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(57) ABSTRACT 

In some embodiments, a motion detecting device is config­
ured to detect whether one or more movement events have 
occurred. The motion detecting device can include: (a) a 
processing module configured to run on a computational unit; 
and (b) a sensing device having: (1) one or more pressure 
sensors configured to provide two or more pressure measure­
ments; and (2) a transmitter electrically coupled to the one or 
more pressure sensors and configured to transmit the two or 
more pressure measurements to the computational unit. The 
processing module is configured to use the two or more pres­
sure measurements to determine whether the one or more 
movement events have occurred. The sensing device can be 
configured to be placed in at least one of ductwork of a 
heating, ventilation, and air conditioning system or an air 
handler of the heating, ventilation, and air conditioning sys­
tem. Other embodiments are disclosed. 

14 Claims, 13 Drawing Sheets 
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FIG. 4 
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FIG. 8 
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provide one or more pressure sensors configured to provide two or more pressure 
measurements 

provide a transmitter 815 

provide a controller 820 

825 

electrically couple the one or more pressure sensors to the controller and the two 
or more pressure sensors 

electrically couple the transmitter to the controller 830 

provide a body 835 
840 

mechanically couple the one or more pressure sensors, the transmitter, and the 
controller to the body 

provide a computational unit comprising: 
a receiver; 
an event detection module configured to use the two or more pressure 

measurements to determine when one or more movement events have occurred; and 
a training module configured to determine a relationship between the two 

or more pressure measurements and the one or more movement events. 
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FIG. 9 
900 

910 
,-/ 

receive first pressure data in one or more pressure sensors 

! 915 
,-/ 

transmit the first pressure data to a first computational unit 

! ,-/920 

use the first pressure data to train the first computational unit to correlate the first 
pressure data to one or more specific movement events 

! ,-/925 

receive second pressure data from the one or more pressure sensors 

! 930 
,-/ 

transmit the second pressure data to the first computational unit 

! _,935 

correlate the second pressure data to a first event of the one or more specific 
movement events 

l }40 

display information regarding the first event to a user 



U.S. Patent Nov. 11, 2014 Sheet 9of13 US 8,886,489 B2 

FIG. 10 
Table 1. Descpriptions of the homes in which the system was tested. The deployment lasted 
approximately 3-4 weeks. 

Bedrooms/ 
No. of Floors/ 

Style/ Bathrooms/ Deploy 
Home Year Built HVAC Units Total Size Total Rms./ Length 

Tested (Sq Ft) /Sq M) 
No. of occupants 

Doorways (weeks) 
considered 

1 2003 3 3/4000/371 1 Family Home/3 4/4/13/20 4 

2 2001 1 1/1600/149 1 Family Home/5 3/2/7/10 3 

3 1997 1 1/700/58 1 Bed Apt/2 1/1/5/5 3 

4 1986 1 1/500/46 1 Bed Studio/1 1/1/3/4 4 

FIG. 11 
Table 2. Performance results of the manually-labeled experiments with the HVAC in operation. 
The accuracies are shown using 10-fold cross validation. 

No. of Door Door People People 
Home/ 

No. of Door Majority Classif. Majority Class if. 
Floor 

Doorways Instances/ Classif. Accuracy Classif. Accuracy 
Tested People (%) (%) (%) (%) 

Instances 

1/1 5 375/375 21 84 23 72 

1/2 4 300/300 18 61 18 42 

1/3 11 825/600 9 77 12 61 

2 10 750/400 8 73 10 63 

3 5 375/375 20 74 20 70 

4 4 300/300 26 81 25 76 
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FIG. 12 
Table 3. Confusion matrix of the classification results from the controlled experiments in 
Home 1/3 (HVAC in operation). D1-D11 represent each doorway. 

01 

02 

03 

04 

05 

06 

07 

08 

09 

010 

011 

01 02 03 04 05 06 07 08 09 010 

72 0 0 0 1 0 0 1 0 0 -
1 57 0 2 0 2 6 4 0 1 

0 1 60 1 0 1 3 2 5 2 -
0 0 1 57 2 0 0 4 3 6 

4 0 1 4 52 5 0 6 2 0 

5 1 0 0 6 53 4 2 0 1 -
0 2 3 3 0 1 61 0 3 2 

6 0 0 0 2 1 1 55 5 0 -
1 0 4 0 1 5 2 0 59 2 -
2 2 7 0 3 3 8 0 2 43 -

0 1 0 0 0 2 0 0 0 2 

FIG. 13 
Table 4. Performance results of the manually labeled door open/close events 
for when the HVAC is not in operation 

No. of No. of Door Door Majority Door Classif. 
Home/ Floor Doorways Event Class if. (%) Accuracy(%) 

Tested Instances 
1/1 5 125 20 66 

1/2 4 100 25 47 

1/3 11 275 9 64 

2 10 250 10 69 

3 5 125 20 71 

4 4 100 25 68 

011 

1 

2 

0 

2 

1 

3 

0 

5 

1 

5 

70 -
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FIG. 14 

Table 5. The percentage of events that the system was able to detect. This is determined by 
comparing the number of detected events to the number of doorway events gathered by the 
motion sensors. The results include events detected with HVAC both on and off. 

No. of 
No. of 

No. of Total HVAC On: HVAC Off: 
Home/ 

Doorsways Motion 
Total Detected Detected 

Floor Detected 
Tested Sensor 

Events 
Events(%) Events(%) 

Events 

1/1 5 53 48 91 68 
1/2 4 94 60 64 35 

1/3 11 238 195 82 73 

2 10 467 334 72 64 

3 5 245 198 81 70 

4 4 61 51 84 77 

FIG. 15 
Table 6. The performance of using the learning approach to the data from the long-term 
deployment. The motion sensor data was used to label each event, so the dataset consists 
of in situ event instances. The accuracies are shown using 10-fold cross validation. 

No. of 
No. of Door Door People People 

Home/ 
Doorways 

Doorway Majority Class if. Majority Class if. 
Floor Transition Class if. Accuracy Class if. Accuracy 

Tested 
Instances (%) (%) (%) (%) 

1/1 5 48 26 65 28 61 

1/2 4 60 26 53 26 42 

1/3 11 195 14 72 17 63 

2 10 334 19 62 12 65 

3 5 198 28 72 23 71 

4 4 51 34 78 38 81 
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MOTION DETECTING METHOD AND 
DEVICE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

2 
ment data was gathered from a collection of strain sensors 
attached to the underside of the first floor of an elder' s home. 
The installation of these sensors was difficult, time-consum­
ing, and required direct access to the underside of the floor. 
Though the value of the application was proven, the complex­
ity and cost of the sensing limited the number of homes in 
which the system could be deployed easily. This application claims the benefit of U.S. Provisional 

Application No. 61/177,482, filed May 12, 2009. U.S. Provi­
sional Application No. 61/177,482 is incorporated herein by 
reference 

Accordingly, a need or potential for benefit exists for an 
apparatus and/or method that allows detection of movement 

10 events without the high cost and installation complexity of 
currently available motion detection systems and methods. 

FIELD OF THE INVENTION 

This invention relates generally to apparatuses and meth­
ods for detecting movement events, and relates more particu- 15 

larly to such apparatuses and methods that detecting move­
ment events using heating, ventilation, and air conditioning 
(HVAC) systems. 

BRIEF DESCRIPTION OF THE DRAWINGS 

To facilitate further description of the embodiments, the 
following drawings are provided in which: 

FIG. 1 illustrates a block diagram of a motion detecting 
device, according to a first embodiment; 

DESCRIPTION OF THE BACKGROUND 
FIG. 2 illustrates an implementation of sensor units of the 

20 motion detecting device of FIG. 1 in an exemplary heating, 
ventilation, and air conditioning (HVAC) system, according 
to the first embodiment; Development oflow-cost and easy-to-deploy sensing sys­

tems to support movement detection in a home or another 
building has been an active research area. Much of the devel­
opment has centered on the deployment of a network of 
inexpensive sensors throughout the home, such as motion 
detectors or simple contact switches. Although these solu­
tions are cost-effective on an individual sensor basis, they are 
not without some important drawbacks that limit the likeli­
hood of eventual commercial success through broad con- 30 

FIG. 3 illustrates another view of the exemplary HVAC 
system of FIG. 2 in an exemplary home, according to the first 

25 embodiment; 

sumer acceptance. 
Commonly used sensors for detecting human activity in 

the home include high-fidelity sensors such as visible light 
and infrared (IR) cameras or microphones, as well as low­
fidelity sensors such as passive infrared (PIR) motion detec- 35 

tors and floor weight sensors. High-fidelity distributed direct 
sensing has a long history of use in activity detection and 
classification research, primarily focused on computer vision 

