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CROSS-REFERENCE TO RELATED APPLICATIONS

[001] This Application claims priority to U.S. Provisional Patent Application Serial No.
60/954,112, filed August 6, 2007, and U.S. Provisional Patent Application Serial No.
61/049,020, filed April 30, 2008, each of which is hereby incorporated herein by reference in its

entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

[002] This invention was made with U.S. Government support under: (1) Contract No. IIP-
0750498, awarded by the National Science Foundation; (2) Contract No. SBIR-HM1582-08-C-
0007, awarded by the National Geospatial-Intelligence Agency; (3) Contract No. H98230-06-C-
0450, awarded by the NSA; and (4) Contract No. N41756-04-C-4193, awarded by the
Department of Homeland Security Technical Support Working Group. The U.S. Government has

certain rights in this invention.

FIELD OF THE INVENTION

[003] The invention relates generally to a system and method for locating, tracking, and/or

monitoring the status of personnel and/or assets, both indoors and outdoors.

BACKGROUND OF THE INVENTION

[004] Systems that locate, track, and monitor the status of personnel and/or assets generally
utilize or incorporate known technology including, for example, Global Positioning System
(GPS) technology, inertial and non-inertial sensor devices, and signal analysis methods. A

variety of factors, however, can negatively impact the accuracy of such systems.



BACKGROUND OF THE INVENTION [4] Systems that locate, track, and monitor the status of
personnel and/or assets generally utilize or incorporate known technology including, for example,
Global Positioning System (GPS) technology, inertial and non-inertial sensor devices, and signal
analysis methods. A variety of factors, however, can negatively impact the accuracy of such systems.
[005] For example, although GPS has proved to be a useful navigation and tracking tool for outdoor
tracking applications, a number of limitations exist when applying GPS to indoor navigation and
tracking. GPS relies primarily on a line of sight signal acquisition. In indoor environments and in close
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building locations, o nnot be depen on at each point in time over a data co on time
interval. {009ThisE ahd etiveprabansbecky exishevitrnowmnradriagbeysiempomplexity of human

locomotion can further add to inertial errors while tracking personnel.

[007] Signal analysis methods that use signals of the same (or different) frequencies from
different reference points to compute the location of personnel and/or assets may be unfeasible
due to the need to install a number of reference devices at a particular tracking location (or
scene), and may further have large instantaneous errors, and outliers, due to the multi-path
effects of signals traveling through various building materials.

[008] As yet another example, while the use of magnetic field sensors and compasses may
provide an accurate detection of a heading angle in the absence of magnetic interference, data
acquired from these devices may often be inaccurate in buildings due to interference from the
building structure, electric lines, and other local magnetic sources. As such, valid compass
angles, though available at some building locations, often cannot be depended on at each point in
time over a data collection time interval.

[009] These and other drawbacks exist with known tracking systems.
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SUMMARY OF THE INVENTION [10] The invention addressing these and other drawbacks relates to
a system and method for locating, tracking, and/or monitoring the status of personnel and/or assets,
both indoors and outdoors. "Personnel," as used herein, may refer broadly (and without limitation) to
living entities (e.g., people, animals, etc.), while "assets" may refer broadly (and without limitation) to
objects including, for example, those being moved or controlled by personnel as well as autonomous
objects such as robots. A person (or other example of personnel) and an asset may also each be
referred to herein more broadly as a "trackee" or a "target,” or using another similar descriptor. [11]
The invention may be adapted to locate, track, and/or monitor the status of personnel and/or assets in
various fidwanandeuigoNVesations or environments, in any number of various scenarios or

applicati without limitation, For ex le, the features and functionality of the inyention
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trackee as needed. [14] In one implementation, the CSM may aggregate data from the variouS sensors
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(e.g., an incident commander at an emergency scene). Reports may be transmitted in a predetermined
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personnel and/or assets in particular locations or environments (e.g., firefighters or first
responders fighting a building fire from locations both inside and outside of a building) are
exemplary in nature only, and should not be viewed as limiting.

[012] In one implementation of the invention, one or more persons (or other personnel) and/or
assets to be monitored at a particular location or environment may be outfitted with a tracking
system. The tracking system may comprise, for example, an Inertial Navigation Unit (INU), a
Communications Sensor Module (CSM), and/or other sensors or devices that may acquire
physiological data from a user, environmental data from the location or environment, or other

information.



[15] The computer may comprise a general purpose computer programmed with a mapping software
application (and/or other software) that enables the various features and functions of the invention, as
described in greater detail herein. The computer may comprise a portable (e.g., laptop) computer
which may, for example, serve as a "base station" or "command center" providing for the monitoring
and management of personnel and assets (and information associated therewith) at a particular
location or environment. The computer may also comprise a cell phone, smart phone, PDA, pocket
PC, or other device, and may be included within the WPAN described above. The computer may also
be incorfdrdted Hid OHe PnTOPRPEFEE BBRIbERERES (ARSI LY fraHiing's) Sbdn Ine¢sL
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“tracking estimates.” A “track” or “path” or “trajectory” may comprise a collection of position

estimates. Identification and status information of personnel and/or assets as determined by one

or more sensors of a tracking system may also be displayed.
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[22] When the tracking data comprises tracking estimates, and/or tracking information from multiple
sources or techniques (e.g., inertial tracking estimates and compass data, or inertial tracking estimates
and signal-based tracking estimates), the mapping application may fuse the data into a single tracking
estimate which can be more accurate than the individual estimates. This process is referred to herein
as sensor fusion. Sensor fusion methods may also account for logical limitations imposed by the
structure of a building. [23] Map matching methods may include methods that correlate the tracking
data to known features in the building. For exam%Ig, building data and tracking data may be received

[
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According to an aspect of the invention, when tracking personnel and/or assets outdoors, it may be
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outlines.f1027 In one ir‘?gle@entation, an inertial-GPS fusion algorithm (referred to herein as the "IGX

AlgorithmQ lrlﬁgyl/nfaesvee ?ep%l?é%tllﬁg?tial and GPS data for a tracking path into a single path estimate.
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hereto. ',EESﬂ‘é«%@db\%iﬂi‘9%&‘%%&5_’@2@%%@&9&49& gs0eRahdeschrtion aaditigdoliquing detailed
description are exemplary and not restrictive of the scope of the invention. BRIEF DESCRIPTION OF
THE DRAWERG gnd are being monitored. Alternatively, the tracking data may comprise previously-

acquired data that may be provided to the mapping application for post-processing. Tracking
data provided as input to the mapping application may be used to generate a position (or
location) estimate for one or more trackees. This position estimate may be improved via
techniques customized for different types of tracking data. Additional information may also be
provided to the mapping application to increase the accuracy of the position estimate.

[020] According to an aspect of the invention, the mapping application may generate more
accurate position estimates for trackees using a suite of mapping tools to make corrections to the
tracking data. Additionally, the mapping application may further use information from building
data, when available, to enhance the position estimates. As disclosed in detail herein, various
mapping methods employed by the mapping application may be broadly differentiated as indoor

tracking methods or outdoor tracking methods. Some methods, however, may be used for both
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[29] FIG. 1 depicts an exemplary system architecture, according to an aspect of the invention. [30]
FIG. 2 is an exemplary illustration of firefighter outfitted with components of a tracking system,
according to an aspect of the invention. [31] FIG. 3 is an exemplary illustration of a display of an
overhead aerial image of a building, according to an aspect of the invention. [32] FIG. 4 is an
exemplary illustration of a display of an overhead aerial image of a building, viewed from the North,
according to an aspect of the invention. [33] FIG. 5 is an exemplary illustration of a display wherein a
building outline has been registered on an aerial image of the building, according to an aspect of the
inventior "4 B SIORH plary screenshot illustrating a preplan of a building floor plan after the
process piaryarkineptdirdmatksdipscocCtheady actardingto anchspeskoioeniayantiailiz{dsh G 7 is an
exempla{ly slg:%eeéwés{g%toillustratin a {reapcllgn of buildin% fallomor lan after thel%rloce S o{ arkin

landmarks hastoctirre ,8%%8rr |nogf 0 an %esspaélc orthe invén |8r?‘.ccfér ethéC. i%easnntral?(eem%rlg%?

