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MEITIOD AND SYSTEM FOR LOCATING AND MONITORING FIRST RESPONDERS

BACKGROUND

Technical Field Of The Invention

5 The present invention is directed to methods and systems for locating and monitoring the

status ofpeople and moveable a¡¡sets, such as first responders, including firefighters and other

public service personnel, and their equipment both indooæ and out. More specifically, the

invention can provide for locating, and monitoring the status of, people and æsets in

environments where GPS systems do not operatc, or where GPS operation is impaired or

l0 otherwise limited.

Description Of The Prior Art

Global Positioning Systems (GPS) are well known systems for locating and monitoring

people and assets. llowever, public GPS operation is limited in its accuracy by desigl for

various reasons, including for national sccurity. Further, the operation and accuracy of a GPS

15 can be further limited by environmcntal conditions, for example, urban environments can block

or limit GPS satellite signals. For the same reasons, GPS may not op€rate indoors.

Navigarion systems and methods are t¡rpically used to provide position and tacking

information for vehicles in land, sea and aerospace environments. Recently, there has been

increæed interest in providing navigation and tracking information on individuals moving in an

ZO indoor environment, Applications include, but are not limited to, identifying and locating

individuals, pathways and exits in complex building structures during emergency situations and

identifying and tracking emergency personnel in emergency search and rescue operations.

A variety of methods well-known in the art have been utilized for navigating and tracking

moving vehicles in land, sea and aerospace environments. These include various forms of radio

25 navigation methods, transponders, long range navigation beacons (LORAN), radio detection and

ranging systems (RADAR), radio frequency identification and fixing, global positioning system

racking (GPS and DGPS) and space-based systems employed by the military. Typically such

methods require that a moving vehicle to be equipped with radio transmitter or transceiver where

location is determined by measurement of time delays of coded signals from multiple soulle
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transmitters at known stationary or moving positions, Such methods ue r¡pically limited to low

power, line-of-sight transmission of weak signals between a transrnitter and receiver and tracking

may be compromised by local natural topological features or man-made sEucturps, such as

buildings, whe¡c weak signals are either obscured or severely attenuated.

While the Global Positioning System (GPS) has proved to be a useful navigation and

Eacking tool for outdoor tracking of moving vehicles, there are significant limitations when

applying GPS to indoor navigation and tracking. Since GPS relies primarily on a line of sight

signal acquisition and tracking, in indoo¡ environments, the line of sight of GPS satellites is

substantially obscured and GPS signals are highly attenuatcd. As a result, GPS signals are

tlpically sevcral o¡ders of magnitude weaker in building environments than outdoors. ïVith such

weakcned signals, GPS receivers have difficulty receiving GPS signals and calculating accurate

position information.

In conventional vehicle navigation applications, both inertial and non-inertial sensor

devices, such as compasses, baromcters, gyroscop€s and accelerometcñ¡, arc frcquently combined

for navigation pulposes. Compasses are frequently found on passenger vehicle dashboa¡ds.

Barometer altitude measurements and compass direction measurements are required instruments

on aircraft control panels. Inertial sensor device combinations are commonly employed in

attitude and heading reference systems (AIIRS), where vertical and directional gyroscopes are

combincd to provide mËasur€ments of role, pitch and heading (azimuth) angles, vertical

gyroscopes (VG), rate gyro accelerometer units (RGA) and inertial measurement units (MU). At

least one cornpany offers an AIIRS system which combines 3-axis angular raûe, linear

acceleration, and magnetic field measurements to create an electronically stabilized AHRS

device (see Crossbow Technology Inc, San Jose, CA). Vertical gyroscopes devices a¡e

commercially available which ernploy rnechanically-gimbaled gyroscopes that are elecronically

stabilized to provide measurements of roll and pítch angles relativc to the horizon. Single axis

yaw rate gyros and 3-æds accelerometeß are frequently employed in systems used for dead

reckoning and controlling roll and pitch in land vehicles and robots.

krertial measurement units (IMU), comprising of combination of accelerometen¡ and

gyroscopes, are frequently combined with control systems as critical components of an inertial
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navigation system (INS) for vehicles. The IMUs may be either mounted in a gimbaled servo

motor system, where the cont¡ol system keeps an IMU platform mounted in a constant

orientation and vehicle oriontation is determined ftom motion relative to the IMU, or,

alternatively, IMUs may be mounted in a strap-down system where IMU sensor ouÞuts provide

5 a direct measurement of vehicle orientation. In typical applications, IMUs are generally

employed with objects that move in relatively normal and smooth patteri, such æ planes, land

vehicles and machinery. For example, for aircraft navigation, inertial sensor combinations a¡e

frequently deployed in mechanically and thermally stabilized INS or IMU packages which

typically combine thre¿ a,res servo accelerometers and three axes rate gyros fOr vehicle motion

10 sensing and navigation in free space where six degrees of freedom æe required.

More ¡ecently, efforts have attempted to integrate inertial IMUs with GPS systems for

vehicle, aviation, weapon and robotic navigation during periods when GPS signals are unreliable

(see Y.C. I-ee et al., "A Performance Analysis of a Tightly Coupled GPS/Inertial System for Two

Integrity Monitoring Methods", CAASD Technical Paper, March 2000, MITRE Corp. Mclæan,

15 VA; A,K Brown et al. "Performance test Results of an Integrated GPS/lvfEMS Inertial

Navigation Package", Proc. ION GNSS, Sept. 2004, Long Beach; and P. Cross et al. "Intelligent

Navigation, hertial Integration: Double Assistance for GPS", GPS World, May l, 2002). In

addition, efforts have been made to develop MEMS-based IMU navigation systems some of

which use GPS for initial position calibration and periodic correÆtion (see Honeywell HGl900

20 MEMS IMU data sheet, Honeywell Corp.; AtairINU data sheet, Atair Aüospace, Brooklyn, NY;

MEMSense PINU and nINU data sheets, MEMSense LLC, Rapid City, SD; coremicro

AHRS/INS/SPS data sheet, American GNC Corp., Simi Valley, CA ).

Thus far, reliable methods for accurate personal indoo¡ tracking and navigation have been

very limited because, unlike vehicle motion, human movement is cha¡acæristically complex,

25 nonlinear and erratic. A ¡eview of indoor navigation methods and capabilities for emergency

personnel has been conducted by researchers at the National Institute of Standards and

Technology (see L. E. Milleç Indoor Navigation for Fint Responden: A Feasibility Study,

Advanced Networking Technologies Division Report, Febnrary 10. 2006 MST, Washington,

DC). In this study, well-known navigation techniques such æ dead reckoning, walpoint

I
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detection and map matching are reviewed and discussed as to their viability in an indoor

navi gation environment.

While the MST report identifies a number of INU devices and methods which have been

recently developed for indoor tracking of individuals, the most common tracking methods

5 employed by current workers utilizes dead reckoning navigation techniques which employ a

fairly inaccurate method of integrating acceleration data ove¡ time. Due to accelerometer drift

error, such tracking methods typically accumulate large amounts of enor in a relatively short

period of time, dead reckoning methods are inherently unreliable and location rracking must be

frequently conected using flrxed walpoints that have a known, pre-determined position. In

t0 addition, for tracking highly nonJinea¡ and e¡ratic human movements, such methods are

inherently unsuitable since enor accumulates too quickly which makes wa¡point conection

unfeasible. Furthermorc, many of these devices suffer from inaccurate calibration and zero point

determination.

4
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SUMMARY

It is common to use GPS to locate and track personnel and assets. However, GPS may not

operate indoors. Furthermore, in many outdoor applications, including urban canyons, GPS can

be unreliable.

The present invention is dirccted to a rnethod and system for tracking thc position, motion

and orientation of personnel and æsets. The present invention can provide location, orientation,

and motion tracking two-way communications, and data management functions. It can be an

open system that can be tailored to a wide variety of applications - for example, applications

directed to location, tracking, and status monitoring of personnel and/or assets. As such, in

addition to racking of first responders, it can be adapted to a variety of applications and can be

expanded to me€t a wide range of requircments, such as location and tracking of people and/or

assets in campus environments, VIP status and monitoring, and blue fo¡ce applications.

For illustrative pu{xlses, an example of t}re invention is described in the cont€xt of a

system for locating, tracking and monitoring first responders and other emergency personnel,

however, the invention can be used to locate, track and monitor anything moveable, including

people, animals and assets. Assets as used he¡ein is intended to refer to objects or things,

whether or not valuable and not animals or people, however, it should be noted that assets

include vehicles and other things that can use used to transport people and animals.

The systems and methods according to the invcntion can be used to enable an Ernergency

Incident Commander to monitor the location, vital signs, and other situational information of first

responders including hrefighters, police, EMS technicians, safety workers, military and

paramilitary personnel and related personnel (as well as animals and æsets), both indoors and

outdoors, during an emergency incident or other operation. The situational information can

include information about the pen¡on, animal or asset monitored as well as the environmental

information (such as temlreraturÊ, atmospheric pressure, backgound radiation, etc,) of the

person, animal or asset at a given point in time or location. This information can be stored on a

periodic basis, such as every minute (or fraction thereoÐ or every 2 or more minutes. The

information can be displayed using diagrams that show the information at each periodic

increment. Altematively, the information can'displayed on a map, chart or location diagram,

10

l5

20

25

5



5

wo 2008/10E7E8 PCT/US2007/013039

showing thc information according to absolute or relative physical location.

The System can include an inertial navigation unit and a communication sensor module .

The Inertial Navigation Unit (INU) can be a small device that is wom by the first responder, such

as on a belt, and can include inenial navigation sensofs and signal processing components to

determine the location, motion and orientation of the first responder. The Communications

Sensor Module (CSM) can be a small device ca¡ried by the first responder and can be in

communication with the INU to receive the sonsor data and communicate the data wirelessly to

an Incident Command system. The CSM can include a radio úansceiver for communicating with

the Incident Cornmand system. The INU and CSM can be connecæd by wires or wirelessly to

Eansfer data between the INU and CSM. In addition, thc INU and the CSM can be integrated

into a single device. Each device can be powered by one or mor€ battcries or another energy

source.

An Incident Command system or base station can provide formonitoring and

management of all penonnel and assets (and information æsociated there with) at a scene. It can

include a computer (such as a portable or laptop computer) connected to a radio transceiver

which allows the incident commander to receive data from all the emergency personnel (both

inside and outside stn¡ctures) via their Communication Units, and to transmit individual or

broadcast messages to the p€rsonnel such as wamings (for example, to evacuate an area). The

bæe-station can include softwarc that coordinates all communications at the scene and can be

customized to display all the location and related status information in a simple, yet

comprehensive view.

The Incident Command System can use and integrate diffcrent methodologies and

subsystems to determine the location of the tracked personnel and assets. The data from each of

subsysterns can be fused electronically, using hardware and software, to minimize tracking enor

from any single data set or sensor. The system can integate hertial Navigation, including

micro-electrical-mechanical systems (UEUS), Global Positioning Systems (GPS) when

available, and Signal Processing and Control Algorithms incorporated in hardwa¡e and software

to process (e.g., integrate) sensor data and determine the location, motion and orientation of

people and assets inside complex structures. I¡ addition,Image Processing and Artificial
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Intclligeuce bæed Mapping can be used to conþlate thc INU information b floor plans of a given

building or location. The system can also provide a First Respondcr Safety Communication$

Network that linkç all pononncl with one ormorc Incident Cornmander(s)'

These and other capabilities of the invention, atong with thc invention itself, will be more

5 ftrlly understood afrera review of the following figures, detailed description, and c'lairus.

T
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BRIEF DESCRIPTION OF TI{E FIGT]RFS

FIG. 1 is a diagnmmatic view of a system according to the invention.

FIG. 2 is a photograph showing where the INU and CSM can be worn according to the

invention.

FIG. 3 is a photograph of an INU.

FIGS. 4-6 are schematic diagrams of an INU according to the invention.

FIG. 7 is a layout of horizontal PCB of an INU according to the invention.

FIG. 8 shows Raw AccelerometerData.

FIG. 9 shows an INU Fusion Angle algorithm according to the invention.

FIG. 10 shows a path rraversed ourdoors without GPS according to the invention.

FIG. 11 shows a graphical illustation of neural network operation according to the

invention.

FI9. 12 shows a Y-a,ris accclerometer signal according to the invention.

FIG. 13 shows heel strike signals according to the invention.

FIG, 14 shows the heel strike signals after processing by the heel strike detection

algorithm according to the invention.

FIG. 15 shows a diagram of Line of Progress pOP) determination according to the

invention.

FIG. 16 shows the rrajectory produced by the INU of a uset walking on the third floor of

the building shown in Figure 10 according to the invention.

FfG. 17 shows the actual path of where the user walked inside the building of Figure 10.

FIG. 18 is a photograph of a CSM according to the invention,

FIGS. 19 - 22 arc schematic diagnms of the csM according to the invention.

FtG. 23 is a Iayout of the CSM PCB according to the invention.

F¡G.Z+ shows a hierarchy of data processed by the Base Station according to the

invention.

FIG. 25 shows a diagram of the Building Loader system according to the invontion.

FIG. 26 shows a diagam of the System Satellite Top View according to the invention.

FlG.27 shows a diagram of rhe Systern Satellite Side (South) View according to thc
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FIG. 28 shows a diagram of the system Pre-Plan view according to the invention'

FIG.Zgshows a diagram of the System Personnel Loader according to the invention'

FfG. 30 shows a diagram of the systom Information Panel and Features according to the

invention.

FIG. 31 shows a diagram of the systern outdoor Tracking view (GIS) according to the

invention.

FIG. 32 shows a diagram of the system Indoor Tracking view (Floor Plan view)

according to the invenlion.

EIG. 33 shows a diagram of the System Indoor View - Alarm Situation according to the

invention.

FIG. 34 shows a diagram of the Sysrem Map Pre-Processing Feature Dete¡tor according

to the invention.

FIG. 35 shows a diagram of a system Map-Matching File according to the invention'

FIG. 36 shows a diagram of a system Map Building for a Building with stairwcll

Information according to the invention.

FIG, 37 shows a diagnam of a sentinel system Map Building for a building cfeated by

Four Personnel according to the invention.

FIG. 38 shows Base station scrcen imagc of a part of the path that was shown previously

in Figure 1? above, according to the invention'

FIC. 39 shows a 3 dimensional view of a portion of the map of Figure 38 above,

according to the invention.

FIG. 40 shows the INU Coordinate system according to the invention.

FIG. 41 shows the Display Map Coordinate system according to the invention'

FIG. 42 shows a Y accelerometer signal when walking according to the invention'

FIG. 43 shows the parts of the signal of FIG' 42 that conespond to movements according

to the invention.
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DEIAILED DESCRIPTION OF PREFERRED EMBODIMENTS

The present invention can be an integrated solution æ shown diagrammatically in Figure

l. The present invention can provide location and tracking, two-way communications, and data

management functions. It can be an open system that can be tailorcd to a wide variety of

5 applications - for example, applications directed to location, tracking, and status monitoring of

pcrsonnel and/or æsets. As such, in addition to tracking of first responders, it can be adapted to

a variety of applications and can be expanded to meet a wide range of re4uirernents, such as

location and tracking of people and/or assets in campus environments, MP status and

monitoring, and blue force applications,

l0 The sysùems and methods according to the invention can be used to enable an Emergency

Incident or Situation Commander to monitor (for example, rcmotely from a safe distance) the

location, vital signs, and other situational information of fint responders including firetighters,

police, EMS technicians, safety workers, military and paramilitary personnel and related

personnel, both indoors and outdoors, during an emergency incident or other operation. The

15 situational information can include information about the Peñ¡on, animal or asset, such as their

orientation (the direction they arc facing) and position (standing, sitting, crouching, on their back

or stomach), whether they are stationary, walking, running or crawling, whether they are moving

horizontalty or up or down an incline surface or moving up or down stain. The situational

information can also include information about thc environment of the person, animal or asset at

20 a given time, such as temperaturs, atmospheric pressure, environmental radiation levels, the

presence and level of chemicals in the air or on environmental surfaces (floors and walls),

The System can include an inertial navigation unit and a communication unit. The

Ine¡tial Navigation Unit (INu) can include inertial navigation s€nsoñ¡ and signal processing

components to determine the location, motion and orientation of the fint responder. As shown in

25 Figure 2, the INU can be a small device that is wom on the first responder's belt. The

Communications Module (CSM) can be in communication with the INU to receive the sensor

data and communicate the data wirelessly to an Incident Command system via a radio

transceiver. As shown in Figure 2, the CSM can be a small device canied by the first responder.