FIG. 4 shows a graph of the change in static pressure versus 
time as a door is opened and closed, according to an embodi­
ment; 

FIG. 5 shows a graph of the change in static pressure versus 
time as people walk through a doorway, according to an 
embodiment; 

FIG. 6 illustrates an implementation of a sensing device of 
a motion detecting device in an exemplary HVAC system, 
according to a second embodiment; 

FIG. 7 illustrates an implementation of a sensing device of 
a motion detecting device in an exemplary HVAC system, 
according to a third embodiment; 

FIG. 8 illustrates a flow chart for an embodiment of a 
method of providing a motion sensor, according to an 

40 embodiment; 
or machine learning systems that capture the movement of 
people in spaces. The use of these high fidelity sensors in 
certain spaces often raises concerns about the balance 
between value-added services and acceptable surveillance, 
particularly in home settings. Low-fidelity, distributed direct 
sensing systems use of a large collection of simple, low cost 
sensors, such as motion detectors, pressure mats, break beam 45 

sensors, and contact switches. 
All distributed direct sensing approaches share the advan­

tages and disadvantages of placing each sensor in close prox­
imity to where human activity occurs. For example, com­
monly used cameras or PIR sensors require a clear line of 50 

sight to the desired room coverage area. That is, the person 
being sensed will be able to see the camera or PIR sensor. 
Generally, cameras or PIR sensors when deployed on walls, 
on ceilings, or above a door have adverse aesthetics effects on 
the area around where the cameras or PIR sensors are 55 

deployed. Furthermore, the large number of sensors required 
for coverage of an entire building presents an inherent com­
plexity hurdle. Installation and maintenance of (typically) 
tens of sensors in a home, or hundreds to thousands of sensors 
in a larger building such as a hotel, hospital, or assisted living 60 

facility, results in high costs during installation and operation. 
It is often difficult to balance the value of in-home sensing 

and the complexity of the sensing infrastructure. One 
example that illustrates this difficulty is the Digital Family 
Portrait system, a peace of mind application for communicat- 65 

ing well-being information from an elderly person's home to 
a remote caregiver. In the system's deployment study, move-

FIG. 9 illustrates a flow chart for an embodiment of a 
method of detecting movement, according to an embodiment; 

FIG. 10 illustrates a chart of descriptions of homes used to 
test an example of a motion detecting device, according to an 
embodiment; 

FIG. 11 illustrates a chart of results of a first experiment 
using an example of a motion detecting device, according to 
an embodiment; 

FIG. 12 illustrates a chart of a confusion matrix for the 
results of the first experiment using the same example of the 
motion detecting device, according to an embodiment; 

FIG. 13 illustrates a chart of results of a second experiment 
using the same example of the motion detecting device, 
according to an embodiment; 

FIG. 14 illustrates a chart ofresults of the first and second 
experiment using the same example of the motion detecting 
device, according to an embodiment; 

FIG. 15 illustrates a chart of results of a third experiment 
using the same example of the motion detecting device, 
according to an embodiment; 

FIG. 16 illustrates a computer that is suitable for imple­
menting an embodiment of computer system of FIG. 1; and 

FIG. 17 illustrates a representative block diagram of an 
example of the elements included in the circuit boards inside 
chassis of the computer of FIG. 16. 

For simplicity and clarity of illustration, the drawing fig­
ures illustrate the general manner of construction, and 
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descriptions and details of well-known features and tech­
niques may be omitted to avoid unnecessarily obscuring the 
invention. Additionally, elements in the drawing figures are 
not necessarily drawn to scale. For example, the dimensions 
of some of the elements in the figures may be exaggerated 
relative to other elements to help improve understanding of 
embodiments of the present invention. The same reference 
numerals in different figures denote the same elements. 

4 
movement events have occurred. The sensing device is con­
figured to be placed in at least one of ductwork of a heating, 
ventilation, and air conditioning system or an air handler of 
the heating, ventilation, and air conditioning system. 

The terms "first," "second," "third," "fourth," and the like in 
the description and in the claims, if any, are used for distin­
guishing between similar elements and not necessarily for 
describing a particular sequential or chronological order. It is 
to be understood that the terms so used are interchangeable 
under appropriate circumstances such that the embodiments 
described herein are, for example, capable of operation in 15 

sequences other than those illustrated or otherwise described 
herein. Furthermore, the terms "include," and "have," and any 
variations thereof, are intended to cover a non-exclusive 
inclusion, such that a process, method, system, article, device, 

In further embodiments, a method of detecting movement 
can include: performing two or more first measurements of air 
pressure in a duct of a heating, ventilation, and air condition­
ing system; transmitting the two or more first measurements 
of the air pressure; determining one or more first changes of 

10 the air pressure based on the two or more first measurements 
of the air pressure; and associating at least one of the one or 
more first changes of the air pressure with a first movement 
event. 

or apparatus that comprises a list of elements is not necessar- 20 

ily limited to those elements, but may include other elements 
not expressly listed or inherent to such process, method, 
system, article, device, or apparatus. 

The terms "left," "right," "front," "back," "top," "bottom," 
"over," "under," and the like in the description and in the 25 

claims, if any, are used for descriptive purposes and not nec­
essarily for describing permanent relative positions. It is to be 
understood that the terms so used are interchangeable under 
appropriate circumstances such that the embodiments of the 
invention described herein are, for example, capable of opera- 30 

tion in other orientations than those illustrated or otherwise 
described herein. 

In other embodiments, a method of providing a motion 
sensor includes: providing one or more pressure sensors con­
figured to provide two or more pressure measurements; pro­
viding a transmitter; electrically coupling the transmitter to 
the one or more pressure sensors; providing a body; mechani-
cally coupling the one or more pressure sensors and the trans­
mitter to the body; and providing a processing module con­
figured to run on a computational unit, the processing module 
having an event detection module configured to use the two or 
more pressure measurements to determine whether one or 
more movement events have occurred. 

In still other embodiments, an air filter unit can include: (a) 
an air filter having: (1) a filter material; (2) an outer frame 
located around the filter material; (3) at least one pressure 
sensor disposed proximate to at least one of the filter material 
or the outer frame and configured to provide two or more 
pressure measurements; and ( 4) a transmitter electrically 
coupled to the at least one pressure sensor; and (b) a process­
ing module configured to run on a computational unit, the 
processing module configured to determine an occurrence of 

35 one or more movement events based on the two or more 

The terms "couple," "coupled," "couples," "coupling," and 
the like should be broadly understood and refer to connecting 
two or more elements or signals, electrically, mechanically 
and/or otherwise. Two or more electrical elements may be 
electrically coupled but not be mechanically or otherwise 
coupled; two or more mechanical elements may be mechani­
cally coupled, but not be electrically or otherwise coupled; 
two or more electrical elements may be mechanically 40 

coupled, but not be electrically or otherwise coupled. Cou­
pling may be for any length of time, e.g., permanent or semi­
permanent or only for an instant. 

pressure measurements of the at least one pressure sensor. 
In yet further embodiments, a heating, ventilation, and air 

conditioning system can include: (a) an air handler; (b) at 
least one pressure sensor located at the air handler; and ( c) a 
processing module configured to run on a computational unit. 
The processing module is electrically coupled to the at least 

"Electrical coupling" and the like should be broadly under­
stood and include coupling involving any electrical signal, 45 

whether a power signal, a data signal, and/or other types or 
combinations of electrical signals. "Mechanical coupling" 
and the like should be broadly understood and include 
mechanical coupling of all types. The absence of the word 
"removably," "removable," and the like near the word 50 

"coupled," and the like does not mean that the coupling, etc. 

one pressure sensor via the computational unit and configured 
to determine the occurrence of one or more movement events 
based on two or more pressure measurements of the at least 
one pressure sensor. 

Turning to the drawings, FIG. 1 illustrates a block diagram 
of a motion detecting device 100, according to a first embodi­
ment. FIG. 2 illustrates an implementation of sensor units 130 
and 131 of motion detecting device 100 in an exemplary 
HVAC system 250, according to the first embodiment. FIG. 3 
illustrates another view of exemplary heating, ventilation, or 

in question is or is not removable. 