illustratiomodfe.redtanguplas refjiodan theckogyr plathodarkey asdoue pointsr(Pdsi62, 1R3h¢4), mepording

to an aspect of the IVeNIOY map building methods.
[022] When the tracking data comprises tracking estimates, and/or tracking information from
multiple sources or techniques (e.g., inertial tracking estimates and compass data, or inertial
tracking estimates and signal-based tracking estimates), the mapping application may fuse the
data into a single tracking estimate which can be more accurate than the individual estimates.
This process is referred to herein as sensor fusion. Sensor fusion methods may also account for
logical limitations imposed by the structure of a building.
[023] Map matching methods may include methods that correlate the tracking data to known
features in the building. For example, building data and tracking data may be received as inputs,
and building features and characteristics may be utilized to improve the accuracy of the provided
tracking data. In particular, the trajectory of personnel and/or assets in a building may be limited
and characterized by features in the building such as hallways, stairwells, elevators, efc. While
tracking personnel and/or assets in buildings, the tracking data input may be matched to known
features in the building to increase the position accuracy and reduce and/or remove the errors
inherent in the methods used to obtain the tracking data.
[024] In the absence of building data, map building methods may be implemented to generate
features and/or landmarks of a building using sections of tracking data, and then use these
features to match and correct other sections of tracking data. Map building may include
generation and matching functionalities as well as the functionality of sensor fusion methods.
[025] In the presence of poor quality floor plans or partial floor plans of a building, the
mapping application may simultaneously implement map matching and map building methods,
thus matching tracking data to existing features, and generating features that are not known.
[026] According to an aspect of the invention, when tracking personnel and/or assets outdoors,
it may be useful to utilize GPS data along with inertial tracking data. As such, in one
implementation, the mapping application may enhance outdoor tracking data by combining

tracking estimates such as inertial tracks with magnetic and/or compass data if and when
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1037 FIG. 9 is an exemplary illustration of steps to inflate a rectangle region, according to an aspect of
the invention. [38] FIGS. 10A-10B are exemplary illustrations of z-acceleration elevator signatures,
according to an aspect of the invention. [39] FIG. 10C depicts a graph displaying the result of a
computation of distance traveled in an elevator, according to an aspect of the invention. [40] FIGS.
11A-11B are exemplary depictions of acquired RSSI patterns (or signatures), according to an aspect
of the invention. [41] FIG. 12 is an exemplary flowchart broadly differentiating various mapping
methods as jndoor tracking methods or outdogr tracking methods, accarding to an aspect of the
inventiort 437 PIET 1S S SxEr A TR AR o BOCLLEIY SRrire o2 SEREP oL nethod,
accordingdekary aspacteaf thel diveotiomed43] HiftaBK isiag exemplannilustation af abiiddingdloor plan
includingPIandrptaarllé]sTS d indoolr tra'ecﬁ%riﬁs according to an aspect of the invention. [44] FIG. 15 is an
rei

exempla )r/e Swehart ident \fﬁrgaﬁgln-%ml mbﬂé%mrﬁ%‘s of different modes in which map matching and
map builfiag metlodsmpégnizatased, accondirgiBSafugspedtoite (mfentidro herein as the “IGX
Algorithm”) may fuse separate inertial and GPS data for a tracking path into a single path
estimate. Since accurate GPS data is, for the most part, generally only available outdoors, the
IGX Algorithm primarily functions as an outdoor algorithm, although it can continue tracking
outdoors or indoors in the absence of GPS.
[028] Various other objects, features, and advantages of the invention will be apparent through
the detailed description of the preferred embodiments and the drawings attached hereto. It is also
to be understood that both the foregoing general description and the following detailed

description are exemplary and not restrictive of the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[029] FIG. 1 depicts an exemplary system architecture, according to an aspect of the invention.
[030] FIG. 2 is an exemplary illustration of firefighter outfitted with components of a tracking
system, according to an aspect of the invention.

[031] FIG. 3 is an exemplary illustration of a display of an overhead aerial image of a building,
according to an aspect of the invention.

[032] FIG. 4 is an exemplary illustration of a display of an overhead aerial image of a building,
viewed from the North, according to an aspect of the invention.

[033] FIG. 5 is an exemplary illustration of a display wherein a building outline has been
registered on an aerial image of the building, according to an aspect of the invention.

[034] FIG. 6 is an exemplary screenshot illustrating a preplan of a building floor plan after the
process of marking landmarks has occurred, according to an aspect of the invention.

[035] FIG. 7 is an exemplary screenshot illustrating a preplan of a building floor plan after the
process of marking landmarks has occurred, according to an aspect of the invention.

[036] FIG. 8 is an exemplary illustration of a rectangular region on the floor plan marked as

four points (P1, P2, P3, P4), according to an aspect of the invention.



[45] FIG. 16 depicts an illustrative example of building partitioning, according to an aspect of the
invention. [46] FIG. 17 depicts an illustrative example of results of sequential polygonal path
segmentation, according to an aspect of the invention. 1047 FIG. 18 is an exemplary depiction of error
bounds for a segment relative to a reference segment, according to an aspect of the invention. [48]
FIG. 19A is an illustrative example of two separate shapes extracted from the segmentation of the
tracking path of two different trackees, according to an aspect of the invention. [49] FIG. 19B is an

illustrative example of a shape fitting method, according to an aspect of the invention. [50] FIG. 20A is
an exe o'ue‘[:ﬁct?o]ﬁ B SRR ATHE RSy RARIFES 1o tHAS hEfFATY i & Buitfiry (9ecbidihg to an

aspect ofidheinventionentdbl] FIG. 20B is an illustrative example of results from one of a sequence of

Magnetig g Pt X PERTER!S;, 2GRN0 A ARRESHOT e MVENEOMon elevator signatures,
according to an aspect of the invention.
[039] FIG. 10C depicts a graph displaying the result of a computation of distance traveled in an
elevator, according to an aspect of the invention.
[040] FIGS. 11A-11B are exemplary depictions of acquired RSSI patterns (or signatures),
according to an aspect of the invention.
[041] FIG. 12 is an exemplary flowchart broadly differentiating various mapping methods as
indoor tracking methods or outdoor tracking methods, according to an aspect of the invention.
[042] FIG. 13 is an exemplary flowchart of processing operations of a sensor fusion method,
according to an aspect of the invention.
[043] FIG. 14 is an exemplary illustration of a building floor plan including landmarks and
indoor trajectories, according to an aspect of the invention.
[044] FIG. 15 is an exemplary flowchart identifying non-limiting examples of different modes
in which map matching and map building methods may be used, according to an aspect of the
invention.
[045] FIG. 16 depicts an illustrative example of building partitioning, according to an aspect of
the invention.
[046] FIG. 17 depicts an illustrative example of results of sequential polygonal path
segmentation, according to an aspect of the invention.
[047] FIG. 18 is an exemplary depiction of error bounds for a segment relative to a reference
segment, according to an aspect of the invention.
[048] FIG. 19A is an illustrative example of two separate shapes extracted from the
segmentation of the tracking path of two different trackees, according to an aspect of the
invention.
[049] FIG. 19B is an illustrative example of a shape fitting method, according to an aspect of
the invention.
[050] FIG. 20A is an exemplary depiction of unique magnetic signatures for three hallways in a

building, according to an aspect of the invention.
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[52] FIG. 21 is an exemplary illustration of a magnetic signature comparison, according to an aspect of
the invention. [53] FIG. 22 is an exemplary illustration of a flowchart of processing operations for a
map building method augmented with shape geometry and parallel solution computation, according to
an aspect of the invention. [54] FIG. 23 is an exemplary illustration of various processing operations of
an algorithm that fuses inertial and GPS data for a tracking path into a single path estimate, according
to an aspect of the invention. [55] FIG. 24 is an illustration of an example of bad GPS input with good
inertial path input, according to an aspect of the invention. [56] FIG. 25 is an exemplary illustration of

"good" AP Hatd'ih HiPsEnfe JHHISTIHIE iREPRl hath SRS driftt YAy caeesiaing P aRHEpect of
the inveniigank@=X felin 2bsdapicisiantexamplerysenaentation of an inertial path, according to an

aspect oé [ tion.. [58] FIG. 27 is an exemplary depiction of GPS segments assaciated with each
erinl S gent Bt o G A B AP ER T MBS LSO . 55 L eibplary
depictiomgfe@RStBegmentsrmatching up with corresponding inertial segments in length and width, but

with no %.9}] iﬁlg?%eisa%: A ir%%l&?yaﬂh?&%?ﬁ)tnocfﬁt Qefigx\z/v%ﬂggndf processing operations for a map
building method augmented with shape geometry and parallel solution computation, according to
an aspect of the invention.
[054] FIG. 23 is an exemplary illustration of various processing operations of an algorithm that
fuses inertial and GPS data for a tracking path into a single path estimate, according to an aspect
of the invention.
[055] FIG. 24 is an illustration of an example of bad GPS input with good inertial path input,
according to an aspect of the invention.
[056] FIG. 25 is an exemplary illustration of “good” GPS data in the same path while inertial
path data has drifted away, according to an aspect of the invention.
[057] FIG. 26 depicts an exemplary segmentation of an inertial path, according to an aspect of
the invention.
[058] FIG. 27 is an exemplary depiction of GPS segments associated with each inertial segment
from FIG. 26, according to an aspect of the invention.
[059] FIG. 28 1s an exemplary depiction of GPS segments matching up with corresponding
inertial segments in length and width, but with no match in shape, according to an aspect of the
invention.
[060] FIG. 29 is an exemplary illustration of a fused path, according to an aspect of the
invention.
[061] FIG. 30A is an exemplary illustration of a trackee’s path through an urban canyon.
[062] FIG. 30B depicts satellite strengths measured for various segments of the trackee’s path
through the urban canyon shown in FIG. 30A, according to an aspect of the invention.
[063] FIG. 31 is an exemplary illustration of an INU path, a GPS path, and a best-fit line

generated for a trackee’s path, according to an aspect of the invention.

