-
toring sensors and allows the processor to enter into
deep sleep modes. The RTC is also used to reduce
the time synchronization overhead due to its better
accuracy, compared to software based solutions, with



Table 1: Sensor parameters

Sensor | Manufacturer Part No. | Parameters | Remarks
PIR IRA-E710ST0 +45° FOV, 4.3mV,—p Requires Fresnel lens
Magnetometer HMC1052L dual axis, 5 MHz BW | 0.1 % duty cycle, 2 us, .5 A set/reset current pulse
Sampled ® Signal excitation in the fqrm of event window w. As
— @—» Rectification can be seen from Fig. 3, the first low-pass filter
| (Fullwave) is used to remove the background noise inherent
Data i in the sensor signals and can be different for in-
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Fig. 3: Block diagram of event window detection (EWD) algo-
rithm from a single PIR sensor sampled at 10 ms.

minimal cost overhead.
¢) Processor and Memory Subsystem

An 8-bit PIC18LF4550 microcontroller is chosen with
32 Kbytes flash, 2 Kbytes of RAM, 48 MHz clock fre-
quency and sleep mode current down to 0.1 pA. The
microcontroller has a total of thirteen channels of 10-
bit ADC and 3 external interrupts. An 8 Mbit serial
flash memory from Atmel, AT45DBO081D, is provided
at each sensor node for temporary data storage.

IV  DATA ACQUISITION AND PROCESSING
a) Data Acquisition

The data is either sampled directly or amplified before
sampling depending on the signal magnitude at the
sensor output. Digital potentiometers are used for dy-
namic amplifier gain control to improve performance
range. Periodic sampling with an uniform sampling
rate of 0.1 kHz is used for sampling data from the
two PIR sensors simultaneously. The sampling rate
is chosen to cover a wide range of pedestrian walking
speeds.

b) Data Processing

To facilitate human detection and motion tracking,
the following data processing is proposed. The dura-
tion of each sensor excitation, including the start and
end times, should first be found. Then, the number of
people, as well as their direction of passage through
the sensor node viewpoint at a given time interval,
can be deduced.

e Duration of Excitation or Event Window Calcu-
lation: The block diagram shown in Fig. 3 out-
lines the general steps of event window detection
(EWD) algorithm to find the duration of sensor

door and outdoor situations. Currently, a third-
order Butterworth filter with a cut-off frequency
of 10 Hz is employed. The filtered and full-wave
rectified signal is then quantised prior to applica-
tion to second low-pass filtering. Each individual
temporal sensor excitation is segmented by the
second first-order Butterworth low-pass filtering
with a 1.5 Hz cut-off, which creates an ‘enclosure’
envelope for each excitation. Finally, a gradient
search on the binary signal is performed in each
enclosure to detect the event window start and
end times, and hence the duration of sensor exci-
tation.

During testing, a minimum distance of [ (Fig. 1),
currently set at 2 m, is used to prevent satu-
rated sensor excitation. Also, it is found that
the absolute mean sensor outputs provide more
accurate timing information of node excitation
compared to zero-mean outputs. This is because
a more effective low-pass filtering is possible for
non-negative signals compared to ones with fluc-
tuations above and below the mean value.

e Human Counting: Due to the use of two PIR sen-
sors in the sensor node, the approaching direction
of a human with respect to the sensor node can
readily be checked by determining the sign of the
following expression:

5o tif) _ tf:) B tg:) _ tg) o
- 2 2

where s and e are start and end instances of event
windows. A positive value of ¢ in (3) suggests a
movement from sensors A to B and vice versa.
The magnitude of this difference can be used to
calculate the speed v of human motion. Having
found v, and given a fixed d, the number of peo-
ple walking past the sensor FOV can be deduced
accordingly.

V  RESULTS

This section presents some preliminary results on hu-
man activity detection. The different parameters used
in our experiments are provided in Table 2. A walk-
ing speed of approximately 1 m/s was employed in all
cases. Fig. 4 shows the raw outputs from two sensors
when a person walks in opposite directions. It can
been seen that the excitation window corresponding
to the output of Sensor A will appear first (in time)
followed by the excitation window for Sensor B when



Table 2: Parameters used in the experimentation.

Parameters | Value
FOV angular deviation 6 30°
Sensor to pathway midpoint gap [ 2.5 m
Width of pathway ¢ 1.5 m
Data sampling interval 10 msec

the person walks from left to right in front of the sen-
sors and vice versa when the person walks from right
to left. This can be used to determine the direction
of motion of the walking person.
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Fig. 4: The two sensor outputs corresponding to a single person
walking in opposite directions.
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Fig. 5: Sensor outputs in case of two pedestrians walking in the
same direction from FOV of sensor A towards that of sensor B.

The signals obtained for the case when two people
are walking in the same direction is shown in Fig. 5.
This scenario is differentiated from the one in Fig. 4
using the phase delay in the event windows corre-
sponding to the two sensor outputs. When the two
people are walking single file in close proximity, the
sensor response for each person will partially overlap
and the duration of the resulting event window will
be larger than that corresponding to a single person.
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Fig. 6: Actual sampled data from the sensor and the out-
puts corresponding to different steps performed in executing
the EWD algorithm; (a) the raw sensor output from a 10-bit
ADC, (b) the output of the first low-pass filter, (c) quantised
signal, (d) second low-pass filter output, and (e) the final out-
put in the form of the event window duration estimate.

A threshold is required to make the system robust to
fluctuations due to noise.

Fig. 6 shows the outputs corresponding to different
steps of the EWD algorithm described in Fig. 3. The
signal in Fig. 6(a) is the raw sensor output obtained
from a 10-bit ADC. Fig. 6(b) is the output after ap-
plication of full-wave rectification. After the first low-
pass filtering, used to remove the high frequency noise,
the quantised output (thresholded at 50) is shown in
Fig. 6(c) and the output of the second low-pass filter
is shown in Fig. 6(d). The output in Fig. 6(e) is the
event window duration obtained by applying thresh-
olding at 0.1. As discussed in Section IV, this event
window duration and its corresponding start and end
times can be used to extract the direction of motion
as well as number of the people walking in a queue.

VI DiscussiION AND CONCLUSIONS

We have designed and developed a multi-sensor,
multi-modal sensor node for human and vehicle ac-
tivity monitoring. A dual pyroelectric IR (PIR) sen-
sor system for human activity monitoring is proposed.
The data from two PIR sensors are first processed in-
dividually to determine the event window size, and
then fed to simple algorithms to determine the direc-
tion of motion and speed of passing humans. The
system can also provide human count for some spe-
cific scenarios. Our results show the effectiveness of
the architecture and the simple algorithms developed
for human activity monitoring and suggests that the



system has the potential to complement more complex
monitoring networks such as camera networks.

The fixed value of distance d (Fig. 1) used in eval-
uating the speed of the object can be a source of er-
ror. We plan to address this issue by using the sig-
nal strength (in the form of power/energy content or
peak value) to calibrate the parameter d to minimize
the error due to variable separation between the sen-
sor and the moving object. Future works will also
include evaluation of the potential for detecting vehi-
cles which move at much greater speeds than human
beings.
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