DETAILED DESCRIPTION OF EXAMPLES OF 
EMBODIMENTS 

In some embodiments, a motion detecting device is con­
figured to detect whether one or more movement events have 
occurred. The motion detecting device can include: (a) a 
processing module configured to run on a computational unit; 
and (b) a sensing device having: (1) one or more pressure 
sensors configured to provide two or more pressure measure­
ments; and (2) a transmitter electrically coupled to the one or 
more pressure sensors and configured to transmit the two or 
more pressure measurements to the computational unit. The 
processing module is configured to use the two or more pres­
sure measurements to determine whether the one or more 

air conditioning (HVAC) system 250 in an exemplary resi­
dential setting 360, according to the first embodiment. 
Motion detecting device 100 is merely exemplary and is not 

55 limited to the embodiments presented herein. Motion detect­
ing device 100 can be employed in many different embodi­
ments or examples not specifically depicted or described 
herein. For example, motion detecting device 100 can be 
deployed in HVAC systems in a commercial or residential 

60 setting not specifically depicted or described herein. In some 
embodiments, an electrical device or motion detecting device 
100 can be configured to detect when one or more movement 
events have occurred. 

Some embodiments provide a whole-house or whole-
65 building system and method for detecting gross movement 

and room transitions by sensing differential air pressure at a 
single point in the house or building. This system and method 



US 8,886,489 B2 
5 

can leverage the central heating, ventilation, and air condi­
tioning (HVAC) systems found in many homes and buildings 

To aid understanding of motion detecting device 100, the 
home can be considered a closed circuit for air circulation, 
where HVAC system 250 provides a centralized airflow 
source and therefore a convenient single monitoring point for 
the whole airflow circuit. Disruptions in home airflow caused 
by human movement through a house or building, especially 
those caused by the blockage of doorways and thresholds, 
results in static pressure changes in an air handler 253 (FIGS. 10 

2 and 3) ofHVAC system 250 when the HVAC system 250 is 
operating. 

In a simple, but not limiting example, motion detecting 
device 100 detects and records static pressure changes in air 
handler 253 (FIGS. 2 and 3) of HVAC system 250 using 15 

pressure sensors 112 and 114 (FIG. 1) mounted at air filter 
252 (FIG. 2). Motion detecting device 100 can classify where 
certain movement events are occurring in a house or building, 
such as an adult walking through a particular doorway or the 
opening and closing of a particular door. Motion detecting 20 

device 100 also is capable of detecting movement events 
when the HVAC system 250 is not operating. Furthermore, by 
observing the opening and closing of doors and the movement 
of people transitioning from room to room and/or by training 
motion detecting device 100, the location and activity of 25 

people in the space can be inferred by motion detecting device 
100. In addition, detecting a series of room transitions can be 
used by motion detecting device 100 for simple occupancy 
detection or to estimate a person's path in a house or building. 

An advantage of this approach, when compared to install- 30 

ing motion sensors throughout an entire house, is that it 
requires the installation of only a single or small number of 
sensing devices 110 that are wirelessly coupled to a compu­
tational unit 120 (FIG.1). Installing andmaintaining a single 
or small number of sensing devices 110 instead of ten or 35 

hundreds of motion sensors that can be required by other 
systems can save a significant amount of money and man­
power. 

6 
sure sensor and a temperature sensor along with a built-in 
analog-to-digital (AID) converter. In other examples, sensor 
units 130 and 131 include pressure sensors 112 and 114, but 
not temperature sensors 113 and 115, respectively. In the 
same or different example, sensor units 130 and 131 do not 
have any AID converters, which can be contained within 
controller 118. 

In some examples, controller 118 can be configured to 
receive pressure and temperature measurements from sensor 
units 130 and 131. In some examples, controller 118 can 
perform some processing of the pressure and temperature 
measurements before communicating information about the 
pressure measurements to computational unit 120 via trans­
mitter 116. 

In some examples, controller 118 can sample pressure 
sensors 112 and 114 and temperature sensors 113 and 115 at 
predetermined intervals. In some embodiments, controller 
118 can sample the pressure and temperature measurements 
every 20 milliseconds to 100 milliseconds (e.g., 35 millisec­
onds). That is, each of pressure sensors 112 and 114 can be 
configured to provide a series of pressure measurements to 
controller 118 and/or transmitter 116. For example, each of 
pressure sensors 112 and 114 can provide a first pressure 
measurement at a first time, a second pressure measurement 
at a second time, and a third pressure measurement at a third 
time, where the first time is before the second time and third 
time and where the second time is before the third time. 

After sampling the temperature and pressure measure­
ments, controller 118 can calculate a temperature-compen­
sated pressure value for each of sensor units 130 and 131. In 
some examples, a temperature compensation formula or tem-
perature compensation information provided by the manufac­
turer of pressure sensors 112and114 can be used to calculate 
the temperature-compensated pressure values. In some 
examples, controller 118 can be a microcontroller such as part 
no. ATMEGA8L-8AU, manufactured by Atmel Corporation 
of San Jose, Calif. 

Transmitter 116 can be electrically coupled to sensor units 
130 and 131 and controller 118. In some examples, transmit-Referring to FIGS. 1-2, motion detecting device 100 can 

include: (a) a sensing device 110 configured to be placed in 
ductwork ofHVAC system 250; and (b) computational unit 
120. Sensing device 110 can include: (a) one or more sensor 
units 13 0 and 131; (b) a transceiver or transmitter 116; ( c) a 
power source 117; ( d) a controller 118 with memory 119; and 
(e) a coupling device 132. 

40 ter 116 communicates the temperature-compensated pressure 
values provided by controller 118 to receiver 121 of compu­
tational unit 120. In other examples, transmitter 116 transmits 
the raw pressure and temperature measurements to receiver 
121. In still other examples, transmitter 116 can communicate 

45 the temperature-compensated pressure values provided by 
controller 118 along with the raw pressure and temperature 
measurements to receiver 121. 

In some examples, sensor unit 130 can include pressure 
sensor 112 and a temperature sensor 113. Sensor unit 131 can 
include pressure sensor 114 and a temperature sensor 115. 
Sensor units 130 and 131 can be configured such that tem­
perature sensors 113 and 115 measure a temperature at pres- 50 

sure sensors 112and114. In some examples, sensor units 130 
and 131 can include temperature sensors 113 and 115 to 
calibrate pressure sensors 112 and 114, respectively. In some 
examples, more than two pressure sensors can be used.Using 
multiple sensor distributed across the sensing area (e.g., an air 55 

filter) can improve the accuracy of the measurements and 
thus, the detection of movement events. 

In some embodiments, pressure sensors 112and114 can be 
differential pressure sensors. In the same or different embodi­
ments, pressure sensors 112and114 can be absolute pressure 60 

sensors. In various embodiments, pressure sensors 112 and 
114 can have a resolution of 0.1 millibar, provide a stable 
output of up to two bars, and have a maximum rating of up to 
five bars. For example, sensor units 130 and 131 can be 
Intersema MS5536 piezoresistive pressure sensor modules, 65 

manufactured by MEAS Switzerland SA. Intersema MS5536 
piezoresistive pressure sensor modules include both a pres-

In some examples, transmitter 116 can be a wireless trans­
mitter, and receiver 121 can be a wireless receiver. In some 
examples, electrical signals can be transmitted using WI-FI 
(wireless fidelity), the IEEE (Institute of Electrical and Elec-
tronics Engineers) 802.11 wireless protocol or the Bluetooth 
3.0+HS (High Speed) wireless protocol. In further examples, 
these signals can be transmitted via a Zigbee (802.15.4), 
Z-Wave, or a proprietary wireless standard. In other 
examples, transmitter 116 can transmit electrical signals 
using a cellular or wired connection. 

HVAC system 250 is a device used to circulate heated, 
cooled, filtered, or conditioned air throughout a space (e.g., a 
house, an apartment, or an office). Although central home 
HVAC systems are not as prevalent in some geographic 
regions as plumbing or electrical infrastructure, a significant 
number of homes or buildings have central HVAC systems. 
Because central HVAC systems are more efficient than using 
a collection of window units, the upward trend in energy cost 
has driven the use of central HVAC systems to a growing 
number of homes. In 1997, 66% of the homes in the United 
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States and Canada were reported to have central HVAC sys­
tems, and its prevalence is growing at a fast rate. In addition, 
nearly all new homes built in the southern part of the U.S. and 
80% in the rest of the U.S. and Canada have central HVAC 
systems installed during construction. Europe and Australia 
show a similar trend, with approximately 55% ofhomes using 
central HVAC systems. Regardless of the regional prevalence 

8 

of central HVAC systems, the value of motion detection 
device 100 becomes more apparent in larger homes or in 
assisted living facilities that have many rooms, precisely the 
settings where installing many distributed sensors is eco­
nomically unattractive. 