DETAILED DESCRIPTION OF THE INVENTION




[60] FIG. 29 is an exemplary illustration of a fused path, according to an aspect of the invention. [61]
FIG. 30A is an exemplary illustration of a trackee's path through an urban canyon. [62] FIG. 30B
depicts satellite strengths measured for various segments of the trackee's path through the urban
canyon shown in FIG. 30A, according to an aspect of the invention. [63] FIG. 31 is an exemplary
illustration of an INU path, a GPS path, and a best-fit line generated for a trackee's path, according to
an aspect of the invention. DETAILED DESCRIPTION OF THE INVENTION [64] The invention
described herein is directed to a system and method for locating, tracking, and/or monitoring the status
of persdiiftél antor ALY B6tHTIRLLBFEHNL SUEEHSY fobi KLY B MITEPOVER/INH B BREMHary
system arehiteatoneovillditist et oviplads falbmehbysecdisaussian ek thel warthissstypes of input that
may be %yde to the mﬁg ing software %g) Ilcatlope dlsclgsed herelﬂ._ tllglsf';gme instances, the

. S a genera CrvieEw, an €xe Ga% SlX? arc 1tectt)}1r W1 € provided, wed,
mapping software application’ may be reterr Interchangeably herein as "mapping 'software" or
"mappingtechinologieh Af teerviswofthe fetitupes drad fomctienality énatlatloyntipeinma ppirgusoftware
applicatign Yv'lﬁhen ki)e1 S r}ilg foligwe%[1 Y. giscusst'ﬁ)n of various ap ir;1 techni ues a tools. A
descriptio 01% vta(ﬁlogsslcng g(()i:r ttr%a% n|'ng mestqno%sl%nél %eﬁtdoSrli‘%%g lflr% Sr%emorgs aﬁlﬁ% s%%én p¥o%|gded.
10661 |. EXENP UARMSNSTEMIARCHITES TURIng software” or “mapping technology.” An

overview of the features and functionality enabled by the mapping software application will then
be described, followed by a discussion of various mapping techniques and tools. A description
of various indoor tracking methods and outdoor tracking methods will also be provided.

[066] 1. EXEMPLARY SYSTEM ARCHITECTURE

[067] FIG. 1 depicts an exemplary system architecture 100, according to an aspect of the
invention. In one implementation, one or more tracking systems (110a, 110b, ... 110n) may be
provided for one or more persons (or other personnel) and/or assets to be monitored at a
particular location or environment. Each tracking system may comprise, for example, an Inertial
Navigation Unit (INU), a Communications Sensor Module (CSM), and/or other sensors or
devices that may acquire physiological data (e.g., heart rate, respiration rate, efc.) from a user,
environmental information (e.g., temperature, atmospheric pressure, background radiation, ezc.),
or other information.

[068] The INU may comprise a small device that may be worn by a user, and may include
inertial navigation sensors and signal processing components to determine the location, motion
and orientation of the user. The CSM may comprise a small device carried by the user and may
be in wired or wireless communication with the INU (and/or other physiological and
environmental sensors or devices) to receive sensor data. In one implementation, for instance,
the INU may communicate with the CSM using a Bluetooth, Zigbee, or other wireless
transceiver obviating the need for wires. The INU and CSM may establish a wireless personal
area network (WPAN) on each trackee, allowing for the addition of other distributed wireless
sensors on the trackee as needed. FIG. 2 is an exemplary illustration of a firefighter outfitted
with an INU and a CSM.

[069] In one implementation, the CSM may include a radio transceiver for communicating the

data wirelessly to one or more computing devices such as, for example, a computer 120 which
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1067 FIG. 1 depicts an exemplary system architecture 100, according to an aspect of the invention. In
one implementation, one or more tracking systems (110a, 110b, 110n) may be provided for one or
more persons (or other personnel) and/or assets to be monitored at a particular location or
environment. Each tracking system may comprise, for example, an Inertial Navigation Unit (INU), a
Communications Sensor Module (CSM), and/or other sensors or devices that may acquire
physiological data (e.g., heart rate, respiration rate, etc.) from a user, environmental information (e.g.,
temperature, atmospherjc pressure, background radiatign, etc.), or. other information. [68] The INU
may comPHsEREMAIF dBHES R IAY bEOWBIM By & e alhid RS hefusaHeRiAl ARV sensors
and signa@hprocessisycomponentsitadeteinaite tbaposatipn, gmationakihgrigsiatiomof tietiser. The
CSM may comprise.a small device carri the user and .be in wired or wireless unication
with the. 10N I6Y SIHEH By STIGH S o o P Ao R Belbor data
In one invplemehtatkiortfor, ithstdNTe (Rkl Nid/imayttcompimsinioatealvith the Sisasing dBlwetooath,
Zigbee, QL I’geerrvtveihellgt%satg%nig iveg obviating the need for wires. The INU and CSM may establish a
wireless persoﬁa area networ IBX\N) on each trackee, allowing for the addition of other distributed
wirelesy@étisore amighdmagkéendsniedddd. FIG. 2 is an exemplary illustration of a firefighter outfitted
with an |k} and a G, (69,0006 mIRmeiation dReGSMPaxdnalids aJrdie lanareivardfor
communicating the data wirelessly to one or more computing devices such as, for example, a
computePT1Zectipriea gnelic Jelresgsarspase st Aot thabrammised ifefetatities fariicomametation or
environmaRtofBRdhid, GSMranrdlor aihercAMRONEIHFRMRIFNT neiuanArackingpysted Haay each
be powered (individually or collectively) by one or mare batteries (or other power source(s)). In one

implemeffAtiBH, HEPNENE BN ArBIgPBItS HyRidHgiesaTEr btharyisk mearidss Bathdad mayse
integrateginke gesingie0Rviaes haQdnediakdMavigpiem ieitdl Nl grdd-Aceoringidasan aspect of the

inventio INU may use inertial sensors and magnetic or electro-magnetic field sensors to generate
it thal 220, R P RS GERUER BB A oH B Eaii o ke TRy G
accomplishgdnboiude iidiningl ecirarietyl efhaotid s seiasindyENvT) asamnislvgih Jimickaproacssardora
microcontigller Which Provides both O suppartfor.the periphieral sensors and pmputational,
capabilities tor 5|gna? pr essmg%n%ﬂons. ?95] fn o’n%'lmp dmenta ionfgmoﬁon estecstlng'
microelectronigrsensofs canrbel¢ytiizdd Whieh maydeelMENclio<eliectsieatldenheiical Systerh

(MEMS) t\%&'&&?&%‘é}ﬁ@%ﬁgﬁﬁa iﬂ?&“&'%%”‘ﬁﬁg@?%gﬁ&igiﬁéﬁrs mpﬁﬂf)g 8ﬁ¥e?'%5%%‘§}?£t%n

gyroscopes, and magne sénsors. In one configuration, for example, the INU may include a
MEMS thwer exigpleseieiesimeter, a one and two axis MEMS gyroscope, and a MEMS 3-axis magnetic

field sengos; Other copfigratiansMan 06 mplemeled: IG3HIR Q06 BICBNAKALOHE O ore

tracking algorithms may be implemented on an INU by way of a signal processg%%microcontroller. The

one or MrepraYramhERalPRLERTHIE YT REIHEHFNING BRCtRe RS BEHBISIsraranNUa i feceive
sensor dalshas P ule 3dotiRLb Heyo AN INOCRlIONCORITRAtes @iihe ReisoRRebarassel baing

tracked relative to its environment. "Location estimates," "position estimates," and "tracking estimates"
may be &S&?ﬂf&&%@é‘ﬁﬁﬁl RE (&g, personnel or asset being tracked relative to its environment.

“Location estimates,” “position estimates,” and “tracking estimates” may be used
interchangeably herein.