The INU and CSM can be connected by wires or wirelessly to transfcr data between the INU and

l0
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CSM. In addition, the INU and the CSM can be integrated inro a single device. Each device can

be powered by one or more batteries or by an eÍergy source that genefztes electricity using heat

or solar energy.

As described here, the system can also include an Incidcnt Command system or base

5 station provides for monitoring and management of all personnel and assets at a scenè. [t can

include a computer (such æ a portable or laptop computer) connected to a radio transceiver

which allows the incident commander to receive data from all the emergericy personnel (both

inside and outside structures) via their Communication Units, and to transmit individual or

broadcast messages to the peñ¡onnel such as warnings to evacuate an area. The bæe-station can

10 include software that coordinates all communications at the scene and can be customized to

display all the location and related status infomation in a simple, yet comprehensive view.

Inertial Navigation Unit (INU)

INU can be small electronic insh¡ment that is wom by the first responder. The INU can

15 use inertial scnsors and magnetic or electro-magnetic field sensoÍs to produce data that can be

used to determinc location, motion and orientation of a first responder to be tracked. This can be

accomplished by combining a variety of motion sensing components with a microprocessor or

microconholler which provides both fO support for the peripheral sensoñ¡ and computational

capabilities for signal processing functions.

20 In one embodiment as shown in Figure 3, the mobile INU is approximately 3 in by 1.5 in

by 0.5 inches, and is rilom on the first responder's belt. The INU can be desiped and constructed

with several motion detecting mic'roelectronic sensom. These sensors can include Micro-

Electrical-Mechanical Systern (MEMS) technology. The INU can include a combination of

digital or analog accelerometers, gyrcscopes and magnetic flreld sensors. [n one embodiment the

25 INU would include a MEMS three-axis accclerometer, a one and two axis MEMS gSnoscope' and

a MEMS 3-axis magnetic field sensor.

The data from the micro-accelerometer can be use.d to identify individual steps taken by

the subject, the size and frequency of steps, as well as if a person is climbing stairs, or ascending

in an elevator. The micro-gyoscope provides the fate of angular change of the user's direction.

ll
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Data from the magnetic field sensors (or compass sensors) is also used to calculate the direction

of the subject's trajectory. These sensors can be controlled by a DSC (digital sigral controller)

such as the dsPIC signal processing micro-controller chip manufacturcd by Microchip krc. The
' 

data obtained from the sensors, is combined with unique algorithms to ascertain the precise

5 motion and trajectory of the INU and thus the first responder or asset to be tracked. The sensor

information and calculated coordinates can be transmitted, using a wireless (e.g. BlueTooth) link,

to the Communications and Sensor Module (CSM), which is also worn or carried by the person,

animal or asset.

The acceleromcter can be digital or analog. heferably, it has the capability of measuring

l0 three axes with a range of about 29 in either direction. Preferably, the accelerometer can also

have the capability to provide ouÞut data at a rate of 15IIz. Preferably, the sensitivity is about

lV/g (analog) o¡ 1024 bitVg (dig!tal). A single tluee a:ris accelerometer or three individual

single-axis accelerometers mountcd orthogonally can be used. In the illustrative embodiment,

the LIS3IO2DQ 3-axis accelerometer from ST Microelectronics was chosen because it meets

15 these requircments. ûr addition it is low cost and is available in a small package with digital

outputs. Digital outputs save board space as an additional buffer IC is not needed æ is the case

for its analog counterpart.

The gyroscope can be digital or analog. Preferably, it has the capability of measuring

angular rates up to 300 deg/sec or mor€. The ggoscope can also have the capability to provide

20 output data at a rate of 15IIz. In the illustrative embodiment, the ADIS16100 MEMS gyroscope

was chosen because it meets these requirements.

Thc digital compass can be consbn¡cted using either magneto-resistive or magneto-

inductive type magnetic field sensors. Magneto-inductive types arc prefemd æ they generally

require less power to drive. Preferably, the resolution can be 1 degree or better and the accuracy

25 can be plus or minus 2 degrees. kefêrably, the sample rate can be at least l0IIz.

In the illustrative embodiment, the SEN-S magnetic field sensors from PNI were used for

our digital compass. Preferably, this PM part has an adapter for the sensor that allows for

simplified vertical mounting to a PCB. I¡r addition PM provides a driver application specific

integrated circuit (ASIC) that presents the data to the microcontroller in a digital SPI (serial

T2
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peripheral interface) format.

Preferably, the microcontroller includes sufficient inpuUouþut pins to support the

peripheral senson¡. In the illustrative embodiment, the INU includes a total of four (4) sensors

that use an SPI (Serial Peripheral Interface) bus for transferring data to and from the

5 microcontroller. Preferably, the microcontroller can suppoß an SPI interface in a hardware

module and the microprocessor associated with the microcontroller operates at comPutation

speeds sufficient to perform the necessary calculations and signal processing functions in real

time. In the illustrative embodiment, the dsPIC30F:!014 microcontroller with DCS (Digital

Signal Controller) was used. This microcontroll€r supports all the peripheral devices and has

l0 RS232 and SPI modules built in. It can opüate at 3OMIPS (million instructions per second) and

can utilize a signal processing controller capable of efficiently performing signal processing and

filtering algorithms.

The INU can communicate with the CSM using a Bluetooth, Zigbee or other wiraless

transceivcr obviating the need for wires. The INU and CSM sets up a wireless personal area

15 nctwork OVPAN) on each first responder allowing addition of other disfibuæd wireless sensors

on first responder's peñ¡on as necded.

l3
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Table l: A pa¡ts list for the components of one embodiment of an INU

Figures 4 - 6 show schematics for the INU. The INU can have two PCB's. One o¡iented

vertically, the othcr oriented horizontally when in use. this is provided to obtain the sensor data

in 3 orthogonal dimensions. Figures 4 and 5 show the schematlcs for the vertical PCB, which

houses the dsPIC, a roll g¡rro and one magnetomctcr (z dircction). Figure 6 shows a schematic of

the horizontal FCB and Figure 7 shows the layout of the horizontal PCB components. The

horizontal board houses the yaw g)rro, the x and y magnetometers, and the 3-axis accelefometer,

In one embodiment, two identical 3-a¡ris accelerometers, oriented side by side but wittr

opposite axis positive di¡ections, differential output signals can be provided for cach direction.

This configuration enables the signal processor to accurately locate the zero acceleration point.

In addition, this configuration providcs for differential ouputs which can be used to compensatc

for drift and other variable factors or characteristics of the sensors.

To translate the data received from the INU inertial senson¡ into trajectories of the INU

(and people, animals or assets), the system uses a set of signal processing algorithms. The

algorithms can be directed toward recognizing distinctive characteristics in the movement of the

people, animals or assets. For exarnple, the algorithms cân be uscd to recognize distinctive

cha¡acteristics in human (or animal) gait, and take advantage of the gait properties and their

relation to kinetic movement and the sensor data. While monitoring accelerometer and

gyroscope sensor dat4 the INU's processor uses third order high-pass, low pæs'and matched

L4
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filtering techniques to compare the sensor data with a library of predefined gait motions and

motion data. The usage of the MEI\ÍS magnctic sensor daa providcs another source of

directional data in addition to that obtained from the gyroscope. The tracking algorithms can

recognize the nature of the movement (walking, running, crawling, etc') and select the

5 appropriate signal processing algorithm to compute location data for the context. The system can

also include a feedback algorithm that allows for optimal use of g¡roscope and compass in an

effof to minimize sensor erors. The algorithm can be coded using assembly language in the

dsPIC. This microcontroller, which is optimized for sigral processing, can implement the

algorithm, and ouput XYZ coordinates of the ambulatory responder wearing the INU. The

t0 coordinates can be downloaded to the Communications and SensorModule (typically wom in the

first responder vestpocket) for incorporation into the node reporl, and eventual transmission to

the bæe station.

Given the nature of inertial sensors and the differences betwccn them, experimentation

can be used to create a library of human movement sensor data that can be used to characterize

15 human (animal or ass€t) locomotion. In addition, the frequency and the magnitude of the sensor

signatures can be used to determine how quickly the person, animal or asset is moving' From the

signatures of the different accelerometer axes, the system can determine if the individual is

climbing or descending steps. The r€sponse of the azimuthal gyroscope can be used to determine

if the person or animal is crawling, or is in a non-vertical position. Errors in compass readings

20 rcsulting from nearby ferrous objects can be detecæd by comparing the total local magnetic fìeld

magnitude to that of the ca¡th in order to recogrize comrpted comPass sensor data. In addition,

the algorithm in the INU cân take advantagc of detected building architecture (æ indicated by the

magnetic field information) !o correct potential errors. Figure I shows typical accelerometer raw

data that is procassed. In Figure 9 shows a block diagram of the feedback algorithm used to

ZS calculate direction using both contributions of the gyroscope and the magnetometen. Figure 10

shows a path traven¡ed outdoors using the INU without GPS.

Signal Processing Algorithms

The INU's can be used to monitor the position of personnel (animals and assets) and can

l5
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provide more accurate location information over a longer period of time. The data from the

accelerometer can be used to identify l) individual steps taken by the subject, 2) the step size,

type of stcp, and 3) whether the subject is ambulating on level or inclined ground or traversing

stairs. The gyroscope can be used to provide that rate of angular change of the user's direction.

5 This information can be used to help calculate the direction of the user's line of progress. Data

from tho magnetic field senso¡s (compass) can also be used to calculate the dirpction of the

subject's trajectory.

¡ The dsPIC can poll each sensor on board the INU for new data every 32ms.

r Accelerometer Signals can be filtered using a third order low pass Bunerworth

10 filter. The X Accelerometer signal describes acceleration in tlre latcral (side+o-side)

di¡ection. Y in the anterior-posterior (forward) dirtction, znd,Zin the vefical

direction.lVhen upright gravity should act only through the Z accelerometer.

Thcrefore when the INU is placed on personnel who move, and may be bent forward

or backwards, all accelerometers can be used to provide a combination of motion and

15 tilt info¡ma¡ion.

¡ Euler's angle algorithms can bc employed to rotate the coordinate systems so that

the system can be tilt-com¡ted back to tbe refe¡ence frame of the ea¡th. These tilt

angles can be determined by low-pass filtering the accelerometer signal.

. Step detection can be achieved using peak-valley pair detection in the y-

20 acceleromets signal that satisfìcs certain thresholds. In addition, these detected steps

can be passed through a neural network that is trained to recognize the step signature

based on the received accelerometer and gyro sensor data,

¡ Short duration angle changes can be detected using the gyroscopes. The gyro

angular fates of movement can be integrated (using dsPIC functions) over time to

25 determine an angular direction. Parasitic drift, which often prohibits angle

measur€ment, can be overcome through calibration. Each gyro can be t€mperature

corrected by placing it in various temperaturE environments to obtain the temperature

correlation to the glro offset. Afterward, the gyros can be æstcd using known

rotations to obtain a highly accurate angular conversion factor that relates actual

r6
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binary ouþut to angularrate.

¡ In normal human locomotion, pelvic rotation averages about I degrces per gait

cyele (stride); 4 degrees f¡om center each way causing inaccurate heading estimation'

The INU can correct for this by averaging accumulated gyro angles obtained over a

single stride, which comprises a left and a right step. For an entire suide (two steps),

the angular change should be zero. The INU, can determine the beginning and end of

each suide and can integrate the angular rate data over a particular períod, At this

point, results not within the allowed enor limits can be discarded and angular rates for

each sample during the stride can be clea¡ed to zero. In order to validate a step'

lateral and vertical accelerations can also be examined. The vertical acceleration

should conespond directly with thc anteriot-posterior acceleration and the lateral

acceleration has been found to occur 8t approximately ththe frequency.

. The 3 magnetometeß can be implemented on 3 orthogonal axes' Byreading the

local magnetic fiel4 the invene tangent of thc x-y magnetometer reading can be used

to reveal the compass heading. The third a,ris allows us to calculate the total magnetic

field at a given point in space and time. This allows us to verify if the total magnetic

f,reld is of the con€ßt rnagnitude. If it is not, then it can be presumed ¡hat there are

local disturbanccs in the magletic f¡eld rendering the compass reading in-accurate.

For example, beams in building structures. In addition, magnetic profiles can be

determined and used to idenlify specific locations based on matching the magnetic

profile.

¡ Each of the magnetometeni can be calibrated for their full range and zero offset in

an cnvironment that is free of disturbances, and only contains the earth's magnetic

field. Using these calibration pafaíieters, the magnetometers readings oan be

normalized in real time to the ea¡th's magnetic field-

o The reliability of the compass angle can be calculated after a tilt correction is

obtained from checking the vuiance and higher order moments of the total magnetic

field achieved over a time-interval window of magnetic data'

. Using the va¡iances in the total magnetic field calculated above, the ratio of the

L7
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a

calculated toal magnetic field to the earth's magnetic field and the vafiance of

difference in angle changes calculatcd separately by the gyro and the comPass over a

time-interval window, a compass reliability factor can b€ determined. A feedback

loop, shown in Figrre 9, can be used to calculate angle incrcmens bæed on the

gyroscope information.

lvlapping can be provided by measuring ttre magnetic field æ function of position

in a building and associating a specific freld distribution to a building arÊa or location.

These mappings can be determined through a windowed convolution of rcal time data

over the magnetic library.

For indoor tracking, a measur€ of elevation changes can bc dctermined by

recognizing stairwells and counting stairs. Indoor maximum riser (step) height is

g€nerally regulated by building codes and ranges between 7.5 inches and 8.25 inches

depending on the jurisdiction. Tlpical riser heights range betwe,en 6.75 inches and

7.25 inches. Finished building floors are generally separated by distances of 9 to 14

feet. At the very most, a flight of stairs will rise one floor levcl. T¡ryically, most

building stairwells have one flight rise half the floor height to a landing and another

flight rising in the opposite direction that completes the riso to the next floor. To

achieve 3-dimensional stair tracking the INU can t€st each detected step to determine

if the step has been taken on a ståir. This can be achieved in several ways.

1. An increased z-accelerometer power divided by the y -accelerometer power since

thcre is more impact in the vefical direction on stairs and less forwa¡d progrcss

2. l\¡hile going upstairs forward tilt is observed using y-accelerometer.

3. Integration of z-accelerometer values after removing tilt yields stair presence and

direction of motion (up or down stairs.)

4. Final method used is a rained neural network which returns a probability of a

detected step qualifying as an up or down stair.

Elevators arc tracked by straight double integration of tilt+onected z-acceleration.

INU uses the presence of gravity to determine the posture of the personnel;

meaning if the person is upright, crawling, standing still, or laying back or stomach.
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Implementation of Tracking Algorithms on an INU

In a prefened embodiment, the indoor navigation and tracking rnethod described above

may be implemented as a prograrnmed algorithm running on a microcontroller using either

5 analog or digital inertial and non-inertial sensors communicating with the microcontrolle¡

through either an analog or digital bus.

The data acquisition, analysis and processing methods described above provide the basis

for a series of tracking algorithms which can be implemented on an tNU by way of a signal

processing microcontroller (dsPIC), To implement the algorithm in a dsPIC, the algorithms can

l0 be translated into mathematic equations and logic. Equations and Logic can then be tumed into

assembly language code that is tailored specifìcally for the dsPIC.

The INU algorithm i0puts sensor data and outputs accurate x, y, z location coordinates of

pen¡on (animal or asset) being tracked relative to its environment.

Each of the INU sensors can be sampled 30 times per second. This rate can be chosen

15 (for example, to be near 30 IIz) by determining from the Nyquist criterion and the data rate from

all sensors (for example, at most 15Hz). This can be accomplished using a free running tirner

(for example, that can be setup to overflow at a rate of 31.25 Hz). When it overflows an intemrpt

can be genemted and a sample trigger flag can be sct. ìVhen the flags is set, some or all sensors

can be sampled. The main program loop can poll this flag after the loop is compleæ and can

20 allow the loop to run again when the trigger flag is set.