HVAC systems will probably increase in prevalence 
because they can provide more functionality than just heating 
and cooling. Recent EnergyStar reports have shown that run­
ning the HVAC for longer periods of time, but using alternate 
conditioning features, such an air-to-air exchanger, is more 
energy efficient. This EnergyStar report also recommends 
that HVAC systems incorporate whole house HEPA (high 
efficiency particulate absorbing) filtration. Construction 20 

codes, such as for hospitals and assistive care facilities, also 
have a minimum air movement requirements to ensure proper 
filtration. All of these factors increase the motivation for 
having the HVAC systems in operation, increasing the effec­
tiveness of our sensing approach. Running the air handler's 
fan of a standard 2-ton (24,000 BTU (British Thermal Units)) 
HVAC system continuously for an entire month would cost 
about $6 US (assuming an electricity price of$0.05 US per 1 
kW-h (kilowatts per hour)), which would need to be balanced 
against any value-added capability motion detection device 
100 provides. As used herein, HVAC system refers to a heat­
ing system alone, a ventilation system alone, an air condition­
ing system alone or a combined heating, ventilation, and air 
conditioning system. 

return vents 251 to all supply vents 255. Depending on the 
location of vents 251 and 255, the airflow paths and amount of 
airflow can vary. When there is disruption to the airflow, there 
is a change in the total static pressure in air handler 253 as a 
result of the resistance in the airflow. Depending on the loca­
tion of supply vents 255, a disruption in airflow can cause a 
more persistent change in the overall static pressure, such as 
from a direct blockage of a return vent. One contributor to this 
airflow disruption is doorways, where airflow can either be 

10 disrupted by the closing or opening of a door or the partial 
blockage of an adult passing through the threshold. Some­
times, an individual may even feel the "resistance" from the 
airflow when trying to open a door. Also, depending on the 

15 
location in the house where this disruption is occurring, the 
"resistance" differs because the airflow path to air handler 
253 is different. 

When HVAC system 250 is not in operation, ducts 361 and 
362 act as a pipe or wave guide. Significant airflow produced 
in the space flows through the ductwork. Although small 
movements might not generate enough airflow, the move-
ments oflarge surfaces, such as doors, can produce detectable 
amounts of airflow through air handler 253. Thus, there are 
opportunities to detect certain movement in the space when 

25 HVAC system 250 is in operation and also when HVAC 
system 250 is not in operation. 

In various embodiments, sensing device 110 (FIG. 1) is 
configured to couple to air filter 252 ofHVAC system 250 in 
FIG. 2. Air filter 252 can include: (a) a fibrous material 274; 

30 and (b) an outer frame 276. Air filter 252 can also have a first 
side 257 through which an air flow enters fibrous material 274 
and a second side 258 opposite first side 257 and through 
which the air flow exits fibrous material 274. In some 

As illustrated in FIGS. 2 and 3, HVAC system 250 can 35 

include: (a) air handler253; (b) one or more return vents 251; 
(c) one or more supply vents 255; (d) ducts 361 (FIG. 3) 
coupling return vents 251 to air handler253; and ( e) ducts 362 
(FIG. 3) coupling air handler 253 to supply vents 255. 

As illustrated in FIG. 2, air handler 253 can include: (a) a 40 

blower 259; (b) heating/cooling coils 254; (c) air filter 252; 
and ( d) dampers (not shown). In some examples, blower 259, 
heating/cooling coils 254, air filter 252, and the dampers can 
be located in a large, non-permanently sealed box 363 (FIG. 
3). In other examples, air filter 252 can be located at other 45 

points inHVAC system250. For example, airfilter252 can be 
located at one of return vents 251. 

examples, sensor unit 130 can be disposed proximate to or 
coupled to first side 257, and sensor unit 131 be disposed 
proximate to or coupled to the second side 258. In the same or 
different example, fibrous material can be replaced with a 
metallic mesh or screen, particularly when air filter 252 is an 
electrostatic air filter. 

In some examples, sensing device 110 can use coupling 
device 132 (FIG. l)to couple to airfilter252 (FIG. 2). In some 
examples, coupling device 132 can include complementary 
magnets where a first magnet is attached to sensor unit 130 
and a second magnet is coupled to sensor unit 131. The 
magnetic force between the magnets can be used to hold 
sensor unit 130 and the first magnet to first side 257 and 
sensor unit 131 and the second magnet to second side 258. 

In other examples, coupling device 132 can be a C-shaped 
housing 275 (FIG. 2) with sensorunits 130and131 locatedat 

During its operation, a pressure differential, li.P, know as 
the total static pressure, is built up in blower 259. The total 
static pressure is a measure of resistance imposed on blower 
259 in air handler 253. The total static pressure is affected by 

50 opposite ends of the housing. The C-shaped housing 275 can 
be configured such that C-shaped housing 275 can couple to 
air filter 252 where a first end with sensor unit 130 is located 
at first side 257 and a second end with sensor unit 131 is 
located at second side 258. 

a variety of factors that impede the airflow between the return 
vents 251 and supply vents 255. These factors includes the 
length of ducts 361 and 362, the number of fittings used in 
ducts 361 and 362, closed air vents, and/or dirty air filters. 55 

When installing HVAC system 250, a technician usually takes 
care in properly balancing the total static pressure to ensure its 
proper operation. This balance includes installing sufficient 
supply ducts 361 and return ducts 362 in proper locations. 
Technicians also install ductwork to various rooms to ensure 60 

effective coverage. FIG. 3 shows a partial cross-sectional 
drawing of a home and example locations of the return vents 
251 and supply vents 255 and the potential associated airflow 
paths. 

When HVAC system 250 is running, air flows from supply 65 

vents 255 to return vents 251 through the conditioned space 
(e.g., a room). There is typically some airflow from each of 

In other examples, a single differential pressure sensor also 
would be appropriate. However, using two pressure sensors 
allows easier placement of the pressure sensor because an air 
tube would have to be routed through or around air filter 252 
to allow the single differential pressure sensor to obtain pres­
sure readings on both sides 257 and 258 of air filter 252. 

In some examples, air filter 252 is used as the sensing point 
for two reasons. First, air filter 252 can be located between the 
return vents 251 and, in some examples, near blower 259, 
making it a good place for recording the static pressure 
changes. Second, air filter 252 typically has the easiest access 
to the air handler 253, making it potentially easier to deploy 
for installers and end-users. Coupling sensing device 110 to 
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air filter 253 (or blower 259) can be considered to be placing 
sensing device 110 in the ductwork ofHVAC system 250. 

Referring again to FIG. 1, computational unit 120 is con­
figured to use the two or more pressure measurements from 
sensor units 130 and 131 to determine when one or more 
movement events have occurred. Computational unit 120 can 
include: (a) transceiver or receiver 121; (b) a processing mod­
ule 122; and ( c) storage module 126. As an example, process­
ing module 122 can be one or more software programs. In 
some examples, processing module 122 can include: (a) a 
training module 123 configured to correlate events with 
changes in the total static pressure; (b) an event detection 
module 124 configured to use the two or more pressure mea­
surements to identify changes in the total static pressure; and 
(c) a communications module 125 configured to communi­
cate with a user. Receiver 121 can be configured to receive at 
least one of the temperature-compensated pressure and/or the 
raw pressure and temperature measurements from transmitter 
116. 

"Computational Unit 120," as used herein, can refer to a 
single computer, single server, or a cluster or collection of 
computers and/or servers. In some examples, computational 
unit 120 can be local to the user. In other examples, the user 
can access computational unit 120 through the Internet or 
other networks. 

In some examples, computational unit 120 can be a home 
computer of the user of motion detection device 100 or a 
computer owned or controlled by the owner of the building in 
which motion detection device 100 is installed. In other 
examples, a first server or computer (e.g., a home computer) 
can include a first portion of receiver 121, storage module 
126, training module 123, event detection module 124, and 
communications module 125. One or more second servers 
(e.g., a computer or server owned or controlled by the manu­
facturer of motion detection device 100 or a utility company 

10 
sensor units 130and131 and produce a final feature vector of 
three components, which can be used in event classification 
(described in detail below). 

For example, FIG. 4 shows a graph 400 of the change in 
static pressure versus time as a door is opened and closed. As 
illustrated in FIG. 4, there is an initial spike in the static 
pressure followed by a flattening as the door is closed. After 
the door is reopened, the pressure returns to the previous state. 
That is, two important features characterize door opening and 

10 closing events in the pressure measurements of sensor units 
130 and 131. When a door is closed, there is first an initial 
abrupt change in static pressure (i.e., a change in llP) followed 
by persistent change until the door is reopened. After opening 
the door, the static pressure gradually drops to the previous 

15 state. 
In another example, FIG. 5 shows a graph 500 of the 

change in static pressure versus time as people walk through 
a doorway. Like opening and closing of door events, varia­
tions in the static pressure occur as individuals moved 

20 through various doorways. A person passing through a door­
way, however, is a brief event, and unlike the door events, the 
changes in pressure are very short-lived. As shown in FIG. 5, 
usually there is a slight change in the static pressure, and then 
the pressure settles back to its original state. The size of the 

25 change in static pressure can be dependent on the location of 
the supply and return vents relative to the doorway and the 
ratio of the size of the person to the size of the doorway. In 
some implementations of motion detecting device 100, obser­
vations showed that three out of four people passing through 

30 a door events resulted in detectable airflow disruptions (e.g., 
a change in static pressure of greater than ten millibars). 