[074] Communications and Sensor Module (CSM)

[075] According to an aspect of the invention, the CSM may perform the task of data
aggregation from the various sensors “on-board” the trackee. The CSM may, for example,
compile sensor data into a report which may be transmitted to computer 120 in a predetermined
format either at predetermined intervals, on request, or at another time. The CSM may also

include a panic button (or control) to enable a trackee to communicate distress to computer 120,

11



[74] Communications and Sensor Module (CSM) [75] According to an aspect of the invention, the CSM
may perform the task of data aggregation from the various sensors "on-board" the trackee. The CSM
may, for example, compile sensor data into a report which may be transmitted to computer 120 in a
predetermined format either at predetermined intervals, on request, or at another time. The CSM may
also include a panic button (or control) to enable a trackee to communicate distress to computer 120,
along with one or more general purpose controls (or buttons) whose status may be communicated to
computer 120 for processing. [76] In one implementation, performing signal processing of the sensor
data at tAETRIY OhOREAES THEGREET0 BHFBaH PHLYs €8 ﬁ%@f‘)ﬁ]@‘.’%s Lt AEBN° DAL RSy small
amount of datgtnaylbe semidyethiadNU to the CSM, and by the CSM to computer 120. Reducing the
amount ta sent to.computer 120 may reduce the probability of wireless transmission eyrqrs, and
exton H12Hnga S S0 DAL b CE AR EVH Lt 130 55 ohidh Aot ouch as,
for exampiejsevéxaheniles streadditiany thisifeatutd@ldo ppovides, forlyelisie coyrmmahicationteff data
from decp,uihin the canines,of W lSIpDARYIdNGe And SRS Al G&AS hakaigdpundn urban
and university cgmpus environments. [ i IR an alternative imp ementatPon, signal process%ng of the
sensor darpwmay fotsaseftde thenpetrsor2dareisteduedvidd probembitef 126G1{T8Ir@emissitar AP {7 9]
Computey, § 20, BiaMEOMRLISS R SRAGFALRIGPASS CAMAYIEs Dragiaimes Mty 3 HARRIng SRfivare
application 130 (and/or other software) that enables the various features and functions of the
inventiorfU88 déscithedkimgieatsy dataimbeown[goiditHesethigvilsgteral #Feheamidan rocotizeithat

computef B RRYEAMIRIISE: 3B CRSS QN @NERE BIRFGINtEITaces- (e Vaioumpenheraldguices or
components), memory, one or more storage devices, and/or other components coupled via a bus. The

memory faly RoMfrise faio EreR e HBRGI YRARR.TERYGRR) FHEmory (ROM), or other memory.
The meppory may.-stare:eempUIBHExeaUabIe MSHUsTIRES I axaruied Midhepracessacaswell as
data which may be .manipulated by the processor. The storage devices may comprise floppy disks,
hard disRS"SBHET HidRES S04 COPBIHET ktbrage devices for storing computer-executable instructions
and/or datz]Orevatpaverd 2pplications, including mapping software application 130, may be loaded

into me and rim on erating system of computer 120. Mapping application, 130 may comprise
coftwar QU ot U T AT e Tobts B ey v I S
methodss(divadgorithius)iceséfibeddivdetait kefeintef tthenahsndied abowefcatappingl dpplication 130
may be f&#ﬁ%%%?&&i[&?f&%?8&%%%9%@%@&%98&5“?19&%&%& software" or "mapping technology." In some

. 1
implementations, an Application Program Interface (API) may be
[080] Those having skill in the art will recognize that computer 120 may comprise a processor,

one or more interfaces (to various peripheral devices or components), memory, one or more
storage devices, and/or other components coupled via a bus. The memory may comprise random
access memory (RAM), read only memory (ROM), or other memory. The memory may store
computer-executable instructions to be executed by the processor as well as data which may be
manipulated by the processor. The storage devices may comprise floppy disks, hard disks,
optical disks, tapes, or other storage devices for storing computer-executable instructions and/or
data. One or more applications, including mapping software application 130, may be loaded into
memory and run on an operating system of computer 120. Mapping application 130 may
comprise software module(s) which may enable the features and functionality and implement the
various methods (or algorithms) described in detail herein. Further, as noted above, mapping
application 130 may be referred to interchangeably herein as “mapping software” or “mapping

technology.” In some implementations, an Application Program Interface (API) may be
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provided to, for example, enable third-party developers to create complimentary applications, and/or to
enable content exchange. [81] In one exemplary implementation, computer 120 may comprise a
portable (e.qg., laptop) computer which may serve as a "base station" or "command center" providing
for the monitoring and management of personnel and assets (and information associated therewith) at
a particular location or environment. Computer 120 may also comprise a cell phone, smart phone,
PDA, pocket PC, or other device, and may be included within the WPAN described above. Computer
120 may also be incarporated into one or more of the components (e.g., the INU) of a tracking system.

In one inRBPRHEN AT ESATRIfer 18t Al HRABNABLHER TS A% 4Bt SRS 6 FRBIE Y 8bervisory

user, an administtaible osotheeusante.receive data from personnel and assets via the CSMs of their
respecti cking systems, and to transmit individual or hroadcast messages rsonnel (and
rasers) L ad IR, 15 RN TR A CTERS KAl 5 BN e o, Hthay be
receivedoviamuwireless metwsorkeatscotbputeralid0 usifigpanyaofl @aracidtyrof ety trktpeotoodisingluding,
for example, TDMA MA ar other self-formi . ommunicatian network protocals, .[8
v R (o ARSI e S R R S
other thitestiorovidimgitraiphidal dispraye: diZfositionléor wauking lestindtescotpersohped.diid/dor assets
('nc'udm)gaa&tt et liniiediae eRlimates BRsedan iUy ARSR SRR RS HatRNN MaRSQF other

displays) of various kinds including thosé generated based on collected trajectory data. The GUI may
further disPld)ad HTratien P RSN SfsHTaiOF oH TBEsEHRRIEIT O F- 38t [ d leriféinBy

sensors cARAACRALR thgpfepvheinohding S0ed Vi huthis tedardicd KoLkl CHMRULErL 20 {88t an

incident commander at an emergency scene) can monitor, among other things, the location and status
informatibAUBF PESBNII affti A ISR hAHADE B Dttt dith HOraeRINg 855 i8h 28880, in one
exemplapycapplicasiomaf e viestionka FiksitRespeadertaatatit ammunicatiensiMetwerkJsesreated
that links all emergency personnel and/or assets outfitted with tracking systems with one or more
Incident CoRAHALr S ALEbRINY 5 A HUPECH 6Fthd b GHHBH, ARd"Ae HeaGHBRAT Kretter detail

below, imagke peacetsingaanchaytificialcriteldigeneeviaded mappitgamaynpatusedtacay elaieothe INU

information.(and/or other sensor.data), for example f n buildin ocation. In one
s Bt il N e R Rk bl S T
overlayingtheuposition estimates orrdt.one or more images (or other displays) depicting a trackee's
current rallncati 13 t. of i r rdi S) include images
o2 b oL e e tee (e
a corporét@ﬁagmi\fersimmpnhyr o&&%th@%@&br@@@ﬂbi@mﬁtgfmrﬁ nﬁ%ﬂmk[ag] A user
may selaglif.Yisws [RFEKANIAIR & URckeRR AUARN LAPSUIAnARIMAR (HisRlave i ipRimsdssome or
all of a trackee's path (or trajectory) as it is generated in real-time (e.g., by displaying some or all of the
position 85tiHiatescBEHefadomMARSHAEKSRCH A48 tPACKIHEG datn et dufFediner s araprdaitfuring a

current tigking sessign}dvatRepRositian estinates tha havMadbeasasnerated&lwingdateratus
processi_n%) based on previouslﬁ acquired tracking data for a trackee, and/or previous paths (or

segmentS tHEPABRIoPE RHERBEbASEP bR TEviBY LY IiFddtYaskiig a e s trdekd®. (88Mn those
instanceswhéin @thinage (oF aiheregisplay)af airasckeeaisrcLroent docation deansromaieit maybe
unavailable, position estimates may be displayed on a map as jt is being created using map building
et et G A e g e A T
monitoregkribenpobsitidiore stkvatelsa(and/orttacks)tbftedchithackeeckiay besidantified byla unigue visual
indicator (e.qg..,color, shape, etg.) to.facilitate the.progcess of differentiating one trackee from,another. In
et sttt s o e gl 0 ettt Bt g s
trackee isrtatiooisiolidutddersciEonexpenpie)d traltiess snay b depicitdionkandispigymasrathloe circle
while indgors, and.a blue sgyare while outdoors. Other variations may be implemented. 1087 Map

information (including, for example, floor plans and other building data or location data) may be
obtained#¥éMm a\vasisipHfseuressiithdin iimtion, 0 ek dyenlerdtadzenge serbebeareimageone

implemepfatiQQmeOMRUIEHHAIMAY-AREERS AIRICTRSIWED SilR, A INVAN&H St6,OfRthE SHROT
application hosted by one or more servers (170a, 170b,... 170n) or other computers over a network
160 (via BiRirasiiep Péf@gé’t@éﬁﬁ?ﬂ?ﬁ’(dé@t%héqrrﬁéaféﬁéﬁtéf?ﬁ%oiﬁﬁogfﬁ%ﬁiBH%IFE%QFI#SH%%nI%ay be
obtained, for example, from Microsoft(r) Virtual Earth,TM GoogleTM Earth, Geographic Information
Systems (GIS) maps, or from other sources.