IÞtecting a Sûep (Ambulatory Motion)

Steps can be detected using primarily anterior-posterior (Y-axis) acceleration data'

25 Figures 42 and,43 show the raw acceleration data taken during a step and the correspondence to

the physical motion. The detection process begins passing the acceleration d¿ta through a low

pass filter with cutoff frequency near 4lfz. This frequency is chosen because it is near the higher

end of normal human walking frequency. In a prefened embodiment. accelerometer data is
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filtered by implernenting a third order digital IIR (Infinite Impulse Response) filær with the filter

function:

y(i)=b(l)*x(i)+b(2)*x(i-r)+b(3)*x(i-2Þb(a)*x(i-3)-a(2)+y(i-1)-a(3)*y(i-2Fa(a)ty(i-3)

wherea(1:4)andb(l:4)a¡efiltercoefficients,xistheinputandyistheoutPut. For

example, when filtering Y acccleration, x(i) is the cunent sampled acceleration, and y(i) is the

cunent filtered output acceleration, (i-l) conesponds to the previous sample, (i'2) conesponds

to two samples back and so on.

Transfer Function (z transform domain):

Y(z)=tþ(l)+b(2)z-I+b(3)z-2+b(4)z-3)l(L+a(Z\z-I+a(3)z-2+a(4)z'3)lX(z)

The next op€ration in detecting a step is to locate local minimum and maximum points in thc

data. In order to find a local maximum point, the three most recent data points can be examined

15 (n-2:n) and a test is performed to check if the middle point (n-1) is ma:timum, If the result of the

test is true, the value of the local ma,rimum point is recorded and a flag is set to indicate the local

maximum is found. Once a local maximum is found, a local minimum is found in the same

fashion. To qualify as a valid step, the difference between the local minimum and maximum

points must exceed a threshold. Additionally, the time between the cunent step being detected

20 and the time the last step was detected must be at least the minimum human step period.

If the tirne between steps is longer than the maximum human step period, one of two

situations can be possible, the user has resumed walking after being stopped or a step u,as

missed. If the time is longer than t$,o maximum human step periods, it is assumed that the fint

case is tn¡e. If the time is near twicc the previous step period, it is assurned that a step was

25 missed. In this case the algorithm compensates by adding an extra steP'

Step Length Dctection

The next task is to determine the step lengÉh. It has been shown that, in general, step length

increases with frequency. To better understand this relationship, test were conducted with

20
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several subjects walking at different speeds. Their speeds and step lengths where recorded and a

linear best fit line was chosen to reprcsent the relationship between step length and frequency.

The following equation is a result of the tests:

Step l-ength (decimeters) = 4'9238 / Step Period (seconds)

While this equation is not exact, it does provide a sufficient estimate that can be improved at the

base station. At the base station an algorithm is implemenæd where the step length is additionally

modified with respect to the height of the personnel.

10 Azimuth Calculation (Calculating the Ilcading Direction)

Now that it is known that the user is walking and estimate of the magnitude of their movement

has bccn found, the direction of their movement must þ determined. Thc yaw g¡rro and the

magnetic field sensors can be used to achieve ttris. The highly calibrated gyro rate data is

corrected for temperâture drift and integraæd to track the user's relative angle.

l5

The calibration pararireters YAW-NIJLL-OFFSET and YAW-TDRIFT-RATE can be

found experimentally, using methods described above, and their values can bc stored in non'

volatile memory. These def¡ne the theoretical offset value at 0K and $ensor output ISB/deg K

rcspectively. The two variables used can be the sampled sensor rate (yawRate) and sampled

20 temperature value (yawTemp) which comes from a temperatur€ sensor built into the MEMS

gyrqscoPe. The temPerature corrected rate is detemined as follows:

yawOffset = YAW-NIJLL-OFFSET + yawTemp*YAW-TDRIFT-RATE

Corrected Ratc(IJBs) - (yawRate - yawOffse$

25

This rate can then be scaled to corivert sensor units (LSBs) into degrees per second. The

calibration pa¡aneter YA\ry-RATE-SCALE is determined experimentally and storcd to non-

volatile memory. The scaled rate is found by:

coræcted Rate(deyÐ = conected Rate (ISBs) / YA'W-RATE-SCALE

2L
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The relative angle can then found by integration/summation of all samples and they are taken.

Because the gyro only provides relative angle from the time the device was turned on, a

digital magnetic compass is used to obtain a global rcference (magnetic North). In a preferred

embodiment three magnetic field sensors can be used to obtain magnetic field strength in three

orthogonal directions. The first step to obtaining a compass bearing is to normalize and remove

offset from sensor values. Calibration parameten¡ for sensor offset and scale can be determined

experimentally. The equation used to normalize the data for the X-axis sensor (magX) is:

Normalized a = (magX - MX-OFFSET) / ÙD(-RANCE

A value of 1.0 will now be read if the x-a,ris sensor is aligned with the Ea¡th's magnetic field in

the absence of other magnetic disturbances. Y and Z axis values can be modified in the same

fashion.

l5

Because we are interested in detecting the dircction in the horizontal plane (parallcl with earth

surface), the angle that the device is tilæd must be considered. The tilt angle are determined by

passing the X and Y acceleration readings through a low pass flrlter. This estimates the direction

of the constant gavitational acceleration and therefore is an indication of how the device is tilted

20 relative to thcEarth's surface.

These tilt valuæ are used perform a 3D rotation of the calculated magnetic f,reld vectors. The

Ea¡th field magnitudes on the horizontal(XY) plane are calculated from the tilt values and

normalized magnetic field sensor values using the equations below:

25

magEarthx = magx +cos(tiltÐ - magY*sin(tiltx)*sin(tiltY) - magZ*sin(til¡Y)*cos(tiltX)

magEarthY = magY*cos(til tX) + magZ*sin(tiltX)
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(magþarthY/magEarthÐ.

The above compass angle calculation works well in a¡eæ where there is little magnetic

interference. However, in many environments there arc many sources of disturbances. In order

5 to detect when these disturbances are cornrpting the compæs angle several experiments can be

performed to determine the nature of the sensor readings in the presence of a disturbance. It was

found that: 1) Compass angle is most correct whon variance of ttre total magnetic flreld is lowest,

2) Compæs angle is most correct when the total magnetic field is close to 1,0 (Earth field), 3)

Compass angle is most coÍe,ct when the compa¡¡s angle follows the gl¡ro angle, and 4) Magretic

10 field meæurements arÊ almost constant when the user is not moving.

To dcterminc the validity of the compass reading, the INU can calculate the total

magnitude of the sensed magnetic field. If this magnitude is different (e.g., greater) than that of

the earth (either predefined or meæured), the compass data can be indicaæd as invalid. The INU

can also calculate the variance of the magnetic field data, when the variance is comparable to the

15 average magnetic held, the compass data is not sufficiently accurate. These calculations can be

performed in the algorithm control loop. The code is given below where the field calculations

are indicated.

A mcthod of fusing the angle from the MEMS gyroscope with the angle from the

compass was developed that uses these observations to estimate a more accurate azimuth. The

20 gyroscope is very accurate for shorter periods of tima and tracks a relative angle while the

compass is more accurate over long periods of time and provides an angle with absolute

reference. The compass/gyro fusion algorithm functions to :

- Attenuate data as a function of how accurate it is.

- Allow gyroscope to control high frequency angle variations and compass to control low

25 frequency variations in prcsence of 'tlean" Ea¡th field.

- Minimized output error variance,

Figure 9 illustrates the opcration of algorithm. Note that the algorithm changes when the user is

not moving. This is be¡ause magnetic field variance is not an accurate indicator of compass
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correctness when the user is not moving. The fusion algorithm is writæn below:

Oout(i) = Oout(i-l) + d0gyro (gtro rate intcgration)

+[0compass(i) - 0out(i-l) ] (composs €rror e)

'rllÉ+abs(1-lHl)l (atûenu¡tion for total field error)

'rU[1+var(lHl)] (attenuation for unstable field)

*U[l+vsr(e)] (attenuation for compass/gtro error)

tK (time conslant for rate of correction)

10 Where lglis the magnetic field magnitude and the range for all atænuation factors is 0 to

Updating Position

The x and y position coordinates are updated after each step. Lr this step, the following

15 calculations are Performed:

X-position - X-position +(step-size)*cos(cunent-direction) and

Y-position = Y-position +(sæp-size)*sin(cunent-direction)

UpdatingStatus FlaE

20

Along with position coordinates, status flags a¡e also output by the INU. These flags provide

additional information about the user's movements and about the user's environment'

Turning Flag ('T") - I bit

The gpo angle is used to detect a turn. Turn detection is enabled on samples when a steP has

ZS occurred. Each time a step occurs, the gyro angle is written to a buffer that holds the angle for

the past several steps, The angle for the current step is compafed to the angle recorded two steps

(equal to one stride) back. This is done a full stride back rather than once step back to avoid

including pelvic rotation which is ttpically about 8 degrees. If the angle change over the stride is

greater than a threshold value, then a turn is assumed and the turn flag is set. The tum flag

u
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The end of a turn is detected when the angle over a stride falls below a threshold. The turn flag

is then cleared.

5

Hallway Flag ("If') - I bit

In an effort to provide more information about the building that a person is in, the INU has built

in a mechanisrn for detecting when the user is likely in a hallway. In most buildings it is difficult

or impossible for a user to walk a long distance in a straight line unless in a large room or a

l0 hallway because of obstacles including fumiture and walls/partitions. If a number of steps larger

than a threshold value is exce¿ded and at the same time the gyroscope angle has not varied pæt a

threshold value, the hallway flag is set. The flag is cleared when the next turn is detected.

Stairs Flags - Up and Down ('ïI' and "D") - I bit eæh

15 In addition to modifying the Z location coordinate flags are set to indicate if a user is on stairs

and whether thel are heading up or down. When stairs are detected using either method

described, the appropriate stain¡ flag is set. The flags a¡c clea¡ed when stairs are no longer

detected,

20 PosturÊ Flags - Stainding Upright, Crawling, Lying on Back ('?", "C", and "8")

Flags indicating the posture of the user sent to allow the base station monitor to rnake

assumptions about the user's condition and environmenl The user is determined to be standing

upright, crawling, or lying on their back based on the tilt indicated by the INU's accelerometers.

This is possible because the accelerometers arc able to sense gravitational acceleration which is

25 always dirccted perpendicular to the Earth's surface. When the sensors indicate the user is tilting

forward past a threshold amount, the crawling flag is set. When the sensors indicate the user is

tilting backwards past a threshold amount, the lying on back flag is set. When the accelerometers

indicate the user not tilting past either forward or back thresholds, the upright flag is set. When

either ofthese flags are set, the other two arc clearpd,

25
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Non-movement Flags - Stopped and Still ("R" and "S')

Flags are set to indicate if a user is stopped or still. Stopped is defrned as not changing location

coordinates, but the user may still be moving parts of their body. If steps are not detected for

5 several seconds, the stopped flag is set. This flag is clcared when a step ís detected. Still is

defined as no user movement. The still flag is set whsn the va¡iance of the total acceleration

(vector sum of x, y, and z) falls below a lowJevel thrcshold. Because this may indicate a serious

condition such æ the user being unconscious it automatically triggers an alarm at the bæe

station,

10

User Path Segmentaffon

In order to improve æsumptions made at the bæe station and provide order for path correction,

the user path is broken into segments. A segment is defined as a portion of path that starts at the

end of a turn and ends when the end of another tum is detected. A number with range 0'255 is

15 termed "segmcnt numbef' this number incrcments every time a turn end is encountered and rolls

over back to zero after reaching 255. This is useful in a numbcr of situations. For example, if

the data link between base station and INU is temporarily disabled and several location points are

not received. The base station can make æsumptions about what happened between the last

point before the data was lost and the first point when the link was re-established. If the segment

20 number did not change, then it would be safe to'tonnect the dots" with a straight line.

Hnt Conditions

Transmining position data from the microcontroller to external ha¡dwa¡e is refened to as

"printing" in the context of the present invention. Printing for a particular sample is conditional

25 in order to reduce the bandwidth at the output channel. Data is printed during a particular Ioop

iteration if one of the following conditions are men a) the turn threshold angle is crossed; b) an

end of a tum occurs; or a set amount of time has passed without printing.

These rpshictions provide for higher resolution output where most needed during turns

and minimum resolution ouÞut during predictable long straight paths or user non-movement.
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h this embodiment the data transmitted can include l) X, Y, and Z location coordinates,

2) Gyro, Compass, and Fusion Angles, 3) Compæs and Fusion Accuracy Estimates, and 4) Flags

for turning, hallway, stairs, posture, and non-movement.

Eliminadng Gyro Error while l{¡lking along a StraightPath

Because gyro data accumulates error over time, a mechânism must be put in place to

recognize small errors and eliminate them. One approach is to simply set a thr€shold that all gyro

samples must meet, With this approach, if the threshold is not met (e.g. the angle is too small)

ther¡ the samplc value is forced to zero. Since application of this method causes too much loss

of data, the following alternative method is preferred.

It ìs well-known that the average human pclvic rotation is near I .lfgrecs, approximately

4 degrees in each direction. This change in direction occun¡ even when a peñ¡on is walking in a

straight line. Pelvic rotation occu¡s over the timti period of a single stride (two steps). The net

change in angle over the entire stride should therefore be zero. Samples during this period are

integrated and the result is compared to a threshold near zero. If the result is under the threshold

value, the result is removed f¡om the accumulated gyro angle.

r0

15

Detect Grid Angle

The method for detecting building grid angles hæ been developed. It is assumed that

long hallways are aligned with one of the cardinal directions the building lies on, These

20 di¡ections are refened to as building "grid angles" as they would lie along the grid on the floor

plan. If the accumulated angle remains very small for a long period of time

(NO-TIJRN-LIMIT), any accumulated angle is assumed to be error and is cleared. If no "grid

angles" have been stored, then the cucent direction is stored as a building grid angle. If a grid

angle had been stored, the cunent direction is compared to the building grid angle as well as the

25 angleplus90,180 and210 degrees. If thecurrentdirectioniswithinanerrormarginof anyof

these angles, thcn the cu¡rent direction is forced to the closest building grid angle (i.e. "locked to

the grid'). A compass is used to verify the path when available. If this path is very near to a

previously traveled path then alignment is forced since it is assumed to be the same corridor,
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According to fire and rcscue organizations, hazardous building cifcumstances may

require personnel to crawl at an incident sccne up ro 50% of their time within a building'

Crawling movement is distinctly different from walking or other forms of upright movement'

5 The methods and algorithms disclosed above are primarily employed for upright movement

where turns aæ predominantly determined from g)T oscop€ readings' For upright movement

tracking, an INU device is typically equipped with a single gyroscope which measu¡ps the rate of

change of angle around the Z axis with rEsPect to the a,\is perpendicular to the gyroscope'

Upright turns always result a¡ound this axis providing an excellent estimation of turns' However,

l0 for crawling motion, the entife INU tilts approximately 90 degrcæs forward' rendering the

gyroscope's scnsing axis parallcl to the ground in the rcference Y axis, thcreby making it unable

to predict change in angle about the reference Z a,tis which is still of interest. lvhen sensing

direction from measurements provided by a hvo axis compass, this requires the INU &\es to b€

lined up with the referencc X and Y di¡ections. \\¡ith crawling motion' the X a'ris of the compass

15 lines up comætly, but the Y Axis now lines up with the referencc Zaxis' This disables any

feasible readings from the compass to compute direction'

To ovcrcome these ha¡dware limitations in detecting and tracking crawling motion, in a

prefened embodiment, an INU is equipped with two g)T oscopes perpendicular to each other; one

gyroscope is mounted on a horizontal circuit board, measuring rate of change of angle around the

20 reference Z axis, the other gyro is mounted on a vertical circuit board measuring rate ofchange of

angle about the reference Y axis when the ìvearer is upright' This additional gyroscope has

additional utility in identifying other motion types when movemËnt is upright' In this preferred

embodiment, when an INU wearer crawls, the horizontal gyro meast¡lgs rate of chang€ about the

reference Y a,ris, and the veftical gyro measures rate of change about the rcference Z axis' This

25 configuration ensuÍes that one g)'ro can always sense tums around the refercnce Z axis which is

the primary direction determining requirement' In addition, in a preferred embodiment' the INU

is equipped with a 3 axis magnetic field sensor' During crawling motion, the Y and Z a'tes of the

magnetometerc interchange positions, and the X axis remains constant' This ensures that there

are always two magnetic field sensors in the refe¡ence X-Y plane monitoring the direction' In the
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absence of fenomagnetic interfcrence, the compass may also be used for determining direction

while crawling.