When HVAC system 250 is not operating, there is no static 
pressure build-up in air handler 253. Instead, the pressure is 
equal to the atmospheric pressure of approximately one bar. 

35 Any significant airflow generated in the conditioned space is 
guided through either ducts 361 and 362 (FIG. 3) and even­
tually reaches the sensor units 130 and 131 (FIG. 2). The 
sensitivity of sensor units 130 and 131 make it possible to 

or a security monitoring company) can include a second, 
possibly overlapping, portion of these modules. In these 
examples, computational unit 120 can comprise the combi­
nation of the first computer and the one or more second 40 

servers. In some examples, storage module 126 can store the 
correlation information between changes in the static pres­
sure and specific movement events. 

detect this airflow reaching sensor units 130 and 131. 
When HVAC system 250 is off, event detection module 

124 (FIG. 1) can use the same or a similar method as when 
HVAC is on to determine when a movement event has 
occurred. Furthermore, when HVAC is off, event detection 
module 124 can use the pressure measurement from both Event detection module 124 can determine the static air 

pressure by calculating the differential (llP) between the pres­
sure measurement at sensor units 130and131 located at sides 
257 and 258, respectively, of air filter 252 (FIG. 2). In many 
embodiments, event detection module 124 can detect this 
phenomenon by first looking for a significant change in the 
static pressure in the pressure measurements from sensor 
units 130 and 131. For example, event detection module 124 
can compare the average of the five previous pressure differ­
ential readings with the current pressure differential measure­
ment to attempt to detect a change in the total static pressure. 
When there is a pressure change greater than a predetermined 

45 sides of air filter 252 to help determine where the airflow 
originated. 

It is also possible for event detection module 124 to detect 
airflow caused by people moving near an air vent and by other 
devices, such as a ceiling or desk fan. These movement events 

50 produce very small amounts of airflow and thus, require more 
expensive, high-resolution, and low-noise pressure sensors. 

Training module 123 (FIG. 1) can be configured to corre­
late specific changes in pressure with specific events at spe­
cific locations. For example, training module 123 can be 

55 configured to determine that the movement event shown in 
FIG. 4 is the closing and opening of door leading into the 
master bedroom from the master bathroom. 

or threshold amount (e.g., 10 mbar ), event detection module 
124 can record the subsequent pressure values for further 
processing until there are no more changes for a predeter­
mined amount of time (e.g., 4,000 milliseconds). In some 
examples, a 10 mbarthresholdchange is used to avoid detect- 60 

ing any slight variations in HVAC fan speed from sensor units 
130 and/or 131 or noise from analog-to-digital converter(s) 
inside sensor units 130 and 131. 

In some examples, training module 123 can be configured 
to perform a training or calibration sequence to correlate 
changes in static pressure with specific movement events at 
specific locations. After performance of the calibration 
sequence, training module can provide the training correla­
tion data to event detection module 124 so event detection 

From the recorded data, event detection module 124 can 
extract the initial pressure value, the initial maximum pres­
sure change, and the resulting final stable pressure. These 
features are extracted from the pressure measurements of 

module 124 correlate the changes in static pressure with 
65 specific movement events at specific locations. Specific train­

ing or calibration sequences are described in relation to activ­
ity 920 of method 900 in FIG. 9. 
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Communications module 125 (FIG. 1) can be used to com­
municate and receive information to one or more users of 
motion detecting device 100. For example, a user can use 
communications module 125 to enter information during a 
training or calibration sequence. Additionally, communica­
tions module 125 can inform a user when a movement event 
occurs. In some embodiments, communications module 125 
can use monitor 1606, keyboard 1604, and/or mouse 1610 of 
FIG. 16. 

12 
limited to the embodiments presented herein. Method 800 can 
be employed in many different embodiments or examples not 
specifically depicted or described herein. In some embodi­
ments, the activities, the procedures, and/or the processes of 
method 800 can be performed in the order presented. In other 
embodiments, the activities, the procedures, and/or the pro­
cesses of the method 800 can be performed in any other 
suitable order. In still other embodiments, one or more of the 
activities, the procedures, and/or the processes in method 800 

Turning to another embodiment, FIG. 6 illustrates an 
implementation of sensing device 610 of a motion detecting 
device 600 in an exemplary HVAC system 650, according to 

10 can be combined. 
Method 800 of FIG. 8 includes an activity 810 of providing 

one or more pressure sensors configured to provide two or 
more pressure measurements. As an example, the one or more 
pressure sensors can be similar or identical to pressure sen-

a second embodiment. Motion detecting device 600 is merely 
exemplary and is not limited to the embodiments presented 
herein. Motion detecting device 600 can be employed in 
many different embodiments or examples not specifically 
depicted or described herein. For example, motion detecting 
device 600 can be deployed in HVAC systems in a commer­
cial or residential setting not specifically depicted or 
described herein. 

15 sors 112and/or114 or sensor units 130and/or131 of FIG. 1. 
Method 800 in FIG. 8 continues with an activity 815 of 

providing a transmitter. As an example, the transmitter can be 
similar or identical to transmitter 116 of FIG. 1. 

In this example, motion detecting device 600 can include: 
(a) sensing device 610; and (b) computational unit 120 (FIG. 

Subsequently, method 800 of FIG. 8 includes an activity 
20 820 of providing a controller. As an example, the controller 

can be similar or identical to controller 118 of FIG. 1. 
Next, method 800 of FIG. 8 includes an activity 825 of 

electrically coupling the one or more pressure sensors to the 
controller and the one or more pressure sensors. For example, 

1). Sensing device 610 can be part of air filter 653. For 
example, air filter 653 can include: (a) filter and/or fibrous 
material 274; (b) an outer frame 676 located around fibrous 
material 274; (c) at least one sensorunit 130and131 coupled 
to at least one of fibrous material 274 or outer frame 676; (c) 

25 the one or more pressure sensors can be electrically coupled 
to the controller and the one or more pressure sensors in a 
manner similar or identical to the electrical coupling of sensor 
units 130 and 131 to controller 118 and to sensor units 130 a transmitter 116 (FIG. 1) electrically coupled to the sensor 

units 130 and 131; (d) power source 117 (FIG. 1); and (e) 
controller 118 (FIG. 1). In this embodiment, at least one 30 

sensor unit 130 and 131 can be integral with air filter 653. In 
some examples, air filter 653 is removable from HVAC sys­
tem 650, and/or fibrous material 274 is replaced with a wire 
mesh or screen. Other components of sensing device 610 can 

and 131, as illustrated in FIG. 1. 
Method 800 in FIG. 8 continues with an activity 830 of 

electrically coupling the transmitter to the controller and the 
one or more pressure sensors. For example, the transmitter 
can be electrically coupled to the controller in a manner 
similar or identical to the electrical coupling of transmitter 

be similar to sensing device 110 (FIG. 1), and also can be part 35 116 to controller 118, as illustrated in FIG. 1. 
of air filter 653. In the same or different embodiment, com­
putational unit 120 can be part of or separate from air filter 
653. In some examples, the combination of sensing device 
610 and air filter 653 can be considered a smart air filter, as 
opposed to sensing device 110 (FIG. 1), which can be con- 40 

sidered, in some examples, to be a retrofit to HVAC system 
250 (FIG. 2). 

Turning to yet still another embodiment, FIG. 7 illustrates 

Subsequently, method 800 of FIG. 8 includes an activity 
835 of providing a body. In some examples, the body can be 
identical or similar to C-shaped housing 275 of FIG. 2, box 
363 of FIG. 3, or air filter 653 of FIG. 6. 

Next, method 800 of FIG. 8 includes an activity 840 of 
mechanically coupling the one or more pressure sensors, the 
transmitter, and the controller to the body. 

Method 800 in FIG. 8 continues with an activity 845 of 
providing a computational unit. In some examples, the com-an implementation of sensing device 710 of a motion detect­

ing device 700 in an exemplary HVAC system 750, according 
to a third embodiment. Motion detecting device 700 is merely 
exemplary and is not limited to the embodiments presented 
herein. Motion detecting device 700 can be employed in 
many different embodiments or examples not specifically 
depicted or described herein. For example, motion detecting 
device 700 can be deployed in HVAC systems in a commer­
cial or residential setting not specifically depicted or 
described herein. 