1088] Network 160 may include any one or more of, for instance, the Internet, an intranet, a PAN
(Personal Area Network), a LAN (Local Area Network), a WAN (Wide Area Network), a SAN (Storage
Area Network), a MAN (Metropolitan Area Network), or other network. [89] Map information,
personnel information (e.g., name, age, height, weight, hair color, eye color, etc. of a person) asset
information, and/or other information may be stored locally on computer 120, or in one or more
databases (180a, 180b,180n) or other storage devices operatively connected to computer 120.
Similarly, information collected from one or more tracking systems (110a, 110b, ...110n) such as, for
examp|e?1ilﬂM&Www&ié&mﬁw&?&, HaftPae, Te Bt HABr Y AB Etc Y b (fSe @y be
environnagsptial safaiymatiat (eng . (e pparaiurstiaimaspheaticoptessuierd aakgeoyod sadiation]Lt.), or
other staéusi §ituati nal3 or other informat'io mta likewise be stotre IocaIIP/ onfcomt%ut r 12Q, or in one
or more databa e%%fﬁ 5, 1805 T80T 6r othet StoraGe IEVieBs Sperativaly tonnected 18 cOmputer
120. [90diHpéhoulddeineboigninegethelt ahyiibtabaskenge adralline f@oenoéoh jnithe Shexificatier(e.g., a
building 93%98}%98 (R4 SOMRIITEQRE Qrmore, fo‘%'ﬁtgaga%‘?ﬁ érlsﬁoacmln%b?l(?ror}) &{Seort oec%ﬁ%%%age
devices. Ad |t|onalllly, ar%/ ata or information described as being stored in a database may also be
stored logatiyoomenimputbeut2onifg1gnThe invention, as described herein, may utilize and integrate

differen%ﬁs@}hoﬁoiggﬁﬁa@%%t@m;&mep@gmﬁﬁfa detatune Hie argtonal tarkad RaLspRpg! and/or

assets. Data may be fused electronically, ’USIn%hG ardware and software, to minimize tracking error from
any singlé taldiset) orsenebrl THe Sipstesn aprihetisirePie dhiidn AR et atemerdalby

Navigatign,Rgcludingmicratelaaiticabimpehanical Systrms IMEMR) (airbabRositipningisystems (GPS)
when available, and signal processing and control algorithms incorporated in hardware and software to

process P69 I5HERY e eseo RS At dRite HATKE CatAtHRY btHRHAHIRRSIH8 [ERRRIES Mgty cand

orientatioRef A0l anEaL RS PRISHISIZS RBIRIRp AITUGINES (iral athailoCRIONS ftrackee,
environmeg}s. 92] The foregoing description of the varjous components comprising system
s X Botierho

architecttff S BRE R O B SH6T BT We B S itmtNGY PR AVERGH taddRbed

herein méwanork wildkvarious system configurations. Accordingly, more or less of the aforementioned

system onents may be used.and/or.combined jn varioys implementations. Moreover, additional
cencrip Rt (e L TR e B St AR o Sy oL B0 ok T T Statos
Patent ApplicatioenP uhljchtiomNell 2008/007¢826tAhitedunly étalispaplislhedManchi,i2008)gand
entitled '_'Méé[eﬁg%%&?ﬁ%%&?d'[ %ﬁ%g_&%g:dﬁug% AND) M%MTORING FIRST RESPONDERS" (U.S.

Application Seria 756,412 May 31, 2007), which is hereby incorporated by reference
herein iddédentirepyic implementation, if multiple trackees are being monitored, the position estimates

(and/or tracks) of each trackee may be identified by a unique visual indicator (e.g., color, shape,
etc.) to facilitate the process of differentiating one trackee from another. In some
implementations, a trackee’s associated visual indicator may differ depending on whether the
trackee is indoors or outdoors. For example, a trackee may be depicted on a display as a blue
circle while indoors, and a blue square while outdoors. Other variations may be implemented.
[087] Map information (including, for example, floor plans and other building data or location
data) may be obtained from a variety of sources without limitation, or else generated as described
herein. In one implementation, computer 120 may access an Internet web site, an intranet site, or
other site or application hosted by one or more servers (170a, 170b,...170n) or other computers
over a network 160 (via a wired or wireless communications link) to obtain map information.
Map information may be obtained, for example, from Microsoft® Virtual Earth,™ Google™

Earth, Geographic Information Systems (GIS) maps, or from other sources.
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[93] Having provided a non-limiting overview of exemplary system architecture 100, the various
features and functions enabled by mapping application 130 (vis--vis various other system components)
will now be explained. According to an aspect of the invention, users may access one or more of the
features and functionality of mapping application 130 via the aforementioned GUI. Various views (or
"screen shots" or "displays"”) that a user may encounter while using mapping application 130 are
illustrated in one or more of the accompanying drawing figures, which are exemplary in nature. These
views should therefore not be viewed as limiting. Additionally, user input may occur via any input

device d288CiatSE\AtH dGHh BRI MM AINARTY, BulREt finitlt 1580 %ey BB AP BE MBS AtSLSE, light
stylus inStrn@rEsenfingesdNattooieh-adraen (npke mestatianodk pther A vivddyVhite daewbrRyts may be
referred in as occurying via."clicking, " for example, su escriptions are exemplary in nature
and shodt AL e Gt ST o BB AR REACH N TG T BH] Accoraing fo an
aspect of @by inveptiofyroitdingpdatenteh okiongndata, @nd/onoth ergdabaiphayvixegbroliide dods irpet to
mapping_ application.130, [96] A.BUILDING.DATA 1097 .Information about specifi ildings (or
g ) Gt e epn TR M el R B e e A &R
valqablgqmpm_dﬁ_@,o@hén thirgst inean ﬁ@nzbziﬁesitﬂéﬁ@néB@Waren@é@}mreﬁﬂzﬂigem@gsed_ﬂde@, for
navigatiog, andymisigRANINd. JArVigWInG navigation anddracking date.and:iph imRIQying the

location estimates in the tracking data obtained from one or more tracking systems (110a, 110b,

100n). M&staldistsnard EbrarhtBrizeb! BY cosinionies siivaslsubhladatn glodipdeiahdpthédstilding's
orientatigR,halivaysssingdipessitly multipleflaorswithaiainvelia qiﬁxﬁ&%%@gg g,sqeﬂﬁﬁef%%i,ng the
, TO

primary methods to change floors). In addition, buildings may be characterize r example, by

construcHOrPPPE  anB syt tiBEXSEBBIT RN e 8Ge o bultdifty dXH M M & ififidve the
accuracyi@bhetieuisiaoniandsévpatticdascangaay thagking datahyimatebingshediaeking datato
known building fe %Jres. S(S%\i/eral resources mai/ %royide aerial 'mag%ééHcorggrising the location and
images ildinb%s.%oﬁd’ b A&l S SRR RIE InfORSih S Y8 (Gt8) mapping which
includes fovigding foaipfintsdooarnaydrthihasedesmccememnalyyhefcicactly iused $peexiacinyiding data.

cor cord Gt A A e R TSt of b A g B LEtEe Tor WS rCbeuBe
applicatietsag0 9@} iceon\idplenadptation] ataappin® @pplicatierw 130 rmayenableras ersitda@ahong other
things, %5 g{slgl;ggﬂg}g& R%gﬂwgndc%tl%{ﬁ@q Q/&rious tools of the GUI.
[091] The invention, as described herein, may utilize and integrate different methodologies and
system components to determine the location of tracked personnel and/or assets. Data may be
fused electronically, using hardware and software, to minimize tracking error from any single
data set or sensor. The system and method of the invention may integrate Inertial Navigation,
including micro-electrical-mechanical systems (MEMS), Global Positioning Systems (GPS)
when available, and signal processing and control algorithms incorporated in hardware and
software to process (e.g., integrate) sensor data and determine, among other things, the location,
motion, and orientation of personnel and/or assets inside complex structures (or at other locations
or environments).
[092] The foregoing description of the various components comprising system architecture 100
is exemplary only, and should not be viewed as limiting. The invention described herein may
work with various system configurations. Accordingly, more or less of the aforementioned
system components may be used and/or combined in various implementations. Moreover,

additional description of the CSM, INU, and of other components of system 100 may be found in
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[0100] Marking and Registering Building Data from Aerial Imagery. [0101] Aerial images of buildings
taken from different angles may be used to record building data, using the aforementioned GUI, to
mark features. The GUI may enable a user to, among other things, "create" a new building in the
building database by marking (or registering) its information, or "edit" an existing building by changing
features, or adding new information. [0102] Building Images. [0103] Images of a building from an
overhead view may be obtained and stored using overhead aerial images. FIG. 3, for example, depicts
a view 300 according to an aspect aof the invention, wherein an overhead aerial image of a huilding

obtained O G R de el A RRKFBLGR PH AEREIE N PRI BCars by s i dhidtHPAEBR can aid

a varietyNhtese?s,in@sanedycatidpplioationsp Asiorey iusirative exampie athis infonnatioo Casassist