\ryhen tracking actual indoor movements of f€scue workers and firefighters, it is critical to

bc able to switch between datr proccssing and analysis algorithms to ênsurc that both upright

and crawling motions are detected with the appropriate sensofs. In order to achieve this

capability, in a prefened embodiment, the sensor data and particularly the accelerometer data

must be able to recognize the transition betwepn upright and crawling motion' In one prefened

embodiment, the accelerometer data in both the X and Y axes arc offset around the same point

(i.e. value of acceleration) as the primary acceleration they experience is from movement with

only marginal acceleration ftom the tilting of the device. TheZaccelerometer detects both the

acceleration ftom upward/downward movcment and from gravity (9.8 m/s*s). Some small

portion of gravity ,n"y ,.t through the X and Y directions if the device is tilted. This will affect

the compass too. The cffect of gravity causes the offset of acceleration in the Z direction to be

different from the X and Y direction. Tilt has only a small effect' When the wearer crawls' the Y

and Z axes interchange and gfavity now affects the Y axis accelerometer and the different offset

is now visible in the Y axis accelerometer data. Since gravity acts downwards, the offset is

smaller in the Z direction than in the X and Y directions when the weafef is upright' and smaller

in the Y direction than in the X and Z direction when'the weû¡ff is crawling'

Proximity Detcctton ¡nd Correction

20 In one prefened embodiment, the INU module communicates with a node controller

module using a Class 2 Bluetooth connection. A Class 2 Bluetooth device has a nominal range

of l0m. This means that the device will have the ability to discover nearby users within this

range. \ilhen a nearby uscr is discovered, a RSSI indication from the Bluetooth radio will

conespond to the distance between the nearby users. This has shown to be accuate within 2m'

25 With this information userÍ¡ can be grouped and their locations may be adjustcd so that there is a

match between their detected range and INU location coordinates.

An artificial neural network can be utilized as a Pattern recognition tool for detecting

diffe¡ent types of mOve¡nent, such as movement on stairs. Figure ll shows a graphical

illustration of neural network operation. The network can be comprised of three laprs of nodes;
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an input layer, one hidden layer, and an output, The input daø is made up of signals from inertial

sensors as a result of the user taking a steP. To obtain hidden node ouçut values' input nodes are

multiplied by hidden weighrs and summed together. The sum is then passed through a sigmoid

function to produce the hidden node result. The hidden node outputs are then muttiplied by the

5 output node weights and summed. This sum passed through the sigmoid to obtain a result

between zero and one.

The process of obtaining training data begins with a user walking a path consisting of

level gfound, up stairs, and dOwn stairs, The y-a,xis (anterior-posterior) accelerometer signal is

plotted and the conesponding teilain t¡'pes during eæh section of the signal ale noted' Figure 12

l0 shows Y-axis accelerometer signal, with up stairs motion indicated by solid circle and the Down

stairsmotionindicatedbydashedcircle.Therernainingmotionindicatedisoverlevelground.

A heel strikc is indicated by a sharp negative "spike" in thc signal æ shown in Figure 13"

A computef program can be created to allow these heel strikes to be manually selected with a

mouse click. The sample number for each heel strike can be re,corded by the program in a two

15 column matrix. The signal between two consecutive heel st¡ikes can be considered a feature'

The feature can be defined in the two column matrix by a start index and an end index' To

qualify as a valid feature, the feature length can be selected if it fits within human walking speed

capability. This feature list can be created separately for all features during each user activity (i'e'

up stairs, down stairs, level).

20 At this point three feature lists have been created; one for level ground' one for up stairs'

and one for down stairs. Next, the feature list is used to extfâct all inertial. sensor data for each

feature.Allsamplesbetweenthestaftandendindexarerecordedfromallinertialsensors.

when compared to other features, the length and offset amplitude may vafy' Because we want

our neural net to identify motions by shape alone, these differences are removed' To remove the

25 amplitude biæ, the value at the start index is subtracted from all other samples in the feature for

each sensor. To remove feature length differences, the signal from each sensor is sttEtched or

compresse.d by interpolating linearly and re-sampling to a fixed length' This method is chosen

over integer interpolation and decimation to meet processing and memory space rcstrictions in

the embedded Processor'
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once this pfoc€ss is complete for all feature lists, the data set can be used as input to a

neural net. Each feature now exists in a row of Iarge maEix Containing signals from all inertial

sensors. Training data sets are obtained by IEpeating the above process for multiple users' This

ensufes that the resulting weight values will not become "tl¡ned" to one individual'

After hidden and ouþut node weights have been found, the net can be used to detect

stairs given a data set outside of training'

Autom¡ted Fc¡ture Extraction from Real'time Data

Thebiggestchallengeinimplementingtheneuralnetworkistodeveloparralgorithmic

approach to featwe extnction. Feature exgaction involves looking at the entirc set of signals and

segmenthg it into meaningful pieces, Each segment of data can then be analyzed individually

and metrics can be chosen to classify the data. The only classifier we aÍe cunently using is the

shape of the signal over a steP.

Duringthetrainingphase,wewercmanuallymarkingeachsamplewhercaheelstrike

occurred in order to determine the start and end indices of a step' The algorithm for

autornatically detecting thc heel strike is described below:

l0

l5

r Search a window five samples wide for local minimurn value. (min(n4:n))

o If the local minimum value occurs at the middle sample (n'2)' test to see if value

isbelowaver¿ge(DC)valuebymorethanaspecifredthrcsholdâfiount.

20.Ifthisvaluemeetstherequirement,lookback5samplesforalocalmaximum'
o If the local maximum value is greater than the average by a specified threshold'

thenaheelstrikehasbeendeæctedandthesamplenumberfortheheclstrikeis

that wher€ the local minimum value occurred'

Figure 14 shows the result of the heel st¡ike detection algorithm' fuiterior-posterior

25accelerationdataisshowninblue.Filteredaccelerationshowningreen(DC).Circlesindicate

locations where heel strikes were detected. Note that this algorithm detccts the heel strike two

samples after it occurs.

Result of "featurelist = f€atureExtracto( ben00 1/ben-001'bin')"
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See The scientist andEngineers Guide to Digital Signal Pr,ocessing, Steven W' Smith'

Chapter 26, which is hereby incorporated by reference.

Microcontroller Processin g

The microcon¡oller can provide three basic functions; sensor sampling, data processing,

and sending location data to a receiver.

Sensor Sampling

The sensors can be sampled via the SPI interface at a fixed or variqble time interval that

can be timed by an on+hip tirner that is programmed to trigger an intemrpt at a fixed rate

(3L.25H2) or a variable rate (for example, to conserve battery power). The sampled dat¿ can be

written to circular buffcrs which can hold the cuß€nt sample and, in addition, many or all

previous samples for a session or event. The data can include acceleration (x, y, z), angular

rate(yarv, pitch, roll), and temperature at each gyro. The data can also include situational data

such as elevation (and/or floor) data, structural information based on magrretic inte¡ference, and

environmental data from va¡ious environmenüal sensors (e.g., temperaturc, atmospheric pressure,

background radioactivity, presence oftoxic gas, etc.).

In accordance with the invention, the Microconholler can perform thc following the Data

Processing functions or operations:

o Estimate tilt by calculating moving average (32 sample window) for

accelerometer data.

o Calculate moving average for magnetic fietd daA so that it experiences same filter

delay at tilt estimate.

¡ Calculated total acceleration (vector sum of x, y, and z)

o Normalized magnetic f,reld data using calibration parameterc and find mean

magnitude and variance to be used in compass/gyro fusion algorithm.

. Apply 3rd order Butterworth, low pass filter to y acceleration with cutoff at4ÍIz'

This is used in steP detection algorithm'

. Detect step using ant€rior-posterior (Y-axis) acceleration data and algorithm.
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. Detect if user is stopped by counting time since last steP. If longer than thrcshold

time, set flag.

. Detect if use¡ is still. If total acceleration variance is below a threshold, set flag.

o Detect crawl. Use averaged y and z acceleration values to estimate tilt. If tilted

fonvard Past threshold, ¿¡¡isume crawling and set flag'

. Detect user on back. similar to detect crawl but with opposite tilt.

. Detect user upright. If not tilted past a threshold, then user is upright, so set flag.

¡ Calculate yaw angle by integating cone¿ted ratE data.

¡ Compure compass heading by normalizing and applying tilt correction to

magnetic field data.

r Compute fusion angle using feedback method shown in Figure 9 of second

provisional.

. Detect heel strikes and apply neural network as described above. If stairs a¡e

detected adjust Z Position.

¡ If a step was detected, as shown in Figurc 15:

o Calculate angle change over stride (two-steps) for use in tum detection.

o Dctect if user is tuming by testing stride angle against a threshold.

o If the user is tuming, test for a turn end by compæing stride angle to

threshold.

o Calculate line of progress (LOP) angle by averaging two consecutive steps

for gyro, compass' and fusion angles.

o If the user is not turning, attempt to detect hallway by testing distance

raveled(in steps) since last tum. If distance is over threshold, set hall flag.

o Calculated step length using step period and equation that estimates step

length as a function of step fre4uency-

o Updaæ x and y location coordinates using LOP angle and steP siz€'

o Output data if one of the following is met:

o MÆLOUTPIII-INTERVAL time is reached without an output'

o User trajectory angle has changed by threshold amount since last update.
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a After performing all algorithms, the INU compiles a packet of data that is sent to

the CSM. The INU can send the dau packet over the Bluetooth link at intervals of

approximately 1.5 seconds to the CSM. The contents of the data packet afe

summarized in Table 2 below.

16 Blts

Table 2: INU Output SummarY

X Position and Y Position can be calculated by resolving each step using the cosine,

and sine of the gyro line of progress (LOP) angle.

Z Position increments for cach step that qualifies as an uP stair, and decrements for

each step that qualifies as a down stair

The Gyro Angle (LOP) is the gyro angle calculate.d using the stride algorithm and is

unbounded (not resricted to 0 -360)

34
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15 a

X Positlon

Y Position

Z Position

Gyro Angle (LOP)

Compass AngleReliabillty(021271

Gyro/Compass Fusion AngleAccuracy(-64:63)

r I H I U I D I P I c I B I s I SesmentNo. (0:255)

Checksum
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¡ The Compass Reliability is a number between 0 nd 127 that uses Magnetic field

information and ageement with gyro angle to estimate how accurate the compass

angle is.

¡ The Compass Angle is the compass angle calculated after tilt conection associated

with the compass reliabilitY

¡ The Compass Accuracy is dete¡mined based on the difference between the measured

magnetic field strength and the known magnetic freld strength of the earth (in the

open air).

o The Gyro/compass Fusion Angle is the angle calculated by the feedback loop and is

æsociated with the fusion retiability G64 - 63), the midpoint 0 bcing most accurate.

o I¿stly the INU sends out a list of flags indioating specific phenomenon' T: TurnFlag'

high when personnel is tuming, i.e. gyro angle change is over a threshold, Il-Hallflag,

personnel has been walking straight for 15 steps, Person, animal or asset moving U -

upstairs, D - Downsøifs, B - lying on Back, c-crawling, s'still (Not showing

motion) followed by the Segment Numbø. The system can assign all points along a

straight segment the samc segment number and assign a new segment number at each

new tum.

Figure l0 shows the trajectory of a user walking outdoots, around the perimeter of a large

U-shaped building generated by the Eacking system. The trajectory gefierated by the system has

been overlaid on a satellite map of the building. The dotted red line shows that the calculated

trajectory and thc actual path a¡e almost y congruous. The total longth of the trajecüory is more

than two fifths of a mile. Figure 16 shows the mjectory produced by the INU Unit of a user

walking on the third floor of the same building. The building houses electrical and computer

engineering laboratories at the University of Maryland, necessitating the system to perform in the

presence of several sources of radio frequency transmissions and magnetic fields. This indicates

that the transmission techniques a¡e robust and unlikely to be comrpted by extemal interference.

Figure 1? shows the actual path of where the user wallad inside the building' Comparing the

actual path, with the one determined by the invention show a high degree of alignment'
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Communications and Sensor Module (CSM)

The Communications and Sensor Module Unit (CSM) or communication unit ðan control

the sensor units and managË the communications beween the person, animal and æset and the

base station. The CSM can be about the size of a small cellular phone. The CSM can include a

J PIC Mcrocontroller manufactured by Microchip Inc. The PIC microcontroller can include a

microprocessor which can be programmed in assembly language (or higher level languages) to

read the data from the va¡ious sensors that can be connected to or integrated into the CSM'

including the GPS, RSSI and, audio sensors. The CSM can also comrnunicate with the INU over

Blue Tooth or any wired, optical or wireless communication medium. The microprocessor can

l0 format and package the sensor data into an electronic node report. The report can contain several

lines of hexadecimal information, with one or more lines or blocks from each serisor. The

microcont¡oller on the CSM can be programmed to communicate using standard or proprietary

communication protocols. The microcontroller can control the mobile unit transceiver to

wirelessly tansmit the node report (sensor and situational data) to the Basc Station at regular

15 intervals or asynchronously as communication condition permit. To communicate with the Base

Station, the CSM can use the MaxSt¡eam gXÏend transceiver OEM (Available from MotSt¡eam,

inc. of Lindon, Utah), which can be connected to or integrated into the CSM. The MaxStream

gXTend can include an RSSI output port which can be monitored by the microcontroller and

included in the node report. Figurc 18 shows an embodiment of the CSM according to the

20 invention. Figures 19 through 22 show the schematics of one embodiment of the CSM, while

Figure 23 shows an embodiment of the CSM PCB layout'
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Table 3 below contains the paru and part numbers of the more significant componenß of

one embodiment of the CSM.

5

ADTSl4ARTZsOORLCT-ND

AT45DBO4IB.SC.ND

BASTO.OsTPMSCT-ND

BRC3OA

102-1134-¡{D

490-1220-1-ND

Prcl6F689-VSS-ND

DSPIC3OF3OI43OIPT.ND

MÆGOO2

MAX342OEECJ+ -ND

srw40l-ND

EG2525CT.ND

wMl998-ND

x2

wM18689-ND

431727CT-ND

9XTEND

Hl856-ND

EM-406

DIGITALTEMP SENSOR

MEMORY

DUALSCTIOTTKYDIODE

BLIJETOOTH

PTFZ:OBVZæß'

RESONATOR' 12.0M}U CERAMIC INDUST

PIC

DSPICMCU/DSP

SCIILEVELTRANSLATOR

uis coN'rRourR

SPACE FOR FILTER CAP NO PI.ACE

lo-xxswrTCH

SWITCH TACT RADIAL 180 GF

CONHEADER 1OPOS

PINHEADER

CONN RECEPT 6POS 2MMLOPRO SMD

CONN MINIUSB RCPT RATY?EB

RFTRAIIqSCENæR

CONN RECEPT ISPOS 2MM GOLD DIP

OEMGPSMODIJLE

Table 3: CSM ComPonents

37



wo 2008/108788 PCTruS2007/013039

CSM OPeration

The CSM can carry out the task of data aggregation from various sensors onboard

including battery rnonitor (voltage), GPS data, temperature setsor, and disfibuted sensors such

as the INU over Bluetooth establishing the Wireless Personal Area Network. In addition to

5 sensor data, the CSM can also include a panic button to communicate distress, and general

purpose buttons whose status must be communicated to thc Sentinel Base Station for processing.

Thc CSM can compile all the sensor data into a Node Report which can be sent to the

Sentinel Base Station in a predetermined format as discussed herein and can transmit a Node

l0 Report to the base station upon rcceiving a r€quest. The Node Reports can include sequence

numbers in order to provide communication enor detection. The base station can r€qusst and the

CSM can sent a specific Node Report (e.g., a Node Report corresponding to a specific sequence

number).