45 putational unit can include: (a) a receiver; (b) an event detec­
tion module configured to use the two or more pressure mea­
surements to determine when one or more movement events 
have occurred; and ( c) a training module configured to deter­
mine a relationship between the two or more pressure mea-

In this example, motion detecting device 700 can include: 

50 surements and the one or more movement events. As an 
example, the computational unit can be similar or identical to 
computational unit 120 of FIG. 1. The receiver, the event 
detection module, and the training module can be similar or 
identical to receiver 121, event detection module 124, and 

(a) sensing device 710; and (b) computational unit 720. Sens­
ing device 710 could be integrally and/or permanently part of 

55 training module 123 of FIG. 1, respectively. 

a HVAC system. For example, sensing device 710 (or sensor 
units 130 and/or 131) can be located at or in blower 759. In 
some embodiments, computational unit 720 can be also 
located inside HVAC system 750 (e.g., inside large, non- 60 

permanently sealed box 363 (FIG. 3)). In some examples, 
sensing device 710 and computational unit 720 can be similar 
to sensing device 110 (minus coupling device 132 (FIG. 1)) 
and computational unit 120, respectively. 

FIG. 8 illustrates a flow chart for an embodiment of a 65 

method 800 of providing a motion sensor, according to an 
embodiment. Method 800 is merely exemplary and is not 

FIG. 9 illustrates a flow chart for an embodiment of a 
method 900 of detecting movement, according to an embodi­
ment. Method 900 is merely exemplary and is not limited to 
the embodiments presented herein. Method 900 can be 
employed in many different embodiments or examples not 
specifically depicted or described herein. In some embodi­
ments, the activities, the procedures, and the processes of 
method 900 can be performed in the order presented. In other 
embodiments, the activities, the procedures, and the pro­
cesses of the method 900 can be performed in any other 
suitable order. In still other embodiments, one or more of the 
activities, the procedures, and the processes in method 900 
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can be combined. In yet further examples, one or more of the 
activities, the procedures, and the processes in method 900 
can be combined with one or more of the activities, the pro­
cedures, and the processes in method 800 of FIG. 8. 

Method 900 of FIG. 9 includes an activity 910 ofreceiving 
first pressure data in one or more pressure sensors. As an 
example, the one or more pressure sensors can be similar or 
identical to pressure sensors 112 and 114 or sensor units 130 
and 131 of FIG. 1. 

14 
In some embodiments, the user will have to perform the 

training process twice, once with the HVAC system on and 
once with the HVAC system off. In the same or different 
embodiments, the training process can be performed multiple 
times to increase the accuracy of the results of the training 
process. 

Referringagain to FIG. 9,method900 ofFIG. 9 includes an 
activity 925 of receiving second pressure data from the one or 
more pressure sensors. In some examples, activity 925 can be 

10 similar or identical to activity 910. Method 900 in FIG. 9 continues with an activity 915 of 
transmitting the first pressure data to a first computational 
unit. In some examples, a transmitter can wireless transmit 
electrical signals using WI-FI, the Bluetooth 3 .O+ HS wireless 
protocol, Zig bee, Z-Wave, or a cellular network. In other 
examples, the transmitter can transmit the first pressure data 15 

over a wired connection. 

Method 900 in FIG. 9 continues with an activity 930 of 
transmitting the second pressure data to the first computa­
tional unit. In some examples, activity 930 can be similar or 
identical to activity 915. 

Subsequently, method 900 of FIG. 9 includes an activity 
935 of correlating the second pressure data to a first event of 
the one or more specific movement events. Referring again to 
FIG.1, to classify events, event detection module 124 can use 
the training data. That is, event detection module 124 can use 

Subsequently, method 900 of FIG. 9 includes an activity 
920 of using the first pressure data to train the first computa­
tional unit to correlate the first pressure data to one or more 
specific movement events. In some examples, training mod­
ule 123 (FIG.1) can perform a training or calibration process 
with a user. 

Referring back to FIG. 1, in various embodiments, the 
calibration process can involve a labeling process where a 
user of motion detecting device 100 helps relate changes in 
static pressure to specific movement events at specific loca­
tions. In some embodiments, the training sequence involves a 
user of motion detecting device 100 walking through the 
house or building while training module 123 is operating and 
recording movement events. 

20 a method of matching movement events with the movement 
events recording during the training process. For example, 
every time a specific door is opened or a person walks a 
specific doorway, the static pressure signature of the move­
ment event will be substantially the same. Accordingly, event 

25 detection module 124 can match a static pressure signature of 
the just occurred movement event with the static pressure 
signature of the training process to identify the just occurred 
movement event. 

To classify events, event detection module 124 can use a 
30 support vector machine (SVM) models in some embodi­

ments. SVM models perform classification by constructing 
an N-dimensional hyperplane that optimally separates the 
data into multiple categories. The separation is chosen to have 

After walking through the house or building, the user can 
label each movement event detected by training module 123 
using communications module 125. For example, ifthe user 
started in a main hallway and walked: (1) through a first 
doorway from the main hallway into a family room and (2) 35 

from the family room into the kitchen though a second door­
way, a first movement event detect by motion detecting device 
100 can be labeled as person walking from the main hallway 
into a family room, and a second movement event detected by 
motion detecting device 100 can be labeled as a person walk- 40 

ing from the family room into the kitchen though a second 
doorway. Similarly, a user can open and close all of the doors 

the largest distance from the hyperplane to the nearest posi­
tive and negative examples. Thus, the classification is appro­
priate for testing data that is near, but not identical, to the 
training data as is the case for the feature vectors in this 
embodiment. In addition, SVMs can automatically determine 
the appropriate kernel type based on the data build character­
istics, so kernels beyond linear functions can be factored into 
the determination. For example, three different SVM models 
can be used for each of the three scenarios (e.g., opening and 
closing of doors while the HVAC is in operation, adults mov­
ing through doorways while the HVAC is in operation, and 
the opening and closing of doors while the HVAC is not in 
operation), using their respective feature vectors with each 

in the housing or building and perform a similar labeling 
procedure. 

In other examples, communications module 125 can 45 

include a portion that can run on a mobile electrical device 
(e.g., an iPhone® device by Apple Computers, Inc. of Cuper­
tino, Calif.) that allows a user to mark or timestamp when a 
specific movement event occurred. In these examples, a user 
could walk through the house or building while carrying the 50 

electrical device running the part of communications module 
125 and use communications module 125 to mark when a 
movement event occurred. 

transition event labeled as the class. 
In the same or different example, a map or diagram of the 

home or building can be imported or loaded into computa­
tional unit 120. The training module (such as training module 
123 inFIG.1) can use the map or diagram to help identify the 
event. For example, event detection module 124 determines 
that a person just walked into a first room and then determines 
a second movement event occurred. After performing the For example, while training module 123 is operating and 

recording movement events, the user can walk through a first 
doorway from a main hallway into a family room and press a 
button on the mobile electrical device that causes the electri­
cal device to record the description of the movement event 
and the time that event occurred. Training module 123 can 
correlate the data recorded by the mobile electrical device and 
the static pressure changes detected by sensing devices 110 
and 112 to relate changes in static pressure to specific move­
ment events at specific locations. In some examples, the 
mobile electrical device can relay the data immediately (e.g., 
in real time) to computational unit 120, and in other examples, 
the data can be communicated to computational unit 120 after 
the training process is complete (e.g., in batch mode). 

55 matching process, event detection module 124 determines the 
second movement event is most likely one of a person walk­
ing into one of two rooms. According to the map of the house, 
one of the rooms is adjacent to the first room in which the 
person just walked and the other room is at the other side of 

60 the building. In this case, event detection module 124 can 
reasonably conclude using information from the map or dia­
gram of the building, it is most likely that the person just 
walked into the room adjacent to the first room. 

Referringagain to FIG. 9,method900 ofFIG. 9 includes an 
65 activity 940 of displaying information regarding the first 

event to a user. In some examples, communications module 
125 (FIG. 1) can inform a user when a movement event occurs 
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or provide information about two or more movement events. 
In some embodiments, communications module 125 (FIG.1) 
can use monitor 1606, keyboard 1604, and/or mouse 1610 of 
FIG. 16. 