Emerge Incident,C nders in planning ro rafion as venting, for firefightin
operatiorrlgé.ls[fj(s)fﬁjlf]RlS n Mcgnp %%Cr%téorgc%ééasfgg'gér&%%fﬁge@ego N r§e1in(£:&15ud sVYrﬁnl%%é%% r?;tgguilding
from fourmmomorgditigrefiteiewssachiads fortexample, North, South, East, and West. FIG. 4 depicts a

display cgording to an aspect of the inyention, wherein an pverhead aerial image ilding
ioned I e oG e
Viewing irtagiess iohauigsikdid giimstiofou ceabind reydiffepentey il saagnré vealy erong vihiernsnfohatation,

the exits Of the building,and infasnation redarding the- Auilding:s sHEQURdings, Migvingthese images

may be achieved, for example, by interfacing with existing aerial imagery software, or by storing
images tagf§ed W% puitamig if diivatapaises Jod OBPBUMMHY RefereRREICRIHEEH E8oldeatisn).
101061 Theomtling-en otprintqba Ruildingmayhg wsatel dp tRghing sysiemssAccarding daene

implementation of the invention, a building outline, for example, may be used to correct location
estimate® By S NGRAALI ANIER PG ottt ALREELT SR RIA WithMSAE BEARTE™PRIY e FeViftkte

valuablefig:signalmhased systemsyheraQutliersarei eosmand andgyemin hevialdmakingisygtems to
correct s I'ng e%rs. In addition, several, buildi{lg% feﬁltures have been.&bserved to1 e ali réed to the
building g@éﬁﬁ&? s BH5ERAIAMSS HE 848 toPge %‘f%?f‘eaﬁ%%%%?n\é“ BUEHEs COF% }&and

correct fonangulandetdt io, inewtidl sysiemsputer mouse, light stylus instrument, a finger in a touch-
screen implementation, or other device. While user inputs may be referred to herein as occurring
via “clicking,” for example, such descriptions are exemplary in nature and should not be viewed
as limiting.
[094] 11. MAPPING APPLICATION INPUTS
[095] According to an aspect of the invention, building data, tracking data, and/or other data
may be provided as input to mapping application 130.
[096] A. BUILDING DATA
[097] Information about specific buildings (or building data) organized in a building database
(or other storage mechanism) can be an extremely valuable tool. Among other things, it can help
in situational awareness for emergency services, for navigation and mission planning, for
viewing navigation and tracking data, and for improving the location estimates in the tracking
data obtained from one or more tracking systems (110a, 110b, ... 100n). Most buildings are
characterized by common features such as long edges along the building’s orientation, hallways,
and possibly multiple floors (with stairwells, elevators, and escalators being the primary methods
to change floors). In addition, buildings may be characterized, for example, by construction type,
and layout type.
[098] The knowledge of building data may be used to improve the accuracy of both outdoor
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10107 FIG. 5 depicts a display 500 wherein a building outline 510 has been registered on an aerial
image using a GUI tool, according to an aspect of the invention. In one implementation, the GUI tool
enables a user to draw a polygon to represent the building outline. The building outline may be
displayed using various colors, patterns, or other visual indicators. [0108] Aerial Imagery may also
include a Georeference for each pixel of a building outline, yielding the building outline as a series of
points, or lines, or a polygon that is georeferenced. The building may then be georeferenced by its
outline, or by clicking (or otherwise selecting) a point inside the bUI|dII‘I? outline, such as.the center, to

be its un?ﬂi‘nﬁ‘ e N A s (P T SEP R TN B%BPn BUA 8RSy
buildingSSB@ﬁﬁErgﬂOhl&hbﬁﬁmoﬂﬂd@%MIidiﬁ]@fy)(diﬁm[ﬁm M@%@ftmemmmfgés biflldmglﬂrgay be

visible usin erlal [ ery from d| er n directio be regi t red | tool that
enables§a u%@r r18't Clmf%né(/oéfr CRER ﬁ%ensefecatglonr% Sar Ku%tlr??] algngfecf5 %9% fyr‘%g using
their corfesgondinghGedlgeatiohhdhessoexits mwtfbendneaﬂsedl,sédr inseaneet, forilhafching. By

outdoor- indaar tr ntr |n since track erin n ave a high
pro bablllty% g gs% th ?gugﬁﬁt%ec %%ﬁ%é%%%rﬁgﬁg |%ggrlg§(ltsa%8%1 ﬁ ﬁé(iglyd%]% ﬁar%%v g?ﬁﬁéaach
building maymtalbw@latecwm@me detebner ideéntifibngealgfaconyprisingatadyfaunsben ot vesdlor

numeric gm{@ﬁgﬁg_) in a building database for purposes of queries and/or display. This may also be

useful for enabling users to search for buildings, and for navigation directions. [0113] Building
Elevatiodd3%aIn one implementation, mapping application 130 may enable users to, among other

things, mark and register building data using various tools of the GUI.

[0100] Marking and Registering Building Data from Aerial Imagery.

[0101] Aerial images of buildings taken from different angles may be used to record building
data, using the aforementioned GUI, to mark features. The GUI may enable a user to, among
other things, “create” a new building in the building database by marking (or registering) its
information, or “edit” an existing building by changing features, or adding new information.
[0102] Building Images.

[0103] Images of a building from an overhead view may be obtained and stored using overhead
aerial images. FIG. 3, for example, depicts a view 300 according to an aspect of the invention,
wherein an overhead aerial image of a building obtained from a source (e.g., Microsoft® Virtual
Earth™) may be displayed. This information can aid a variety of users in a variety of
applications. As one illustrative example, this information can assist Emergency Incident
Commanders in planning roof operations, such as venting, for firefighting operations.

[0104] In addition, some accessible aerial imagery software includes images of a building from
four or more different views such as, for example, North, South, East, and West. FIG. 4 depicts
a display 400 according to an aspect of the invention, wherein an overhead aerial image of a
building (viewed from the North) obtained from a source (e.g., Microsoft® Virtual Earth™)
may be viewed. Viewing images of a building from four or more different views may reveal,
among other information, the exits of the building, and information regarding the building’s
surroundings. Viewing these images may be achieved, for example, by interfacing with existing

aerial imagery software, or by storing images tagged to a building in a database.
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[0114] One challenging problem in indoor tracking is the ability to track in three dimensions (or 3D)
(i.e., determining elevation). Even if elevation is stated accurately as distance traveled in the or
vertical direction in global units (e.g., feet, meters, etc.), it may not be very useful for positional
awareness or navigation purposes. Indoor elevation may be best represented as a floor number,
although other representations may be used. Assigning a floor number to a 3D location enables users
(e.g., an Incident Commander at an emergency scene) to best understand the elevation status of their
personnel and/or assets, or their own |location. This, however, can be quite challenging due to the
differenci¥ ?r?]t}?é’ﬁgﬁﬁﬁ{%{"é’%ﬁeffgdﬂﬁ’ﬂfffﬁ?cﬁf?(ﬁﬁﬁﬁ?@’s, and the differences in the number of stairs
in-betwegn fleorscActnding linotprinake ablokliassignrbent@iodassaoiong fgasile, kmaybg useful to
include buildirrlf% Ievagign da{a%se.gwn mber Bf ff 0rs, baseant data lelevati n of egu%h floor, or other
building SHsvAHIT BEtH) FtRe BiHg Hata that 1S B gl s (F 2888 e d ithy 45506 o 151
Number bt kioorsstimopebimplameptatiomdddhpaihvyéofionckbe nembervatlfioohs imditilding cnay be
determined or.estimated from. one of the huilding side views. In_.comman building types, it may, be
e as T e B o R A R I E
the numiteclohbasetpent Boors eraycalste batiersiudedaddiherbuitding! datddinieterative pafeHepresence

of a basementleVslys MifiRla KPMAGHRIIDAAAN. It Mgy 88 20160, [0L) AEIsvptipn Ataachfigor.