After the Base Station is turned on, it can send out one or more Auto-Join Bcacons to

l5 inviæ mobile units to join the network. The Base Station can periodically send out Auto-Join

Beacons to invite mobile units to join the network. Upon receiving an Auto-Join Beacon each

CSM backs off for a random amount of time, and transmits a Joining Beacon. If a mobile unit is

polled in a round robin report r€quest sequence, the mobile unit can assume that the Base Station

is aware of it and it has joined the network. If the mobilo unit is not polled in a round robin

20 report request, the mobile unit waits the next Auto-Join Beacon to join the network'

By performing signal processing of the sensor data at the INU, the system obviates the

need to streari data to the bæe station. In operalion, only a relatively small amount of data needs

to be sent to the CSM and by the CSM to the Base Station. Reducing the amount of data sent to

the Bæe Station reduces the probability of wireless transmission errors and extends the range of

25 communication between the CSM and Base Station to greater distance, for example, several

miles. In addition, this feature also provides for reliable communication of data from deep

within the confines of multi-story buildings and structures of the t)'pe that are found in urban and

uni versity camPus environments
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Received Signd Strength Indication (RSSÐ

The transceivers on the base station transceiver, and the CSM, the MÆßUeam 9Xtend,

can be capable of recording received signal strength indication ßSSD levels of incoming

receptions. Rcceived Sigrral Strength is meæure of the power of the reception, i.e, the power at

5 which the t¡ansmining unit is broadcasting information with respect to the receiver. The RSSI

value has an inverse relation with the distance between the units. A higher RSSI value indicates a

shorter distrnce betwecn the units and vice versa. Experiments can be conducted to determine

position of mobile uniB using reference stations (for example 4 or morQ recording the RSSI

levels of the transmissions from the mobile nodes and communicating them to the base station.

10 On the base station a pfogram (such æ a Visual Basic program or C program) can be

implerncnted to locate the mobile units utilizing the RSSI information from the reference

stations. Experiments have revealed that the RSSI values show exponential decay when ¡n

obstruction (example a wall) exists between source and destination. Using positioning with aid

of additional fansmitter signal power, RSSI can be used to estimate distance for units close to

15 each other, to be polled for the multi-hop routing algorithm in the case where a mobile unit is out

of range of the base station. In addition, RSSI can used in a search and rescue scenario providing

accurate positioning information when one team member close to, for example, an injured or lost

team member. The tracker can move towards the lost team membcr cither guided by voice

commands, or by other audible sounds indicating whether RSSI levels are increæing resulting

20 from increasing proximity.
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h¡cident Command Bæe Station

The f¡rcident Command Base Station can be used for

r Setting up and controlling the network of mobile units comprising CSMs and INUs,

receiving reports from each CSM

¡ Storing and deciphering each received report in real-time and organizing the

information to perform location determination bæe station algorithms

¡ Displaying all personnel status information in a simple yet comprehensive view

r Displaying Outdoor and Indoor Location information on appropriate maps for all

personnel

¡ Performing Base Station Image Processing and Mapping algorithms to fuse GPS and

INU tracking information and resolve location on maps

r Providing all otherfeatures that could benefit Incident Commanders such as satellite

views and pre-plans.

o Organize and save all information that could be used in the futurp in a well organized

central databæe,

10

l5

Information regarding the location and other situational data (temperature, heart rate, etc.)

of a person (such as a first responder) or an animal can be assembled into a node repol and

transmitted by the CSM to the Base Søtion. The incident commander can manage the situation at

ZO the Base Station, which can be outside of and remote from the structuro or area of interest and

can display the location and pcrson's (animal's or asset's) vital information on a graphical user

interface. The Base Station can also control most of the communications and networking that

allows the system to monitor numerous people, animals or assets, simultaneously.

The base station can include a computer (such as a laptop or portable computer) with a

25 Maxstream modem transceiver connected to its USB Port. A deskop or other larger computer

can also be used, for example, a computer built into an em€rgency rcsponse vehicle, armored

vehicle or central station. The computer also has the associated application specific software

developed for communications, as well as tracking and telemetry of people, animals or af¡sets,

Data to and from the people, animals or assets can be com¡nunicated to the bæe-station via the

40



wo 2008/10878S PCTruS2007/013039

modem. The computer can use software to interpret the wireless node reports to obtain and

display the situational information about the people, animals or assets. Using a time division

multiplexing algorithm, the basc station can communicate with each of the responders

individually. The base station can fuse the dat¿ from the different location sensoñ¡ associated

5 with the people, animals or assets, and then can calculate and plot the trajectory of the people,

animals or assets. The base station can also a¡chive the data for later review and analysis.

Base Station Communication Protocols and Formats

The base station can use predefined standardized open and proprietary protocols and

10 packet formats to communicate with the CSMs. For example, each packet can be one of a

predefined type of packet which can interpreted by the CSM in order to determine an appropriate

fesponse.

Packet T¡pes

l5 Table 4: Basc Station and CSM communication packet types

Ping (P) is a simple request for acknowledge to a CSM from the Base Station which

generates and Ping or Alarm Acknowledge (K) f¡om the CSM. 'A' tums the alarm of the target

CSM on, and 'C' is the code to cancel the alarm. T.' indicates a full node report request to a

20 particular CSM from the Bæe Station to which the CSM responds with its complete compiled

Node Report (R).

4l

P Ping

K Ping or Alarm Acknowledge

rq AlarmOn

c Alarm Cancel

R Node Report Request

N NodeReport
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RF Packet Header Format

Exam Base Station Pin Node I

Exam le: Ping e from Node 1

Table 5: Base Station and csM communication RF packet Header Format

Node Report Format

Table 6: Base St¡tion and csM communication Nodc Report Format
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122# Bytes 3
<cR>OxDDDD0xSSSS'@@T"Data

End DelirnüterRF Destlnalion
Address

RF Source
Addrcss

Start Dellmiter
and Type

<cR>0x00010x0000'@@P',

<cR>0x00000x0001"@@K"

7-2556I# Bytes
Sensor MeseagesNode RePoil

Header
RF Packet Header

w/Packet TYPe = 'N'

1I22# Bytes
<cR>0xLLOxSSSS"@@uData

End
Dellmiter

Number
Messages ln

RePort

ReportSource
Address
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SÞil Delirtiter.Degc
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Sensor Message Format

. A s'ensor message is a "line" of data included in the Node Report.

' The INU is considered one sensor. Other sensors include GPS,
board voltage,. Each sensor h ed with it so that it oan óe
recognized by. Each report may contain any number of sensor messages. ln any
order.

Table 7: Base Station ¡nd CSM communication Scneor Mccsage Format

0-65535 1# Bytes 2 1 2

Data '.@@' OxCC OxLLLL Data <cR>

Sensor
Code

Number of
Data Bytes

Sensor
Message

Data

End
Delimiter

Message Shrt
Delimiter
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Base Station Graphical Uset Interface and Display

The tracking system can include a remote interface (e.g., a base station) that allows a

peßon to remotely monitor the position and status of the peoplè, animals or assets carrying the

csM and INU units, the environmental condi¡ions where they are located, and status of the

people, animals or assets and thoir associated equipment including but not limited to the csM'

INU and other sensors o¡ devices providing data to csM. Data can be received via a wireless

netwofk at the base station using any of a variety of nctwork protocols, for example' TDMA'

CDMA or other self forming mesh communication netwofk protocots' The remote interface can

provides features including but not limited graphical display of people, animals oI assets position

estimates (including but not limited to estimates bæed on INU, GPS or fused sensor data) on

maps of various kinds inctuding those generated based on collected trajectory data' display of

people, animals of assets identification and status information as determined by sensors

connected to the CSM, including the INU. Maps and pcrsonnel data can be stored locally or

fpñotely in databases that afe accessed by the Base Station' The remote intefface can provide

various I or 2 way alarming features. Alarms may based on faw or processed sensor data

received from csM units, for example, no motion alarms or manually activatcd alarms'

The Base station softwa¡e can provide a user friendly interface where an incident

commander or other oPerator tlPe personnel (operator) can monitor the location and vital sigrs

of pcople, animals or af¡sets that are carrying the csM and INU units' The Base station can also

provide situational information regarding the stn¡ctures and general surroundings where the

system is being applied. The interface can, for example, be written in the Visual Bæic' cr+

and/or c-sharp (c#) programming languages. The softwarc can be divided into various sub

sections. The Base Station software can handle all data processing and algorithm computations'

The user interface can display information on the current system state as well as provide run time

control.

Software Components

Network Polling Process
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Information from the csM and any connected sensor' including the INU, can be collected

for each of the people, animals of assets being facked' This information can include' but is not

limited to, location estimates, vital signs and cu¡ent status' To achieve this information'

collection in a robust and orderly fashion using a polling network methodology can be

established and implemented, krformation can be collected using a polling sequence. The polling

seguence can run continuously, slmchtonously or asynchronously as conditions can dictate' The

polling sequence can run in background and on a dedicated cPU thread' while this thread is

operative, it can sequentially attempt to poll each CSM address. For each attempted poll' the

CSM response can be deposited into a shared buffer as an array of bytes with varying length'

After each poll cycle, the thread can rcport it status to the user inærface' The status can contain

information related to missed responses and can ensufe that the operator knows which csMs

have and have not reported information. The network polling prccess can be n¡n on a dedicated

thrpadtoensufgthemodularityofthesoftware.Becauseofthis,th€net\'vorkpollingprocesscan

be paused as opposed to simply stopped completely'

Additionally, the poll sequence can include transmit an Auto-Join Beacon to initiate the

Auto Join process. In one embodiment, if the list of CSM addresses is empty, the Auto Ioin

process can be initiated. The Auro Join algorithm can send out a predefined packet type or

,,b€acon,, and process csM responses to add csM addresses to its polling list'

The Auto-Join process allows new mobile units to join the polling sequence' when the

CSM is powered on, a flag is set so thatit will attempt to respond on reception of an Auto-Join

Beacon from the Base Station. The auÙo-join beacon can be a ping "P" type packet with both

source and desrination add¡ess set to 0x0ü)0 (rescwed). If the Auto'Join flag is set in the CSM it

can respond to the beacon with a ping fesponse. The "beacon frame" can be l'6s long and

contain t6 time slots for a mobile node to respond. The mobile node CSM can choose one of

thcse 16 slots at random to respond. upon receipt of a response the Base Station can add the

mobile node to its poll lisi. tne Auto-Ioin flag in the CSM can be cleared whenever the mobile

node is polled and can be set if the auto-join beacon is detected twice without being polle'd at

least once in between beacons. This provides a plocess for a mobile unit to re-join the network if

it is ever dropped from the polling list'

45

r0

l5

20

25



5

wo 2008/108788 PCT/US2007/013039

Below is an example of a main progafn loop for executing the network polling process'

private void Run$

{
int pollCount = 0;

l0

while (!-Abort)

{
pauseEvent.WaitOne$;
FireUpdateProg¡ess0;
ListcNode> nodelist = Nodelist.GetAllNodes0;
if (nodelist.Count:0 llpollCount % l0:0)

(

AttemPtAutoJoinQ;
pollCounu+;

)
else

{
foreach (Node node in nodelist)

{
ProcessNodeRe4uests(node) ;

Thread.SleePLSerialtilaitTime) ;

node.UpdatePollStatus0 ;

)
pollCount+r;

Ì
)

l
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Data SEuctures

30 Data structures can be defined to stor€ and access the ínformation generated within the

system. A hierarchy, as shown in Figure 24,can be created to describe all data being processed

by the Bæe Station. There can be many categories of data re¡eived from the va¡ious CSM units.

For example, data caægories can include data which contain valid GPS and those which do not.

The different elements contained in each CSM transmission can result in the data being

35 processed and utilized differently by the algorithms of the system. The Daø structures can be

used to keep all data organized and casily assessable to the various modules of the software. Each

CSM response can be stored and broken up into various different data objects. These data objects

can be passed to their appropriate GIJI processes for operator viewing or passed to various
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algorithm functions for processing. For example, a CSM report which contains both INU and

GpS can bc processed using the INU/GPS fusion algorithm. While any CSM rcport containing

invalid compass data will not be processed using any fusion angle algorithms.

5 Algorithm Processing

Information collected from the CSM via the polling process described above, can be

thoroughly and carefully processed for enor dete¿tion and conection, and optimizations. This

processing can utilize various mathematic and statistical methods to reduce and/or eliminate

errors. The algorithm processing routine can handle the execution of these major mathematical

10 and statistical methods. Modularly handling these executions ensures the portability and stability

of the softwa¡e. ]¡ the event of an unforeseen critical error, execution on this specific data packet

can be dropped and can be continued on the next available data.

I¡¡ addition to various mapping and location algorithms, the collected daa can be

categorized into various data objects by the algorithm processing sequence. After successful

15 exe¿i¡tion of the necessary algorithms, the processing thread can signal a re-plot of all pertinent

data. This proccssing sequencÊ can run on a dedicated thread. lVhile this thread is active, it can

attempt to read from a shared data buffer fílled by the Network polling Process described above.

For each successful read, the data can be first parscd into a Data Message object. The Data

Message object can be universal thtoughout the prognm and can contain raw unProcessed data

20 from each individual CSM sensor. The data can be compiled together and tested to determine

which appmpriate algorithm can be n¡n. The procossing thread can attemPt to run all scaling and

processing on a new Data Message object. ln the event of a critical enor in any Data Message, a

status report can be sent to the GlIl in order to notify the Bæe Station Operator. Appendix A

includes sample pseudo code can be used for supplying coÍ€ct locations, and which can be used

25 by the plotting code which display the information in the GUI'

Plotting Execution

In order to display position estimates to the operator, a drawing method can be
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implemented. This drawing method can be exe¡uted on com¡nand f¡om tl¡e processing thread.

When the plotting execution is triggered, all available scaled and processed data can be

downloaded using the guidelines specified by the user. Unnecessary infonnation can bc filtercd

out. The data can be scaled to the proper zoom level and drawn to the screen. An example of

5 filtering data is in a single floor view. To display only the data points for a particular floor, all

other data points can be removed and only those for the desired floor can be shown. For

exampte, to provide scaling where an operator desires to zoom out to a low resolution, the

distances betwe.en the points on úe screen will change and the points can be ¡edrawn closcr

together. Pseudo code for the scaling proccss are provided below'

l0
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public void CreatePlotQ

{
Bitnrap Plotlmage = new BitmaP$;

S c alePointsToProperZoomlævel(CunentPlotPoints) ;

using (Graphics E = Graphics.Fromlmage(Plotlmage))
(

g.Clear(Color.lVhite);

)

PlotDisplayPictureBox.Imagc = toD¡awOn;

)
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DrawPlotConuolObjects(e) ;

foreach (Node nodeToDraw in CurrcntNodesToPlot)
(

Li st<DâtâPoi n> nodePoints = new List<DataPoin>0;

foreach @utaPoint point in cunentPlotPoints)
if (point.ContolNode : nodeToDraw)' nodePoínc.Add(Point);

Dr¡wPoints(g, nodePoinu);

DrawBottourScaleBar(g);
DrawSideScaleBar@);
DrawPlotlleade(g)¡
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Graphical User Interface (GUf)

The Base Station Softwa¡e can include the ability to maintain, process, display and edit a

Building Database, The Building Database is a database conkining information about building

inside of which people, animals and assets can be tracked. This database can be physically stored:

5 locally, on â remote server, or a portable memory device, or any combination of all three. This

daLabase can be created over time and compiled together to be shared with any user of the Base

Station software. For example, a random building loaded into the databæe for a city in College

Park, MD can be reloaded and used on any Bæe Station computer throughout the country. Once

loaded, the Base Station can be used to provide a yisual representation of a building. The data

l0 base can also include usefr¡l information to pick out a particular building using various search

techniques. The building daabase can include the following for each building:

1. GPS location estimated to the center of building and each corner of the building as

wcll æ GPS coordinates of exits.

2. Saællite imagery, represented, for example, in JPG format.

15 3. Pre-Plan template taken from each first responder station. If template is ernpty it is

displayed for rpfe¡ence anyway.

4. Geographic Information Systems (GIS) polygon representation.

5. AII available maps and floor plans,

20 Building l¡ader Window

The building database is parsed and displayed in a window on the monitor which can be

refened to as a Building l¡ader rüindow, The building loader window can be comprised of two

panels and several buttons. One panel contains many building loader controls, which are the

visual representation ofthe building. The other panel starts cmpty, and can be filled by a drag-

25 drop operation on the building loader controlsjust mentioned. Once loaded, the base station

operator can remove unwanted buildings, and highlight structures of impotance to the incident.