In other examples, communications module 125 can pro­
vide the information to other systems. For example, the infor­
mation can be provided to a system that controls the HVAC 
system for use in, for example, turning on or off the HVAC 
system in parts of the home or building (e.g., zone heating and 
cooling). In another example, the information about specific 
events can be provided to an alarm system. In yet another 
embodiment, the information about specific movement 
events can be provided to a system that monitors and controls 
electricity usage in the home or building. In further embodi­
ments, the information can be provided to a system that con­
trols the lights and other electrical outlets. In this embodi­
ment, the information can be used, for example, to tum on 
lights and other electrical appliances in the room the person 
just entered and to tum off the lights and other electrical 
appliances in the room the person just exited. 

16 
In these experiments, the feasibility of accurately classify­

ing the various kinds of movement events in a quasi-con­
trolled manner was tested. For all four homes, sensor readings 
were manually labeled for each event using a remote hand­
held computer wirelessly connected to the computational 
unit. Accurately labeling the sensor readings for each of the 
five sensors after triggering the various events was found to be 
possible. The method described above (e.g., activity 935 of 
FIG. 9 ), were used to construct the appropriate feature vectors 

10 to feed the classifier data. For these experiments, all interior 
doors of interest were kept in the open position (90 degrees 
from the opening), and then each of such doors were manu­
ally and sequentially or individually opened and closed. For 

15 
the human movement experiments, the same individual trig­
gered those events. Twenty-five instances for each of the 
doorway events were collected at three different times during 
the 3-4 week period. 

Table 2 in FIG. 11 shows the classification accuracies of all 
20 the spaces. A sample confusion matrix is also included in 

Table 3 of FIG. 12. It is clear that door transition movement 
Several feasibility experiments were performed as part of 

the development of embodiments of motion detecting device 
100 and methods 800 and 900. The goal of these feasibility 
experiments was to determine if and how often motion detect- 25 

ing device 100 could detect movement events (e.g., adults 
walking through doorways and the opening and closing of 
doors) and how accurately motion detecting device 100 could 
classify unique movement events. 

events were more accurately detected than people transition 
movement events. However, the overall accuracy of classify­
ing unique movement events was around 65%. Door events 
were classified correctly on an average of7 5-80% of the time. 
Both of these events can be combined to provide good pre-
dictions on the location or movement of people through the 
space. Some of the low classification accuracies, such as from 
Floor 2 in Home 1, were attributed to the lack of doors and 
doorways and that the space in Floor 2 of Home 1 was very 
open with the air vent a significant distance away from the 
interior doors. The results of the HVAC off experiment are 
also shown in Table 4 of FIG. 13. The higher performance 
came in smaller spaces where the vents tended to be closer to 

In this section, results are presented from these experi- 30 

ments in four different homes for the following three condi­
tions: (a) opening and closing of doors while the HVAC is in 
operation, (b) adults moving through doorways while the 
HVAC is in operation, and (c) the opening and closing of 
doors while the HVAC is not in operation. 35 the doorway and also came in spaces where there were many 

vents, such as Homes 1and2. Observations were conducted in four different homes for a 
period ranging from three to four weeks (see Table 1 in FIG. For the long-term deployment, more in-situ or "more natu-
10 for information about the homes). Home 1 and Home 2 
were fairly large homes, with Home 1 having three separate 
central HVAC units, and Home 2 having two separate central 40 

HVAC units. All three units in Home 1 and one unit in Home 

ral" data on the various events occurring in the home was 
collected, and this data provided some initial long-term in­
situ results. For labeling, motion sensors placed at various 
doorways were used to determine any door movement or 

2 were instrumented with an embodiment of motion detecting 
device 100 in FIG. 1. Homes 3 and 4 were smaller apartments 
with a single, central HVAC system. Thus, a total of six 
different spaces and HVAC units were evaluated. For each 
HVAC unit, an embodiment of motion detecting device 100 
was installed at the air filter. Five pressure sensors were 
securely attached to an air filter prevent any movement from 
the airflow. The sensing device was coupled to a computation 
device with cables. Cables were run around the edge of the air 
filter to prevent them from being drawn in to the fan assembly. 
Finally, the cables were connected to a computational unit 
(e.g., a laptop) placed near the HVAC system. 

Two techniques for obtaining labeled training data were 
used. First, throughout the 3-4 week period while the houses 
were in a closed and sealed state (windows and exterior doors 
closed), numerous door close and open events, and a person 
walking through doorways events were manually labeled. 
Second, data was captured for a longer time period using 
traditional motion sensors placed at various locations in the 
house. The traditional motion sensors were placed on both 
sides of the top of the doorways (facing downwards) to 
detected movement events and the direction of movement 
through the door. These motion sensors allowed determina­
tion of any movement events that occurred at various times 
during the day. The large dataset created allowed portioning 
of the data into training and test sets. 

motion through the doorway and matched up those events 
with the corresponding sensor values from the HVAC system. 

Two analyses were conducted: (a) one was the percentage 
45 of time motion detecting device 100 was able to determine 

particular events; and (b) the second were to determine the 
classification accuracies of detecting unique events. Table 5 
of FIG. 14 shows the number of events that were detected by 
motion detecting device 100, either as a door transition event 

50 or a human movement through the doorway, for each of the 
four homes. The results for two cases are presented: one is 
with the HVAC system in operation and the other is with the 
HVAC system off. 

The results show that a larger percentage of events were 
55 detected with the HVAC system in operation than with the 

HVAC system in the off state. The reason for the lower per­
centage for the HVAC system off state was because of the 
location of the return and supply vents. In some cases, the 
vents were not close enough to a door for the airflow to reach 

60 the sensing units, which was also observed in the controlled 
experiment. The smaller spaces and the spaces with many 
doorways actually resulted in a higher number of detectable 
events. This characteristic is attributed to the greater number 
of vents and the likelihood that the doorways were near vents. 

65 The results with the HVAC system in operation showed 
almost 80% of the events being detected when compared to 
the traditional motion sensors. 
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Although many other components of computer 1600 (FIG. 
16) are not shown, such components and their interconnec­
tion are well known to those of ordinary skill in the art. 
Accordingly, further details concerning the construction and 
composition of computer 1600 and the circuit boards inside 
chassis 1602 (FIG. 16) need not be discussed herein. 

When computer 1600 in FIG. 16 is running, program 
instructions stored on a floppy disc in floppy disc drive 1612, 
on a CD-ROM or DVD in CD-ROM and/or DVD drive 1616, 

Table 6 of FIG. 15 shows the results of classifying unique 
events in the house. The SVM classification scheme was 
applied to the entire in situ dataset for each of the 4 homes ( 6 
spaces). This dataset included events from all three of the 
possible conditions (door open/close with HVAC on and off 5 

and human movement with HVAC on). The triggering of the 
motion sensor was used to provide the location label to the air 
pressure data collected by our sensing system. Because the 
type of event was not known, the signal response was used to 
determine the event (i.e., person or door). 10 on hard drive 1614, or in memory 1708 (FIG.17) are executed 

by CPU 1710 (FIG. 17). A portion of the program instruc­
tions, stored on these devices, can be suitable for carrying out 
at least part of method 900 (FIG. 9). 

The accuracy of motion detecting device 100 is shown 
using 10-fold cross validation across the entire data set. Com­
pared to the first controlled experiments, the overall accuracy 
on average is 15-20% lower. However, given that no control 
existed over the various other events occurring during that 15 

same time, the results still showed classification accuracies 
between 60-70%. From this data, it is clear the status of other 
doors in the home did not have a large impact on the classi­
fication accuracy of detecting door transitions with the HVAC 
system off. The larger difference while the HVAC system is in 20 

operation compared to the controlled experiment does indi­
cate that the door states have an impact on the pressure dif­
ferentials, as expected. 

FIG. 16 illustrates a computer 1600 that is suitable for 
implementing an embodiment of at least a portion of process- 25 

ing module 122 (FIG. 1). Computer 1600 includes a chassis 
1602 containing one or more circuit boards (not shown), a 
floppy drive 1612, a Compact Disc Read-Only Memory (CD­
ROM) and/or Digital Video Disc (DVD) drive 1616, and a 
hard drive 1614. A representative block diagram of the ele- 30 

ments included on the circuit boards inside chassis 1602 is 
shown in FIG. 17. A central processing unit (CPU) 1710 in 
FIG. 17 is coupled to a system bus 1714 in FIG. 17. In various 
embodiments, the architecture of CPU 1710 can be compliant 
with any of a variety of commercially distributed architecture 35 

families including the ARM (advanced RISC (reduced 
instruction set) computing machine), MIPS (microprocessor 
without interlocked pipeline stages), RS/6000 family, the 
Motorola 68000 family, or the Intel x86 family. 