Knowledge of the elevation of each floor may help in the process of assigning floor numbers to 3D
position BkMmatdsildiBgaprasibasty: softwers GehiIliads Uk s Heteifte distances between

points. Thiggmeyibe siseditafindithe aBpoyiRRals ditanes pewearnihe grovad ang apRiosimate start
of the first floor, and so on, for all of the floors. The total elevation of the building can also be recorded

in the bufithig HREE TOTEsY P01 g2 saatikitg faf SRSAhGT BRAIANEERSr 1BI8RD R YWRRR PRy sical
Preprocepsic@OptoRisHvailable taniAssponing Builgingsny\ith theimkleatRanghiOsd$ily addition

to buildingt ata thaﬁ?mg lie viewed and recorded from satellit imzilgqerg., uildings may also be
associatéd fﬁfﬁﬂf’?ﬁ%i T éé’ B fiDS BN i BuRAiHE Gt 6558 “PHASE 458 bians may be used to
provide gongsktAerimMiawningtyackingled perseknel(@ndétirasse o, plasinpigemigsiohsi Ringg resdine,
operations, and perforing oter functions thay may,be aided by an indaor yiew, Furher, and with
regard t(ﬂrac&%g, the Knowle ge ofa bueﬁcﬁng spélnap’e, its floor T & POYE g '
The building may then be georeferenced by its outline, or by clicking (or otherwise selecting) a
point inside the building outline, such as the center, to be its unique georeference. This is useful
for database queries, and for grouping and searching buildings near a global location.
[0109] Building Exits.
[0110] Most of the exits of a building may be visible using aerial imagery from different
directions. The exits may be registered using a GUI tool that enables a user to click on (or
otherwise select) exits, and then records them, tagged by building, using their corresponding
Geolocation. These exits may then be used, for instance, for matching outdoor-indoor transitions
in tracking data since trackees entering or exiting buildings have a high probability of doing so
through the conventional building exits.
[0111] Building Name.
[0112] Each building may be associated with a name or other identifier (e.g, comprising any
number of text or numeric characters) in a building database for purposes of queries and/or
display. This may also be useful for enabling users to search for buildings, and for navigation
directions.

[0113] Building Elevation Data.
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plans, or its other attributes or characteristics may be used to enhance the accuracy of tracking data
by utilizing the building or floor plan data to correct the position estimate of a trackee. [0120] According
to an aspect of the invention, a building may be associated with its complete set of floor plans, or a
subset of available floor plans. Storing floor plans tagged by floor number and/or global reference may
facilitate automated use by mapping application 130. [0121] Building Features and Landmarks. [0122]
Indoor location based features and landmarks that might be useful for viewing and tracking may
include, but are not ljmited to, structural landmarks, global and reference data, utility landmarks, and
media. [0125Y/ é?é%f‘rr?ﬂ%l"’é%%ﬁ@&?ﬁ?&ﬂé%&?ﬂ%?kér?ﬁhg?%w‘élE}t?ea}gdh‘tya‘r%t%h%%8%8!%?%ﬁ%trances
of the bullding cp@ssibiyingeldtipiefloarsed 2) Stainiells; ()l vatarsEscalators; 4y dkallmays; (5) All
Rooms and entry points to the room; (6) Large Roams; (7) Open Spaces; (8) Walls and gbstructions;
and () bR oF ESE Bt hE oG (it SrenEkTen 16 T RIS OF oBa) e
referencedaiamiaayvimehede pbut apatnot pimptedto1{d) dFleler Riam imade befR)qpictoorcP ke Boondary;
and (3) Floor PI I?%hal ferences, [0125] Ex les of utility lancdimarks may incl t are not
limited tor%u(%) %’}g,t%g er Pn%gf\;e%i% r%é?%néndclg utﬁiT':Lyf/%T(()isba%%Sr% }é} eag%;%rgrﬁfghbeeryst,gs%p%%i'l%%%} Oer%c.; (3)
Routers ¢WEY Asvese goints Hrvddother wiretedstfiredidevietssnand¢a) T ameras fedgrssadutity
cameras); JO120] &ExAMpIGR Redidmaninslude. ou At AIMitedio: (1hRhaiggrrhs: Angk (2)

Videos. [0127] Obtaining Building Feature and Landmark Data.
quite challenging due to the differences in the height of each floor in different buildings, and the

differences in the number of stairs in-between floors. Accordingly, to make a floor assignment
process more feasible, it may be useful to include building elevation data (e.g., number of floors,
basement data, elevation of each floor, or other building elevation data) in the building data that
is tagged to (or associated with) a building.

[0115] Number of Floors. In one implementation of the invention, the number of floors in a

building may be determined or estimated from one of the building side views. In common
building types, it may be noted as the number of rows of windows at different elevations.

[0116] Basement Data. If surveyed, the number of basement floors may also be included in the
building data. Alternatively, if the presence of a basement level is visible from aerial imagery, it
may be noted.

[0117] Elevation of each floor. Knowledge of the elevation of each floor may help in the

process of assigning floor numbers to 3D position estimates. Aerial Imagery software often
includes rulers to determine distances between points. This may be used to find the approximate
distance between the ground and approximate start of the first floor, and so on, for all of the
floors. The total elevation of the building can also be recorded in the building data.

[0118] Importing, Marking, and Storing Building Floor Plan Data When Physical
Preprocessing Option is Available, and Associating Buildings With Their Floor Plans.

[0119] In addition to building data that may be viewed and recorded from satellite imagery,
buildings may also be associated with their respective floor plans in a building database. These
floor plans may be used to provide context for viewing tracking of personnel and/or assets,
planning missions and rescue operations, and performing other functions that may be aided by an

indoor view. Further, and with regard to tracking, the knowledge of a building’s shape, its floor
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[0128] According to an aspect of the invention, indoor data for buildings may be obtained from sources
such as CAD drawings of buildings, images of building floor plans in any format, preplans that are
well-scaled, or from other sources. [0129] CAD drawings may have a higher level of detail leaving
fewer details (such as, for example, router and camera locations) to be added or updated manually.
According to an aspect of the invention, CAD files may be imported and read to extract available data.
For floor plans of a building in an image format (e.g., such as *.jpeg, *.pdf, etc.) which are more readily
available, either manual marking of features or an automated feature detection algorithm may be
utilized. fIT30IALESTHINGAHY RN ES B CPYRHR TS Rh Phising APBREaBR 159 ATy e eeteto
create and{obediilaingdinpuindan d atiaiase, andddia registectal apailablecdiatamasstciaietwith the
building f rious.input files. Additional data may be added based on the intended application for
i nl B S BB Lo, e o R P T e e M OR builing
data (e.grstdilding features anbstheir adegebilptitevr ndgiste feak imet e doyilalin gad ate hgsommayu b stored in
a universal format such as, for ex le, XML, or.in other formats. The.leyel of,detail may be
customizaeng/grenleor%gﬁal%%%r% eenlar‘?l1 e%rlneHl dﬁ%gukg%ﬁée%&ll%gin}é athbase pi‘S?}ér%él&?gg, landmark data may
be custoffifZdd trilérshBeatteristiod odnraeking data available from inertial methods, signal-based
methOdS[ﬁrzg)riﬁaéﬂF%%QﬁoRrb%J&F"E’é&tﬁiép‘%mﬁﬁdﬁﬂaﬁ@ ﬁﬁ?q{{?ghg 12 anasPest Qhdhgmpvation,

structural features on floor plans may be marked by a user (via a GUI) as points with an (X, y) location

on the fIGGERIAS NeYad PoRRgdHy tatepledit the JanealkaeEisRkoralo i Gtrér piapResr F02.33]
StructuraldippdmarkiRetails 0d34] (1) Exits/Entrances.

[0123] Examples of structural landmarks may include, but are not limited to: (1) Exits/Entrances

of the building, possibly on multiple floors; (2) Stairwells; (3) Elevators/Escalators; (4)
Hallways; (5) All Rooms and entry points to the room; (6) Large Rooms; (7) Open Spaces; (8)
Walls and obstructions; and (9) Connectivity of each of the foregoing with one another.

[0124] Examples of global and reference data may include, but are not limited to: (1) Floor Plan
Images; (2) a Floor Plan Boundary; and (3) Floor Plan Global References.

[0125] Examples of utility landmarks may include, but are not limited to: (1) Gas, power lines;
(2) Emergency utility locations, fire extinguishers, sprinklers, ezc.; (3) Routers / Wi-Fi Access
points and other wireless fixed devices; and (4) Cameras (e.g., security cameras).

[0126] Examples of media may include, but are not limited to: (1) Photographs; and (2) Videos.
[0127] Obtaining Building Feature and Landmark Data.

[0128] According to an aspect of the invention, indoor data for buildings may be obtained from
sources such as CAD drawings of buildings, images of building floor plans in any format,
preplans that are well-scaled, or from other sources.

[0129] CAD drawings may have a higher level of detail leaving fewer details (such as, for
example, router and camera locations) to be added or updated manually. According to an aspect
of the invention, CAD files may be imported and read to extract available data. For floor plans
of a building in an image format (e.g., such as *.jpeg, *.pdf, etc.) which are more readily
available, either manual marking of features or an automated feature detection algorithm may be
utilized.