One or more buildingp can be 'T.oaded" into the System prior or during an incident. To load a

building, its associated Building I¡ader Conrol is clicked and dragged by the user to the loaded

building panel. Once the building is loaded, all processing regarding indoor location, as well as
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indoor-outdoor transitions a¡ound this building, witl be performed with respect to this building.

Figure 25 shows a Building I¡ader which can be used to load a building for real time

tracking inside of loaded building.

5 Building Satellite View

Satellite views of the building are provided to give the Incident Commander geographic

and stn¡ctural awareness ofthe incident scene. These images can be interactive in the sense an

incident commander can zoom or pan the images to get a broader range of geographical

awareness. One specific purpose of this view is to give incident commandcrs as much detail

l0 about rhe ¡oof of a building. Using high resolution images is the most pfactical and accurate way

to show roof information. The database for each building contains automatically updated

downloads of a top view aerial photograph, as well as a photograph of the building from each of

the following directions. North, South, East and'lVest viows and saves them for each building for

viewing at the incident sc€ne. The satellite view screen has no buttons, only the thumbnail

l5 images of the buildings. Upon clicking a particular image, it is brought the middle of the screen

and displayed larger.

Figure 2ó shows the Base Station Satellite Top View.

Figure 27 shows the Base Station Satellite Side (South) View

20 BuildingPreplanView

First Responders often maintain preplans of areæ/buildings which they might be potential

incident scenes. The Base Starion allows these plans to be viewed within the Base Station in

electronic format, and to be edited, and saved in the building database for future reference

removing the need for unorganized hard copies, and providing a complete solution for all the

25 needs of first responders. These pre plans can be in any compatible file format including but not

Iirnit€d Io: .JPG, .BMP, .GIF, ,PDF' .TIF

Figure 28 shows the Basc Station Pre-Plan View'

Personnel Database

5l



wo 2008/108788 PCTruS2007/013039

The Bæe Station Software has the ability to maintain, process, display and edit a

Personnel Database. This databæe can be physically stored: locally, on a rcmote server, or a

portable memory device, or any combination of all three. This database can be created over time

and compiled together to be sha¡ed with any user of the Bæe Station softwa¡e. For example, a

5 random Personnel loaded into the database in College Park, MD can be reloaded and used on any

Base Station computer throughout the country. Once loaded, the Base Station creates a visual

representation of each loaded Personnel. The representation is not only a picture of the person,

but contains useful information to pick out particular personnel using various search techniques.

The personnel database contains the following for each building:

l0 L A associated name of personnel

'2, An æsociated team name for personnel. This team acts as a categorizing group during

software run time.

3. Personal information including but not limited to: Ileight, Weight, Age, Shoe size,

photograph. Personal information is useful in futurc scaling and position estimating

15 during softwarc run time.

4. A color used to rcpresent the personnel on all ploning and display windows

throughout the incident.

20

Personnel I¡ader Window

The penonnel database is parsed and displayed in a window on the monitor which can be

referred to as a Personnel I¡ader Window. The personnel loader window can be comprised of

two panels and several buttons. One panel contairu¡ many personnel loader controls, which are

the visual representation of the penonnel. The other panel starts empty, and can be filled by a

drag-drop operation on the personnel loader controls just mentioned. Once loaded, the base

station op€rator can remove unwanted personnel, and highlight personnel of importance to the

incident. One or more personnel can be "Loaded" into the System prior or during an incident. To

load personnel, its associated Personnel I¡ader Control is clicked and dragged by the user to the

loaded personnel panel. Once the personnel are loaded, all processing regarding data collected

from this personnel will be scaled processed and saved with reference to the associated personnel

25
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Figure 29 shows the Sentinel Personnel Loader which can be used to load personnel for

real time tracking and monitoring'

Base Station Inforrnation Panel

The Base Station Information Panel (BSIP) is responsible for displaying Personnel-

Status-Information for each personnel currently loaded into the system, The BSIP is designed to

display a simple yet comprehensive view of all the personnel information available at the Base

Station.

Figure30 shows the Base Station Information Panel and Features.

The Personnel Status Information used in the Bæe Station Software is characterized with

large buttons which can be found cæily and pressed while wearing gloves on a touch screen. It

allows an operator to eæily view critical information about personncl as well as immediately

navigate to any personncl's location on the indoor or outdoor view described below. It also

allows instrnt signaling of individual personal alarms for each of the personnel.

Status information can contain but is not limited to the following information:

a. A checkbox used to toggle the visibility of a personnel location icon on all

location views. This is used if there is no interest in actively tracking particular

personnel but interest may remain in monitoring these personnel's vital signs or if

interest remains in notifying these personnel with evacuation alarms

b. A general information section which displays

i. personnel Name - As stored and read from personnel databæe described

above.

ii. Team - As stored and read from personnel database described above.

iii. Data rcceiving progress bar - This is a standard Mic¡osoft windows form

object of type ProgressBar. The status bar is the source of indication to the

incident commander. On each successful radio transmission the status bar

indicator will increase till the maximum and on each failed radio

transmission the status ba¡ will decrease till zero'

53

10

15

20

25



5

lryO 2008/108788 PCTruS2007/013039

iv. Personnel Photograph - As stored and read from Personnel data base

described above.

c. Va¡ious real time sensor information including but not limited tol

i. Battery Indicator: Since personnel in a crisis situation will not have time to

che¿k their own battery levels at the incident scene, their battery levels are

monitored at the Base station (ex. can be polled less if battery low). For

easy visibility and comprehension the batæry status indicator is displayed

to represent a battery indicator and fills green as the battery life increæes.

ii. Temperatu¡e Indicator: Temperature of personnel's suit

iii. No Motion Indicator: 'Go' (green) if personnel are moving, 'Still' (red) if

personnel are not moving.

iv. Posture Indicator: Information regarding whether personnel is walking

(green), crawling (yellow), or lying on back (red)

v. I¡cation Indicator: Displays 'Outside' when pe,rsonnel is outside. When

indoors, shadcs the Quadrant in which personnel is located on the floor

plan. (Color used to shade quadrant is the same color used to plot

personnel on the floor plan). Solid black line to assign one side of the floor

plan as the 'ALPHA side' to reference the other quadrants. (alpha-bravo,

bravo-cha¡lie etc...)

1. If top-left quadrant shaded, on zooming to personnel, he/she will

be found on the top left quadrant of the floor plan.

d. Personnel Action Buttons including but not limited to:

i. Personnel Alarm Control Button: This button remains in one of two states.

l. SignalAlarm is uscd to remotely activate the alarm on the CSM of

the selected personnel

2. Cancel Alarm is used to remotely deactivate the alarm on the CSM

of the selected personnel,

A state approach was taken to rninimize multiple controls on the

user interface. When personnel signal there alarm through there CSM the

54

r0

l5

20

25



5

wo 2008/108788 PCT/US2007/0r3039

Base Station changes states accordingly.

ii. Personnel?nom:Press to zoom to chosen personnel. If personnel are

outdoors the outdoor view window described below is brought fonvard. If

personnel arc indoors the indoor view described below is brought forward.

When tracking multiple personnel at an incident the order in which these information

controls are displayed is dynamic. The orders in which personnel information controls a¡e

displayed include but are not limited to

a. Temperature: Personnel can be ananged by æcending or descending temperature

readings.

b. Alarrn: Personnel can be arranged by ascending or descending alarms indicators.

Pe¡ronnel with an active alarm can be brought to the top or bottom. k¡ the event a

personnel alarm is trigger by the personnel the personnel information cont¡ol is

automatically brought to the top.

c. Battery: Personnel can be ananged by ascending or descending battery readings.

Quadrant: Personnel can be arranged by ascending or descending building quadrant

locations.

Base Station Control Panel

Thc Base Station Conrol Panel (BSCP) is software responsible for displaying and

processing main menu actions for an incident commander (or operator) on the monitor. The

BSCP is characterized with large buttons which can be found easy and pressed while wearing

gloves. It allows an incident commander or operatü to easily navigate and control various

subse¿tions of the Base Station as desired.

Main menu controls can be but are not limited to:

1. Starting, stopping and pausing of the operation of the entire system, or any part of

it.

2. Selecting various view windows as mentioned above.

3. Choosing to save or load incident data.

4. Individual or incident wide alarms and panic signals.
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Figure 30 shows the Base Station Control Pancl.

PCTru52007/01303e

Base Station OutdoorTracking View

In order to display a clearestimate ofpersonnel location, the Base Station can show the

5 location of personnel at an incident scene outdoors relative to sunounding landmarks. These land

mark are loaded from local GIS layers. While buildings are loading as discussed above, the GIS

layer used to represent the building polygon is loaded as well. Polygons for any building can be

colored and rendered as allowed by standard GIS schemes. Different building can be rendered

different colors to highlight certain aspects. Some are but not limited to:

l0 a. Building construction

b. Building height

c. Building age

d. Building occupancy

Personnel who a¡e outdoors are shown as blue circularicons. Personnel indoors in a¡e

15 shown as green circular icons, and personnel with cunently signaled alarms are show æ red

circular icons. The GIS map is chosen for its simplicity, lack of unwanted colors, and layered

standa¡d format. The Outdoor view allows an incident commander the ability to tack personnel

relative to a particular building or outdoor scene.

Figure 3l shows the Base Station Outdoor Tracking View (GIS).

20

Base Station Indoor Tracking Views

The Bæe Station can display real time position estimates of personnel. ïVhen a digital

copy of a loaded build floor plans is available the Base Station is capable of overlalng position

estimates on this digital image. The image can be loaded while its associated building is being

25 loaded in the building loader process described above. On each execution of the plot refresh

discussed above, a copy of this image is created locally and drawn upon using C# GDI

techniques. Each image copy can be physically changed and displayed to operator on screen.

Each person (animal or asset) while indoors can be represented as arrows pointing in the

direction the tracked pen¡on (animal or asset) is facing at remote time, this direction is relative to
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the floor plan. Each personnel can be displayed in a unique color as specified from the Personnel

Database. On the Bæe Station Indoor Tracking view, the operator can have the ability to identify

any peßonnel cunently visible by simply clicking on the visual representation of the desired

personnel on the screen. A visual information box is displayed. This visual information box,

whether a form or control, contains information about the selected personnel. The information

fiat can be displayed includes but is not lirnited to:

a. CurrentTemPerature.

b. Current battery status

c. Assigned team

d. Duratíon in building

The floor plan can be drawn stretched to the current set scre€n resolution on the Base

Station laptop running the softwafe, this can be done to maximize visual clarity.

On the Indoor Personnel Tracking View, the left side of the indoor tracking view is

dedicated to floor selection. Floor selection is done by an icon that is used to represent the

desired floor. This icon can be text filled or an image, it can be colored or not colored. Taking

advantage of the database structure created and discussed above, the Base Station is able to

display the number ofpersonnel on each loaded floor. In real tirne as Personnel change floors the

numbers rcflect the cunent state. The cunently selected floor is highlighted in white.

Figure 32 shows the Base Station Indoor Tracking View @oor Plan View)'

Figure 33 shows the Base Station Indoor View - Alarm Situation-
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Base Station Image Processing andMapping Algorithms

I\{AP-IvIATCHING ALGORITIIM

o The Map Matching Algorithm helps the incident commandereæily visualize where

personnel in a building a¡e located iffloor plans of the building arc available.

¡ While developing the mapmatching algorithm it is important to remember that the

human brain hæ highly advanced pattcm recognition intelligence and the computer does

not, making the task of programming the computef to map-match a rather challenging

project though at times itmay 'look' trivial'

. The floor plans of each floor of ttre building are 'profîled' using a Map ÈeProcessing

program (lvpp) Mappreproccss locating features in each floor plan such as turning nodes

(conidor intersections and limits), stairwell and elevator locations, and Exits if the floor

is an Exit Floor'

¡ These features are ¡ecorded in a Map Matching File(MMF text file) to be fÊad by the

Map-Matching Program

o The Map Matching Rogram (lvtrVff') reads the floor plans of the building, and

conesponding MMF fÏles, records all the features, inputs a staftpoint on the floor plan

either from a click input or from the last known GPS-INU Fusion point and starts plotting

the free raw points on the map. If incoming data suggest that a conection can be made' it

is made. If the correction t)?e involves an angle correction, the angle is corrected and

held until the incoming points indicate a tum. At this point we let the path be plot free

again, with resPect to the cuEent direction taking all corrcctions into account and await

the next correction.
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MAP PRE-PROCESSING AND MMFFII,E:
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Figurc 34 shows the sentinel system Map Pre-Processing (MPP) Feature Detector

The MPP inputs floor plan images of a building scaled and mtated to each other'

o The floor plans should be of the same size and ofientâtion such thatidentical

features on different floors (ex. Same Stairwell) have the same pixel location on

each map.

o Future version of MPP will perform scaling and alignment of floor plans

automatically.

The User is prompted to first click on

o Nodes (conidor Intersections) in any order (nodes 1,2'3 and4) in Fig. 34

o Stairwcll I¡cations(Sl, 52 in groen)

o Elevator location @1)

o Exit l¡cations if its an Exit Floor (xl, x2, x3) - usually first floor, could be 2 or

multiple floors

The MPP then processes the input feature information

1, hocess andsaveNodelnformation

o If two nodes are too close to each other, one is removed (¡edundant nodes -
clickingerror)'

o Che¡ks for all possible sets of nodes that 'see' each other ('see' implies that their

bounding box on the map does not have any black pixel (obstruction). If so, they

arc part of the sane Conidor'

o If all their x or y locations a¡e within a CoRRIDOR-WIDTH-THRESH, they are

considered to be ofthogonal conidors and their constant co-ordinale is made

equal. (their constant coordinate may be stightly different due to clicking

differences) This constant co-ordinate will later be used to correct paths to the

corridor. Non-orthogonal nodes are aligned along their best fit line.

59



J

\ryo 2008/10878S Pcrrus2007/013039

o The Corrected Node x, and y positions are stored in a 2-D array NodePositions -
First Column- x, Second Column-y, Row Index = Nodeld

o Nodes 'seæn' by Node are updated in a NodeUnk array, where for each Node

(array indcx) we store a list of all the nodes that share a corridor with it.

2. Process and Save Conidor Information

o Each unique set of nodes that 'see' each other is a new Corridor. These nodes are

sorted in ascending orderoftheir varying coordinate (in orthogonal case

o A Conidorlnfo Array is updated where Array Row Index is the Conidorld. In

non-orthogonal case will be sorted in the order encountercd if moving in the

smaller of the two possible map conidor dircctions (ex. 120 for a conidor aligned

120 & 300)

o The first column entry is the Corridor Start Nodeld (Cannot go straight a

threshold beyond this node if on this corridor else might be on wrong

conidor)

o The second coluinn entry is the ConidorEnd Nodeld (Cannot go shaight a

threshold beyond this node if on this corridor else might be on wrong

c'orridor

o The third column entry is the SLOPE of the conidor in Map Convention

(90 vertical, 0 horizontal on map) Slopes will always be between 0 and

1.79 since they include directions 180 degrees apart depending on which

way peñonnel is headed.

o The fourth Column onwa¡ds is a list of all other Conidor Node Ids

encountered while walking from Start Node to End Node on the conidor.

These nodes serve as checkpoints for mapmatching. All arrays are padded

with zeros if different sizes.

. o The ConidorSlope could also be saved as a Compass Direction to help

associate with fusion Angle, GPS information is required to set this up

while he Processing or the Map-matching hogam will just keep a track
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of what compass angle the Map 0 degrees fÊPresents.

3. Process and Save SøirWell and Elevator Information

o StainvelUElevatorl¡cations are savedin an alray

StairPositions/ElevatorPositions simila¡ to NodePositions,

o A StairlinksÆlevatorslinks Array contains the list of corridors that arc

accessible from the stainpell/elevator'

4. Process and Save Exit Information

o Exit I¡cations are saved in an array ExitPositions

o An Exitlinks Array contains the list of conidors that are accessible from the

Exit,

o Each Exit also has an associated GPS location to enable L¡door/Outdoor

mapping t¡ansitions

The MPP prints the floor glan fcaturcs to the MMF file.

o The Mlv[F file is saved as the floor plan file narne wittrout extension, -mmf.txt
(example. TAPfloorl-mmf.txt for TAPfl ooripg)

o DataFormat:

n, Nodeld, NodePositionX, NodePositionY, list of same corridor nodes

c, Corridor Start Node, Conidor End Node, Slope, Sorted Intermediate-Node List

s, StairPositionX, StairPositionY, list of corridors

e, ElevatorPositionX, ElevatorPositionY, list of corridors

x, ExitPositionX, ExitPositionY, list of corridors

g, GPSRefcrenceX, GPSReferenceY, latitude, longitude

Figure 35 shows a Sentinel System Map-Marching File (MMF).