System bus 1714 also is coupled to memory 1708 that 40 

includes both read only memory (ROM) and random access 
memory (RAM). Non-volatile portions of memory 1708 or 
the ROM can be encoded with a boot code sequence suitable 
for restoring computer 1600 (FIG. 16) to a functional state 
after a system reset. In addition, memory 1708 can include 45 

microcode such as a Basic Input-Output System (BIOS). In 
some examples, memory 1708 can include floppy drive 1612, 
hard drive 1614, and/or CD-ROM or DVD drive 1616 storage 
module 126 (FIG. 1). 

In the depicted embodiment ofFIG.17, various I/O devices 50 

such as a disk controller 1704, a graphics adapter 1724, a 
video controller 1702, a keyboard adapter 1726, a mouse 
adapter 1706, a network adapter 1720, and other I/O devices 
1722 can be coupled to system bus 1714. Keyboard adapter 
1726 and mouse adapter 1706 are coupled to keyboard 1604 55 

(FIGS.16 andl 7) and mouse 1610 (FIGS.16and17), respec­
tively, of computer 1600 (FIG. 16). While graphics adapter 
1724 and video controller 1702 are indicated as distinct units 
in FIG.17, video controller 1702 can be integrated into graph-
ics adapter 1724, or vice versa in other embodiments. Video 60 

controller 1702 is suitable for refreshing a monitor 1606 
(FIGS. 16 and 17) to display images on a screen 1608 (FIG. 
16) of computer 1600 (FIG. 16). Disk controller 1704 can 
control hard drive 1614 (FIGS. 16and17), floppy disc drive 
1612 (FIGS. 16and17), and CD-ROM or DVD drive 1616 65 

(FIGS. 16 and 17). In other embodiments, distinct units can 
be used to control each of these devices separately. 

Although the invention has been described with reference 
to specific embodiments, it will be understood by those 
skilled in the art that various changes may be made without 
departing from the spirit or scope of the invention. Accord­
ingly, the disclosure of embodiments of the invention is 
intended to be illustrative of the scope of the invention and is 
not intended to be limiting. It is intended that the scope of the 
invention shall be limited only to the extent required by the 
appended claims. For example, to one of ordinary skill in the 
art, it will be readily apparent that a sensing device can 
include any number of sensor units, and that activities 810, 
815, 820, 825, 830, 835, 840, and 845 of FIG. 8, activities 
910, 915, 920, 925, 930, 935, and 940 of FIG. 9 or any 
element of FIG. 1, 6 and/or 7 may be comprised of many 
different activities, procedures and be performed by many 
different modules, in many different orders and that the fore­
going discussion of certain of these embodiments does not 
necessarily represent a complete description of all possible 
embodiments. 

All elements claimed in any particular claim are essential 
to the embodiment claimed in that particular claim. Conse­
quently, replacement of one or more claimed elements con­
stitutes reconstruction and not repair. Additionally, benefits, 
other advantages, and solutions to problems have been 
described with regard to specific embodiments. The benefits, 
advantages, solutions to problems, and any element or ele­
ments that may cause any benefit, advantage, or solution to 
occur or become more pronounced, however, are not to be 
construed as critical, required, or essential features or ele­
ments of any or all of the claims. 

Moreover, embodiments and limitations disclosed herein 
are not dedicated to the public under the doctrine of dedica­
tion if the embodiments and/or limitations: (1) are not 
expressly claimed in the claims; and (2) are or are potentially 
equivalents of express elements and/or limitations in the 
claims under the doctrine of equivalents. 

What is claimed is: 
1. A motion detecting device configured to detect whether 

one or more movement events by at least one person, animal, 
door, or window have occurred, the motion detecting device 
comprises: 

a processing module configured to run on a computational 
unit; and 

a sensing device comprising: 
one or more pressure sensors configured to provide two 

or more pressure measurements; and 
a transmitter electrically coupled to the one or more 

pressure sensors and configured to transmit the two or 
more pressure measurements to the computational 
unit, 

wherein: 
the processing module is configured to use the two or more 

pressure measurements to determine whether the one or 
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more movement events by the at least one person, ani­
mal, door, or window have occurred; 

the sensing device is configured to be placed in at least one 
of ductwork of a heating, ventilation, and air condition­
ing system or an air handler of the heating ventilation 
and air conditioning system; ' ' 

the processing module comprises: 
a training module; and 
an event detection module; 

the training module is configured to correlate a first event 10 

of the one or more movement events with a first change 
in pressure and a second event of the one or more move­
ment events with a second change in pressure; and 

the event detection module is configured to use the two or 
more pressure measurements to identify a third event of 
the one or more movement events. 

2. The motion detecting device of claim 1, further compris­
ing: 

a wire, 
wherein: 

the computational unit comprises a receiver; 

15 
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the receiver of the computational unit is electrically 
coupled to the transmitter of the sensing device using the 
wire and is configured to receive the two or more pres- 25 

sure measurements over the wire. 
3. The motion detecting device of claim 1, wherein: 
the transmitter comprises a wireless transmitter; and 
the computational unit comprises: 

a wireless receiver configured to receive the two or more 30 

pressure measurements from the wireless transmitter. 
4. The motion detecting device of claim 1, wherein: 
one or more pressure sensors are configured to provide a 

first pressure measurement at a first time, a second pres-
sure measurement at a second time, and a third pressure 
measurement at a third time; 

the first time is before the second time and the third time· 
the second time is before the third time· and ' 
the two or more pressure measurement; comprise the first 

pressure measurement, the second pressure measure-
ment, and the third pressure measurement. 

5. The motion detecting device of claim 4, wherein: 

35 

40 

the processing module is configured to determine an occur­
rence of the one or more movement events by the at least 45 
one person, animal, door, or window at least in part by 
comparing the first pressure measurement, the second 
pressure measurement, and the third pressure measure­
ment. 

6. The motion detecting device of claim 1, wherein: 50 
the sensing device is configured to be disposed proximate 

to an air filter. 
7. The motion detecting device of claim 6, wherein: 
the air filter comprises: 

a first side through which an air flow enters the air filter 
and ' 

55 

a second side opposite the first side and through which the 
air flow exits the air filter; and 

the one or more pressure sensors comprise: 
a first pressure sensor disposed proximate to the first side 

of the air filter; and 
60 

a second pressure sensor disposed proximate to the sec­
ond side of the air filter. 

20 
8. The motion detecting device of claim 7, wherein: 
the first pressure sensor of the one or more pressure sensors 

is configured to provide a first pressure measurement at 
substantially a first time; and 

the second pressure sensor of the one or more pressure 
sensors is configured to provide a second pressure mea­
surement at substantially the first time. 

9. The motion detecting device of claim 1, wherein: 
the processing module comprises: 

a communications module configured to communicate 
to a user. 

10. The motion detecting device of claim 1, wherein: 
the sensing device further comprises: 

one or more temperature sensors; and 
the sensing device is configured such that the one or more 

temperature sensors measure at least one temperature at 
the one or more pressure sensors; and 

the transmitter is electrically coupled to the one or more 
temperature sensors and is configured to transmit the at 
least one temperature at the one or more pressure sensors 
to the computational unit. 

11. The motion detecting device of claim 1, wherein: 
the sensing device further comprises: 

a controller; and 
one or more temperature sensors; 

the sensing device is configured such that the one or more 
temperature sensors measure at least one temperature at 
the one or more pressure sensors; and 

the controller is configured to calculate a temperature­
compensated pressure value for each of the two or more 
pressure measurements using the at least one tempera­
ture at the one or more pressure sensors. 

12. ~method of det~cting movement by at least one per­
son, animal, door, or wmdow, the method comprising: 

training a movement detection system; 
performing two or more first measurements of air pressure 

in a duct of a heating, ventilation, and air conditioning 
system; 

transmitting the two or more first measurements of the air 
pressure; 

determining one or more first changes of the air pressure 
based on the two or more first measurements of the air 
pressure; and 

using results of the training the movement detection system 
to associate at least one of the one or more first changes 
of the air pressure with a first movement event by the at 
least one person, animal, door, or window; 

wherein: 
training the movement detection system comprises: 

performing two or more second measurements of the air 
pressure in the duct of the heating, ventilation, and air 
conditioning system; 

determining one or more second changes of the air pres­
sure based on the two or more second measurements 
of the air pressure; and 

correlating the one or more second changes of the air 
pressure with one or more second movement events 
by the at least one person, animal, door, or window. 

13. The method of claim 12, further comprising: 
placing one or more pressure sensors in the duct of the 

heating, ventilation, and air conditioning system. 
14. The method of claim 12, further comprising: 
placing one or more pressure sensors at an air filter. 

* * * * * 