Most floor plans take a few seconds to prof,tle.
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The clicking operations can be replaced by pattern recognition techniques.

MAP-MATCI{ING ALGORITHM AND PROGRAM (MMP)

Each set of points that are considered to be inside the building are associated with a Map

Matcher which is preloaded at the start of the program with all the features of the building and is

initialized with the fïrst point to a startpoint on the map and an initial direction. The startpoint is

either determined by a click on the GUI for an indoor start, or the last known Outdoor position

from the INU-GPS fusion algorithm.
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Each following point in Map Matching goes through the following process

Using the previous point information, the magnitude of the current point's increment and

the current points heading are determined. If stationery the heading is determined from

the gyro angle.

If the best-fit line over the cunent Segment Number has a deviation less than a threshold

the Segrnent is considered to be possibly on a corridor. Also, if the INU Hall Flag is true,

the segment is definitely considered to be on a corridor. The corridor checks are not

performed however if the entire segment lies inside a large room, i.e. on white space on a

floor plan.

For each point, if the Segment is already matche.d to a hall, the dirwtion is kept aligned to

the chosen hall; if not, the heading is de¡ided to be the gyro angle subject to all previous

rotations.

If a new hall may be detecæd, a loose threshold is set for the INU hall flag, and strict

(small) threshold for small straight segments.

For each corridor on the floor a check is performed to see the displacement of the first

point on the current segment from the hall, the required rotation to correct it to the hall,

and the closest point on the conidor to make the conection to. [f the Frrst point in the

segment, the firsttlallPoint, is within the bounds of the corridor and the correction

distance and rotation are below the set thresholds, the point is corrected to the corridor,
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and all other points on the segment a¡e corrccled to the conidor. This is a corridor

co¡re¿tion performed when the distance travelcd in a sfaight line is greater than a

threshold of the points have been found to go thfough walls (encounter black pixels)

I¿st we check to see if the z position is incrementing or decrementing to perform 3D

Eacking and floor changes. If change in z position (number of stai¡s encountered, +ve for

up, -ve for down) is noticed a stair flag is n¡med on to indicate a possible floor change.

Once the change settles and is zero, the algorithm attemPts to resolve this change. If the

number of stairs encountered is less than a threshold, dependent on building, the change

is ignored. If total number of stairs is divided by the expected number of stairs between

each floors to see thc number of floors incremented or decremented. If it is the fi¡st tirne

this stairwell has been traversed by any personnçl the WINDING is recorded. Winding is

either clochvise,-anti+lockwise, or none looking upwards. When the floor change is

confirmed, the closest stairwell on the floor is found and the personnel's current point is

corrected to the stairwell exit point. The WINDING later on serves to help resolve floor

changes for other personnel. Floor changes close to known stainvells in lhe WINDING

direction mean th€ personnel is going upstairs, and winding in the opposite direction

indicates downward motion.

After all conections and checks are performed, thc difference in the lvfap direction and

gyro prediction is calculated to obtain the cun€nt rotation to bc used for the next point.

Using the GPS refcrcnces of the map, the current point on the floor plan is converted go a

GPS latitude and longitude to be used for display on the GIS map, and for Indoor/Outdoor

transitions.

5

l0
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a

MAP-BTJILDING ALGORIÏIIM

In the absence of Floor Plans of the building, the Sentinel System is capable of building

floor plans of the building using the tracking information oT all personnel at the scene' More

personnel ar the scene cause the building to be discovered (mapped) faster. The general shape of

the building is obtained from the GIS vectors of the building. As personnel move through the

building the points are updated in the same way as in thc map-matching case but each feature is
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now not available before hand, but recorded in real-time-

. For each time that a personnel is found walking straight for a long time indicating a

conidor, the prograrn checks ifthere is a corridorclose by discove¡ed by some personnel.

If there is one, the personnel is corrected to it as in map matching. If the data suggest it to

be a new corridor, it is recorded as a new corridor, recording its slope, and its start and

end points are set in real-time as discovered.

¡ Each time floor changes on new stairwells are determined, the location of stairs are

recordcd, with their winding, sta¡t and exit points, and used to match floor changes for

other personnel depending on proximity of stair detection to existing stairwells.

¡ Events that are hard to resolve such as a short corridor are noted and confirmed by other

pcrsonnel discovering and confirming the existence of the feature under question.

¡ Distance calculated by the INU is based on sride length as desc¡ibed above. Berause there is inherent crror

in tlre sfide lcngth determination, a correction should be made for long distanccs. When a command station

receives position inform¡tion from many users walking the same path, rser trajectorics should vary slightly'

The "bcaten path" algorithm pcrforms an averaging fünction on these trajectories to determine thc most

probable pathway.

Figure 36 shows the Sentinel System Map Building for a Building with Stairwell

Information. Figure3T shows a Sentinel System Map Building for a building created by tracking

the movements of four personnel.

3-D Rendition of Floor Plans

3D renditions of 2D floor plans have been developed to provide Incident Commanders

with the real-life representation of their personnel's position in a building for guiding and

directing. The 3D mapping can be performed to give a 3D look to rooms and corridors

Figures 38 and 39 show a Base station screen image of a part of the path that was shown

previously in Figure 17. It is plotted on a floor plan of the building's third floor by the map-

matching Virtual Reality software. Figure 39 shows a 3 dimensional view of a portion of the

map'

30 3-D Building Views
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3D views of complete buitdings have been generaled by taking floorplans of each floo¡

stacked up, one above the other connect€d by thin columns representing the overall picture of the

building in consideration. Clicking on a particular floor results in the complete focus moving

onto that floor represented by a detailed floor plan in 2D or 3D. While viewing the points, the

5 user may at any time switch to a 3D feprEsentâtion, where the marker indicating the user is seen

from a perspective view as they pass through corridors. This tool allows the incident commander

to assess the situation of the user and guide them in a search or exit situation.
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INU-GPS OUIDOOR FUSION AIÆORIITIM

The system also t¡acks personnel outdoors. To achieve outdoot tracking, itis useful to

utilize GPS. Howeveç GPS is often not accurate. Often, satellites ar€ not available which causes

effoneous location values to be provided by GPS units operating without assistance. In addition

5 to indoors, satellites a¡e often not available in urban canyons, and very close to buildings, causing

GPS errors. To compensate for GPS enors during outdoot location, we have developed a

location method bæed on the fusion of GPS and INU data.

GPS - INU Fusion Units, Conventions and h¡itialization

The outdoor path of personnel can be plotted, for example, on outdoor maps such as GIS

maps and Satellite Imagery such æ Google Earth and Uve lncals maps.

The position estimatcs for the trajectory for the INU and GPS (or other position sensor)

must put in to similar reference frame (initial reference coordinates and scale factoÐ so that

position data can be fused. In this embodiment, the calculated trajectory of the personnel is

measured ín meter offsets from a GPS Reference Point. This point does not need to be the

sta¡ting point of a personnel's trajectory but is an arbitrary point in the tracking area to serve:¡s a

common refercnce point for all personnel paths calculated. Using a meter convention also helps

correlate the INU rectangular coordinate hacking data to the GPS degree convention.

The system can use the GPS coordinate of a vehicle for example, equipped with GPS as

the GPS Reference Point. If this is unavailable, the $ystem can use the first reported GPS

coordinate from any mobile unit as the GPS Referencc Point, Once the GPS Refe¡ence Point is

set its own meter bæed offsets are 0 meters South and, 0 meters East. Each tracking location is

then calculated using a map convention, æ offsets south and east in meters from the GPS

Reference Point. A Latitude Scale and I¡ngitudc Scale for the area are then calculated using the

latitude and longitude of the GPS Reference Point from the following equations. These scales are

used to measur€ meter distances of incoming points from the reference.

l0

l5

20

25

LatitudeSc¡le = 5ó0 * Cos(Referencel¡titude'r' PI / 90 + PI) + 11113{l)

LongitudeScale = LatÍtudeScale I Cos(Referencelatitude I (PI / 180))
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Storing and Converting GPS and INUPoints to Common Units

A GPS point (GPSPoint) latitude and longitude degrees received from personnel

communication modules is fint converted to meter offsets from the GPS Reference Point using

5 the following equations

detû¡-tat = Referencelatitude' GPSPointlatitude;

delta-lon = Referencelongitude' GPSPointlongltude;

GPSPointMetersS = delta-lat * LatitudeScale;

GPSPolntMeûensE = -l + detta-lon t LongitudeScale;

10

An INU Tracking Point is an Offset in X and Y from the start point, say INU-X-raw,

INU-Y-raw

Figure 40 Shows the INU Coordinate System, Figure 41 shows the Display lvfap

15 Coordinate System,

To convert the tracking points to a mapping convention a 2D rotation C90) can be applied

to INU-X-raw and INU-Y-râw to give the INU-X and INU-Y.

IINU-XINU-YI= t0ll x [NU-X-raw]

t-l 0I [NU-Y-raw]

25

INU-X = IMI-Y-raw and INU-Y = - INU-X-raw

INU position can be determined by counting steps and a stcp length (or distance) can be

determined for this purpose. For example, double integration of the accelerations along the

direction of travel can be used to determine step length and distance traveled. Altematively,

linear or nonlinear filtering techniques that can reduce the accumulation of error caused by, for

example, noisy measurcments or other measurement elrors, including but not limited to Kalman

ffi

20
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fllæring can be used to determine step length and distance havelcd, In addition, a scale factor

determined heuristically that varies as a function of individual height can be used to determine

step length and distance t¡aveled.

After converting the INU points into a mapping convention, they can be converted to

5 meter based units for direct comparison to the GPS meter offsets. INU-X and INU-Y are in

terms of INU units which can be converted to meters by multiplying by scale factor, such as an

INWnit2MeterScaleFactor. This Scale Factor can be deærmined for a person of average height

(5' 9") experimentally and is found to be 0.066. For variations in height an additional

HeightScaleFactor can be included to account for the fact that taller people take larger steps and

l0 shorter people take smaller steps. The ratio of the height of a given pen¡on to the average height

used to deærmine the lNUUnit2MeterScaleFactor can be used to determine the Scale Factor for

each given peñ¡on.

Therefore,

INU-X-meters = INU_X * INUUnit2MeterScaleFactor * IleightScaleFactor

15 lNU-Y-meters = INU-Y * INUUnit2MeterScaleFactor * HeightScaleFactor

GPS -INU Fusion Algorithm

The Base Station can be equipped with an Outdoors INU-GPS fusion algorithm to

determine the best possible location for personnel outdoors. The INU-GPS information can be

20 transmitted from the INU-CSM units to the base station in the node rcport.This information can

contain only GPS data, only INU data or both GPS and INU, depending on the data available.

¡ If GPS points arc coming in without INU Data the best estimate of a pcrson's (animal's

or assets') position can be obtaincd by track smoothing and best-fit lines through the GPS

poins using the number of satellites, satellite locations, and dilution of precision

25 indicators to assign reliabilities to the GPS

. H an INU point comes in, the cunent magnitude can be converted to meters using persons

height for scaling. The direction to apply the new point from the previous INU-GPS

fusion point can be either

o the compass angle, if the compa¡¡s angle is above a reliability threshold and the
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p€n¡onnel is not turning. The compæs angle is corrected for the Magnetic

Declination of the area to align with GPS directions, or

o the g¡'ro angle subject to all rotations of the previous point if personnel is tuming

or compa!¡s in not reliable

o The stcp magnitude (INU_X_meters, INU_Y-meters) and direction can be used to

determine the new location from the previous point.

¡ If GPS is available with ttre current INU information, the algorithms looks back to the last

time OPS and INU came in together, compares the meter increments from both estimates

computed individually to determine a GPS fe¿dback factor.

¡ Agrecmcnt of these increments within a threshold validates the GPS data to be accurate

and the new position calculated based on the INU data is pullcd towa¡ds the GPS data by

the GPS fe¿dback factor,

o When personnel moves outdoorc to indoon, the last INU-GPS fusion position is used to

find the closest available exit on the floor plan to initialize map-matching, and the best

rotation angle between the cunent direction and gyro angle is estimated to give map

matching an initial direction since map matching follows the gyro angle with an initial

rotation due to inaccun¡te compar¡s data indoors.

r When personnel continues indoors Map Matching algorithms are performed, and when

personnel exits the building, moves outdoors to indoors, the closest Exit to the last known

maP'matching point is used as the restart of the outdoor algorithm and the last known

heading from MapMatching is used to give the outdooñ algorithm its currcnt heading.

Afier leaving the building, the compæs reliability improves once away from the building

and takes over the heading, and GPS reliability improves once both North and South

satellites a¡e visible unobstructed by the building.

The ftrst step of the algorithm can be initializing the start point. kr the presence of a high

precision GPS unit on a tuck or vehicle that d¡ives the personnel (or animals or assets) to the

scene, this high precision GPS information can be used as the start point. If none is available, the

first GPS point reported by the CSM can be used. Since some r€ports contain GPS, some INU
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and some both, it is desi¡able to sync the GPS and INU using a report which contains both. For

each person (animal or asset), if GPS data is being reported without any INU data the GPS'INU

Fusion Algorithm can switch to a GPS only algorithm, if INU data is coming in and no GPS has

been received, a GPS-INU sync can be awaited or tracking points can be calculated using

5 extemal GpS data source (e.g., from the vehicle). Once the first GPS and INU tracking point pair

are available in the same report, the first Fusion Point can be determined by making the meter

offsets of the Fusion Point the same as that of thg cunent GPS Point. AIso, the INU tracking

points can be rotated from their actual direction, so each Fusion Point can record a

HeadingDifferenceMapRaw which holds the angle difference between the map direction of the

l0 person (animal or asset) and the INU dire¡tion.

Once GpS and INU points are synced up, the first Fusion Point can be determined. The

algorithm can build the new Fusion Point using the new GPS and INU points bæed on the

previous Fusion Point. There can be a Fusion Point associated with each INU Point rcceived by

15 the Base Station, The magnitude of thc segment joining the current INU Point to the prcvious

INU point can be obtained using the distance formulae on the meter-based INU Points and the

raw heading or direction can be obtained by finding the slope of the segment. In case of frequent

reporting, the raw heading is expected to be close to the gyro-angle associated with the INU

report since the points are based on the gyro-angle. If they are significantly different (e'g. l07o),

20 it signifies either Ionger periods in between two repofed points or fast turns' In either case the

path taken by the person (animal or asset) cannot be assumed to be a straight line betwe¿n the

two points. These gyro and compass values can be used to determine the change in direction

predicted by the INU since the last calculated Fusion Point. We can use the compass angle if the

compass data is reliable (if the compass reliability factor is less than the

25 COMPASS-RELIABLEJHRESHOLD), andif the personnel are not performing many tums

(The amount of turning can be determined by the gyro by noting if the difference between

gyro_angle and raw heading since last point is not larger than a threshold dete¡mined by the g¡o

(GvRO_RAW_AIIGLE_DIFFJHRESHOLD angle)). This threshold can be the reliability above

which the compass-angle is not as accurate as desired for tracking. If the above conditions do not

?0
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hold, the direction can be assumed to be the gyro-angle with all thc rotations of the previous

point applied to it. The rotation of the previous point from the gyro-angle can be determined the

HeadingDifferenceMapRaw associated with the previous point. Once the map direction of the

cunent point is determined the HeadingDifferenceMapRaw for the current point cæ be

5 calculated as the angle differencc bctwecn the map di¡ection and the gyro-angle. The magnitude

can then be applied in the map direction by the equations:

FusionMetersE = FusionMetersE_prev + FusionMagnitude*cos(FusionHeading)

FusionMetersN = FusionMetersN-prev + FusionMagnitude*sin(FusionHeading)

l0 Use of GPS conection on Fusion Point if GPS is available and accurate

The above step can rpsult in the meter offsets of the Fusion Point from the preivous

Fusion Point using the INU prediction. The next step can be to validate the Fusion Point if the

GPS point is available to adjust the location estimate, If no GPS information is available, the

next tacking information is awaitedby the system.

l5

The validity of a GPS location can be performed by several methods, for example:

l) Using GPS parameters such as Dilution of Precision (HDOP), Number of Satellites used,

location ofsatellites used, and signal strength ofsatellites used.

2) By comaparing the inc¡pmental changes in GPS with incremental changes over the same

20 time period in the INU since the INU is more accurate in the shof term.

3) Doing both of the above over a memory of GPS points, such as the last five GPS points

or all points in the last 5 secs, for example.

GPS tests performed going in and out of buildings, standing outdoors very close to

buildings, and near windows inside buildings can be used to malyze the GPS qualifiers. The

25 HDOP can be reported as a number and is expected to be above a threshold when the GPS data

was incorrectly reported, though certain bad GPS points were noted for good HDOP readings.

Also, it is expected that almost all the GPS points for high HDOP readings are found to be

inaccurate, and aHDOP above a threshold can be used to disqualify a GPS point. In addition, the

HDOP was found to rapidly increase and then become invalid when personnel went fmm
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outdoorr to indoors. Thc numbcr of satellites observed for accurate GPS points was 4 or above

and prefenably 5 or 6. Also when the GPS was very close to, or on one side of a building, the

satel¡ites in half of the sþ are blocked by the building yielding a bias to that side and poor

triangulation, resulting in incorrect GPS points displaced towards the satellite bias' Thercfore'

5 poor azimuthal distribution of satelites around a GPS receiver, for example, seeing only satelites

south of a reciever can yeild disqualiflred or invalid GPS poinu'

GPS Sensor ParaÍieters QualifÏers and GPS memory

Using a combination of the above studied meEics, the GPS can be deemed inaccurate' If

10 the HDOP is above a certain greshold, depending on the module and the number of available

satellites is below a threshold (for example 4), and if the saællites visible ars not well distributed

(for example, all North or South satellites), thc GPS can be deemed inaccurate. By keeping the

thresholds slightly less strict, accurate GPS corrections can be enforced by adding a GPS

memory. Generally, good GPS points come in successively when the person (animal or a¡¡set) is

15 in an open area tho the satellites are not obstructed and inaccurate GPS points are usually

received after highly inaccurate GPS sensor parüneteÉ are noted, and continucs to be so for

some timc. This appears to be the case because even after the parameters improve, for example'

after leaving a building, the first few GPS points are almost always inaccurate inespective of the

. 
values of HDOp etc. Thereforg, the GPS correction can be made dependant on the last threshold

ZO numbor of GpS points being qualified as accurate GPS points, resulting in a waiting period to

follow GPS after the GPS is deemed to be inaccurate'

GPS comparison withINU

After testing the sensor gualifiers, the incremental distance predicted by the new GPS

25 point from the last Gps point, can be rested against the INU increments predicted between the

same two points. Since both incremental distances can be converted to meters, they can be tested

to see if the change in increment in onc direction (e.g., South) is within a threshold, and the

change in the increment an orthogonal direction (e.g., EasÐ is within the saÍie threshold. Since

the INU is relatively accurate for short distances, GPS increments (readings) of within 75To of
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the prior reading can be required in order to feed back the GPS point into the INU-GPS Fusion

algorithm. If not, the GPS point can be ignored and next point of the trajectory can be taken

from the INU only. Due to GPS fluctuations, using a best fit line through the GPS points for

track smoothing can help in increæing the number of GPS points used to correct the path.

5 Feedback GPS when qualified as accurate

\Vhen the GPS point is found to be both accurate in sensor parameters, and in comparison

to the INU, there are several standard feedback conEol techniques that can be used control the

speed of convergence of the Fusion Po¡nt toward the GPS point. These jnclude but are not

limit€d to PID (proportional, integral, derivative) control or adaptive control. In this embodiment

10 we choose to use an adaptive proportional control. A p€rcentage of the differcnce of the Fusion

Point calculated solely using the INU inc¡ements from the smoothening GPS point can be fed

back to the Fusion Point. This feedback function pulls the Fusion Point towards GPS points that

are decmed accurate, and helps conect the track when the INU hæ caused the tracking to drift

away in the absence of GPS. The feedback paramter can be a constant such as 0.2 times the

15 distance, orcan be made adaptive on the basis ofhow long the GPS has been accurate by

increasing feædback when GPS is found to be accurate over a long period of time to achieve fast

corrections.

FusionPoinMctcrsE = FusionPointMetorsE + (GPSPoinMetcrsE - FusionPoinMetersE) r

GPS-FEEDBACK-K;

20

FusioñPoinMerc¡sS = Fusio¡¡PoinMetersS + (GPSPoinMeærsS - Fusio¡iPointMetersS) +

GPS-FEEDBACK-K¡

Where GPS-FEEDBACK-K is the percent of enor from GPS to be fed back for

25 correction

Other embodiments are within the scope and spirit of the invention. For example, due to

the nature of software, functions described above can be implemented using software, hardware,

firmware, hardwiring, or combinations of any of these. Features implementing functions may

30 also be physically located at various positions, including being distributed such that portions of
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functions are implemented at different physical locations.

Further, while the description above refers to the invention, the description may include

more than one invention.
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publlc void nuno
{

while ( t_Abo¡t)
(

pauseEvent. Waitone ( ) ;
Thread. Sleep (_ûtaitÎine) t
byUeIt toParse = daÈaLoader.GetRawDaEaO t
if (toParse != nuII)
(

Fireupdateprogress ( ) ;
IJisE<DaÈaMessage> readMessages = new

I¡isE<DaÈa.t'fessage> ( ) ;
if (Parse(EoParse, readMessages) )
{

foreach (DaÈalilessage toprocess in readMessages)
(

StoreData¡4essage ( t'oprocess ) ;
FireNodeUpdaÈe ( toprocess ) t

l
)

]
)
)

public void StoreData!.tessage (DataMessage Èostore )
(
lasECo¡nmunicatÍon = DaÈeTirne.Now;

Boolean GPSfncludedlnMessage = false;
Boolean lNulncludedlnMessage = false,.

/ /Process, UpdaE,e And SÈ,ore DaEa.Ìrfessage
lock (daE,altessages)
t

tostsore. PointNu¡nber = dat.aMessages.CounE;
Eostore.ControlNode = Ehis ;
toStore.plotPoint = new plotpoinE(0, 0, Èhis, tosr.ore);
daÈat-fessages.ådd ( toSÈore ) ;
PolntfndicesToShow[1] = dala¡,lessages,Countt
)

/ lupdaEe Voltage, TemÞ, hside/Outside And Alar¡n Information
CurrentLocation = toseore,INSIDE_OUTSIDE ? Èostore.hsidevalue

Ins ideout s ides taÞus . llnknor¡¡n ;

CurrenÈVolt.age = Èostore.VOLT ? È,ostore.VoItVaIue : -1;
CurrenETentr = ÈoStore.TEMp ? tost,ote.TernpVa]ue : -1;
A1arm = loSE,oÌe.ALÀRM ? tostore.Alarmvalue ¡ false;

/ / CteaEe, Process And Store GpS fnformation If Available
if (toshore.ePS)

(

GPSDåÈa EoAdd = ner,r GpSDaEa(ÈoSEore) ;
al IGPSDÀ,TÀPOTNTS . Add ( toAdd I ;
Íf lvalidaeecPsDaBa(EoÀdd) )
(

GPSIOCKED = truei
tosÈore,GPS_VALID = tfi¡êi
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FormatcPsData ( ÈoÀdd ) ;
EoAdd.LoadGPSPoint ( ) ¡

ÈoÀdd, PoínËNu¡rber = GPSDataPoints.CounÈ,
GPSlncludedlnMessage = Èlll€i
lock fGPsDataPoints)
t

GPSDaÈaPoints . Àdd ( toAdd) ;
]

)
)

/ / CreaEe, Process Ar¡d SÈore INU fnformation rf Avallable
if (!Èostore.INU)
MissedfNuPoint,s++;
else (costore.INU)
(

MissedfNUPoinEs = 0;
INIJData toAdd = new fNUDaEa(ÈoSÈote) t

BuildMeÈerBasedPoinls ( ÈoÀddl ;
Fornat INUDaÈa ( t,oÀdd) ;
BuildFusior¡ÀnElePoinËs ( coÀddl,
È,oÀdd. IJoadMeEerBasedPoints ( ) ;
al I INTJDATÀPOIMS . Add (NEW INT,DATA ( E OAdd ) ) ;

if (ValidateINUDaÈa (toAdd) )

{
CurrenEPosiEion = toÀdd. Posilion;
SEandStill = toAdd'SEilIFlag;
toÀdd, PoinÈNr¡¡nber = INuDaEaPoints . Count,'
toÀdd, FloorNr¡¡nber = this. CurrentFloor;
toÀdd.GPs\|alid = GPSlncludedhMessaget
if (EoAdd,GPwaIid)
{

toAdd. RelaE,edGPSDa ua = CurrentcPsPosi Èion ;
)
lock (INUDataPoints)
(

INuDaÈapoincs , Add ( r,oAdd) ,
)
INUIncludedlnMessage = t'rue i

)
)

// CreaÌLe, Process And SÈore FUSION fnformation If AvaÍIable
ProccessGPSfNUFusionAlgorithm ( ) ;

/ / creaEe, Process And SEore MAP MATCHING hfornation If Available
if (CurrenÈLocalion == fnside && mapMatcher.MaptltatcherReady)
(
ProccessGPSINUFuSionÀlgori thn ( ) ;

)

nodernf ormat, ionControl . UpdaEelnf ormation ( ) ;

)
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Claims: 

 

1. A computer-implemented method of reducing errors in inertial tracking data, the 

method being implemented by a computer that includes a physical processor, the method 

comprising: 

  obtaining, as input, tracking data for a trackee at a location, wherein the tracking data 

includes a collection of position estimates generated based on data obtained from inertial 

sensors including at least one accelerometer, at least one gyroscope, and at least one magnetic 

field sensor, and wherein each position estimate includes at least three-dimensional location 

coordinates; 

  generating a building feature from the tracking data; 

  correcting one or more of the position estimates to reduce tracking errors associated 

with the inertial sensors by correlating the one or more position estimates to the generated 

building feature or a known building feature; and 

  causing the one or more corrected position estimates to be displayed via a graphical 

user interface associated with the computer. 

 

2. The method of claim 1, wherein the trackee comprises a mobile person or mobile asset. 

 

3. The method of claim 1, wherein the building feature is inferred based on the one or 

more position estimates. 

 

4. The method of claim 1, wherein the known building feature is on an image of a floor 

plan displayed via the graphical user interface. 

 
5. The method of claim 1, further comprising: 

 determining that the trackee is moving in a corridor when a number of steps taken by 

the trackee, as determined from data obtained from the at least one accelerometer, exceeds a 

threshold value, and when a gyroscope angle obtained from the at least one gyroscope has not 

exceeded a threshold value. 
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6. The method of claim 5, wherein correcting one or more of the position estimates 

comprises: 

 correlating the one or more position estimates to the corridor. 

 

7. The method of claim 1, further comprising: 

 determining that the trackee is moving in a possible stairwell based on detection of an 

elevation change comprising incrementing or decrementing “z” position values as determined 

from data obtained from the at least one accelerometer, wherein each “z” position value 

change corresponds to a stair encountered by the trackee.    

 

8. The method of claim 7, wherein correcting one or more of the position estimates 

comprises: 

correlating the one or more position estimates to the possible stairwell. 

 

9. The method of claim 7, further comprising: 

 determining that the trackee has started moving in the possible stairwell based on a 

change in the “z” position value; and 

 determining that movement in the possible stairwell has ended when the change in the  

“z” position value is zero over a threshold period. 

 

10. The method of claim 7, further comprising: 

 ignoring a total change in “z” position over the possible stairwell if the number of 

stairs encountered is less than a threshold. 

 

11. The method of claim 7, further comprising: 

 resolving elevation change data into floor numbers of a building by dividing the 

number of stairs counted by an unexpected number of stairs between floors in the building. 

 

12. The method of claim 7, further comprising: 

 recording the winding of the possible stairwell, the winding being either clockwise, 

counter clockwise, or straight. 
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13. The method of claim 1, further comprising: 

 determining different types of movement of the trackee, utilizing a neural network as a 

pattern recognition tool, based on data obtained from one or more of the least one 

accelerometer, the at least one gyroscope, or the at least one magnetic filed sensor. 

 

14. The method of claim 13, further comprising: 

 obtaining, by neural network, input comprising training data obtained when the 

trackee has moved on a path including level ground, up stairs, and down stairs. 

 

15. The method of claim 13, further comprising: 

 classifying, by the neural network, each individual step taken by the trackee as either 

being on level ground, up a stair, or down a stair. 

 

16. The method of claim 15, further comprising: 

 classifying, by neural network, each individual step based on a shape of a signal 

obtained from the at least one accelerometer for each individual step. 

 

17. The method of claim 16, further comprising: 

 measuring the shape of the signal between two consecutive heel strikes. 

 

18. The method of claim 15, further comprising: 

 obtaining a stair count of each individual step taken by the trackee if the step is up a 

stair or down a stair. 

 

19. The method of claim 1, further comprising: 

 correcting one or more of the position estimates to reduce tracking errors associated 

with the inertial sensors by correlating the one or more position estimates to a location-related 

sensor data profile. 

 

20. A computer-readable storage medium comprising executable code for reducing errors 

in inertial tracking data, the computer executable code, when executed by one or more 

processors, causing the one or more processors to: 
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 obtain, as input, tracking data for a trackee at location, wherein the tracking data 

includes a collection of position estimates generated based on data obtained from inertial 

sensors including at least one accelerometer, at least one gyroscope, and at least one magnetic 

field sensor, and wherein each position estimate includes at least three-dimensional location 

coordinates; 

 generate a building feature from the tracking data; 

 correct one or more of the position estimates to reduce tracking errors associated with 

the inertial sensors by correlating the one or more position estimates to the generated building 

feature or a known building feature; and 

 cause the one or more corrected position estimates to be displayed via a graphical user 

interface associated with the computer. 

 

21. A computer-implemented method of reducing errors in inertial tracking data, the 

method being implemented by a computer that includes a physical processor, the method 

comprising: 

 obtaining, as input, tracking data for a trackee, wherein the tracking data includes a 

collection of position estimates generated based on data obtained from inertial sensors 

including at least one accelerometer, at least one gyroscope, and at least one magnetic field 

sensor, and wherein each position estimate includes at least three-dimensional location 

coordinates; 

 correcting one or more of the position estimates to reduce tracking errors associated 

with the inertial sensors by correlating the one or more position estimates to magnetic sensor 

data profile; and 

 causing the one or more corrected position estimates to be displayed via a graphical 

user interface associated with the computer. 

 

22. The method of claim 21, wherein the at least one magnetic field sensor measures a 

magnetic field as a function of position, and wherein the magnetic sensor data profile 

comprises a specific magnetic field distribution associated with a specific location. 

 

23. The method of claim 22, wherein the specific location is an indoor location. 

 



81 

 

24. The method of claim 22, wherein the magnetic sensor data profile is one of a plurality 

of magnetic sensor data profiles stored in a database. 

 
25. The method of claim 21, further comprising: 

 correcting one or more of the position estimates to reduce tracking errors associated 

with the inertial sensors by correlating the one or more position estimates to a building feature. 

 

26. A computer-readable storage medium comprising executable code for reducing errors 

in inertial tracking data, the computer executable code, when executed by one or more 

processors, causing the one or more processors to: 

 obtain, as input, tracking data for a trackee, wherein the tracking data includes a 

collection of position estimates generated based on data obtained from inertial sensors 

including at least one accelerometer, at least one gyroscope, and at least one magnetic field 

sensor, and wherein each position estimate includes at least three-dimensional location 

coordinates; 

 correct one or more of the position estimates to reduce tracking errors associated with 

the inertial sensors by correlating the one or more position estimates to a magnetic sensor data 

profile; and 

 cause the one or more corrected position estimates to be displayed via a graphical user 

interface associated with the computer. 

 

 

 

 

 
 
 
 
 
 
 

 

 