[0130] According to an aspect of the invention, mapping application 130 may be used to create
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[0135] Exits and entrances to a building may be stored for situational awareness, navigation and
guidance, and for correcting position estimate when a transition is detected from outdoors to indoors
(or vice-versa), or for other purposes. In one implementation, the exits may be marked (via the GUI) by
a point location on the floor plan, or as a polygon spanning the exit area. Since most building exits
open into hallways, lobbies, or stairs, registering the closest landmark of each type when present may
be used in tracking and navigation systems. [0136] (2) Stairwells. 10137 Stairwells are often used by
personnel to change floars, and marking stairwells can help reset 8% trackee'sﬁl&cation estimate to the

correct sPAFREATE AP LAt FrAHRBES AR/ IS AL AN 48R HsSRAHN BIEMEI LA Stairwells

may be fratkedr(via the s Hi3as pdiid @bjediss aiagsha polpddsphoning thestaiapfliegion f§0138]
For stairw: ”%[]ﬁ‘ld%iti%'al d?%t[abmay e addeddto erhhan ettra?(king. For example, a stairwell's winding is
a structural characteristie tHar’is associated with the direction irrwhich turns are taken while traversing
the staini®iB Iybststainwglistiaveitandingdiag oddta betwe énilldops.fdaouthsstrade fHoir ndestrgiaimyells, a
person moyes SHAIONUR ARG S13lR ROOR AleRion. akes AN gl anding. afien 1600
and continues in another direc on, often opposite to the previous direction. As such, if a perpso’n turns
clockwis&Mitla fandivigtofgenats thEhpéxtdetf ok stdirawhilewomyasdstependieeomshe migadedmse
counter-logkwisewhile, 4eiRg downstairs. ThisahasivationmavRe.Hisd whilk malshingtiackees to

stairwells. [0139] In one implementation, a stairwell's winding may be defined as clockwise,
countercl@@ﬂé\i/vigé}%@ra@%@%? Uspy asBtRbnsétitoricaepeigthgethere diredioh meibRith firds are
made whilg;goirgspsiairs for convention. Other definitions may be utilized. [0140] In addition, for each
stairwell, the floor to which it connects may be registered (via the GUI) to indicate stairwells that
connect GH 4 ESAE OIS HhERRS ot BEARIHITS trotig AreveFAuST 1 tHeob BijinG W R M alsiable
from plans arfsem-adleaspigninpages themwmaen pistaiisnasd the Msnbrmobwindsosanalsade added
to the stairwell data. This data may be used to resolve the number of floors crossed in algorithms that
count sta{ﬁ%r,eégn\t/\}éﬁ %éﬁaqﬂbﬁglf’éﬁé& LAY CBRAECtivity of a stairwell to hallways and other
landmarl@ iwjySatao: ba i dgisteed: [0k4i2).(3) Elevators and Escalators.

[0134] (1) Exits/Entrances.

[0135] Exits and entrances to a building may be stored for situational awareness, navigation and
guidance, and for correcting position estimate when a transition is detected from outdoors to
indoors (or vice-versa), or for other purposes. In one implementation, the exits may be marked
(via the GUI) by a point location on the floor plan, or as a polygon spanning the exit area. Since
most building exits open into hallways, lobbies, or stairs, registering the closest landmark of each
type when present may be used in tracking and navigation systems.

[0136] (2) Stairwells.

[0137] Stairwells are often used by personnel to change floors, and marking stairwells can help
reset a trackee’s location estimate to the correct stairwell, and update a trackee’s elevation to the
correct floor. In one implementation, stairwells may be marked (via the GUI) as point objects, or
as a polygon spanning the stairwell region.

[0138] For stairwells, additional data may be added to enhance tracking. For example, a
stairwell’s winding is a structural characteristic that is associated with the direction in which
turns are taken while traversing the stairwell. Most stairwells have landings at or in between
floors. To illustrate, for most stairwells, a person moves straight up or down the stairs in one

direction, makes a turn at the landing, often 180°, and continues in another direction, often
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[0143] In addition to stairs, elevators and escalators are often used by personnel to change floors, and
marking them may help reset the location estimate of a trackee to the correct elevator or escalator,
and may be used to update a person's elevation to the correct floor. In one implementation, elevators
and escalators may be marked (via the GUI) as point objects, or as a polygon spanning the region
they occupy. The connectivity of elevators and escalators may also be added to determine the
possible floor changes from each landmark. In addition, the connectivity to hallways and other
landmarks can be rigistered. [0144] (4) Hallways, [0145] According to an aspfec%of the invention,
hallways RS e AR SRS Shabie - O AMSEIRAL B SIEHE pArR 'BRGTFdMEE. BdBEcially in
larger builgdingst Severad langé: begbldingp asastiuciretamigomsbuduarauwidcgeverakboaneiied
hallways, This efiengsulis n g persen (aversing alluays to gt rom gne ragm fo another. I
addltlon,at%rlilracllr(mg and navigation, ??’alﬂways may serve bGth Bs & location correction landmark when
long strai@ht ¥doksrarempseruediias wellaswalhieadindgicomestidn Idefdrmdrks sihgek there anenessentially
only two possible general directions to walk straight (along,the length of) a.given hall .[0146] In one
mpleme B R B e
hallway, aadearlalpginnghereirafiwagsventese O thaliivhysipmayralsbddilmarked as polygons, typically
rectandlgsy fid ndieaieeoth gt anduini lha e e ApAYgen It iGalsiEred. the
slope of the hallway may also be calculated by calculating the slope of theé long edge of the rectangle.
10147 (5¥ ROdmyqaesyiainscids St s oFsat AYooerilE Blamtmy Fhay bl srivikee dlsageivieNentrances
into the reqp;fedRrailiaie acaurRierackingreimalrs RAHAIiRR pRsPGARGKeAMabMthrthgiRame of
the company, group, or persaon (or ather identification indicator) using the room can help in navigating
through anﬁdiraiﬂ@lﬁh%ﬁi“fmﬁémﬂﬁ&mdmaﬁﬁﬁavmqﬂ&ﬁz@d%ﬁadm%mﬁ%%ssdérbg%salpsaygon
Ijepresertﬂe@lﬁhmrsaﬂﬁ%mmg&qg ﬁmgbﬂﬂﬁﬁsl)iﬂzﬁ,%ﬁﬁ ﬁ@ib‘sﬂ@@%ﬂ%a@ﬁﬁﬁi@& f@heamtry points such as

0o0rs, as po ns with doors marked as associated pqints, or in other manners. Location of entry
pointe, AN ORBEIR 5 SLAR STUtbh ERNDAT UL BR O P At I SGEbLF Estored.
Connectpiry 2yith)EHiways mayratatnbesmarked to match transitions in and out of rooms.

[0143] In addition to stairs, elevators and escalators are often used by personnel to change floors,
and marking them may help reset the location estimate of a trackee to the correct elevator or
escalator, and may be used to update a person’s elevation to the correct floor. In one
implementation, elevators and escalators may be marked (via the GUI) as point objects, or as a
polygon spanning the region they occupy. The connectivity of elevators and escalators may also
be added to determine the possible floor changes from each landmark. In addition, the
connectivity to hallways and other landmarks can be registered.

[0144] (4) Hallways.

[0145] According to an aspect of the invention, hallways may be marked since they enable the
connectivity of different parts of buildings, especially in larger buildings. Several large
buildings are structured as rooms built around several connected hallways. This often results in a
person traversing hallways to get from one room to another. In addition, for tracking and
navigation, hallways may serve both as a location correction landmark when long straight tracks
are observed, as well as a heading correction landmark since there are essentially only two
possible general directions to walk straight (along the length of) a given hallway.

[0146] In one implementation, hallways may be marked (via the GUI) by points or nodes at the

start and end of the hallway, and at a point where hallways intersect. Hallways may also be

22



[0149] (6) Large Rooms and Open Spaces. [0150] In cases where all room data is not available,
marking only the large rooms and open spaces may be beneficial to tracking and navigation
algorithms. Straight long paths may then be matched to hallways and inside large rooms and open
spaces. Marking these large rooms and open spaces (e.g., gymnasiums, warehouse floors, exhibit
halls, lobbies, etc.) can help matching algorithms to fit long paths that do not occur along the building's
main grid angles. [0151] Global and Reference Data Details. [0152] (1) Floor Plan Images. [0153] In
one implementation of the invention, images of each floor in a building may be stored in the building
Ctabacd T KB ) P B TADDE TG By P LTS WG I G TS e oor
is not avaitable,pibledonagesgvayddethranvially rasted ltogethey, aoSaey edl sgpadaielydnrihe tatabase.
The floor Iolan glt(pbeil refeél%ncg and/or manual fitting may be used to determine which part of the
building & fioor p &n Tits e.f 4ﬁe&3r1‘—g|180r Plan Boundary. [0155] A polygon marking the boundary
of the flo@ gl My desregistered (via the GUI) to describe the limits of the floor. If the floor plan is for
the eruraRsMie. e ReNan: mAhe sea R AoNInG the Haspaisatan alpaes g the
boundary, and to correct errors. If the floor plan is agparﬁ[a Hloor plan, crassing the ounoPary can
trigger thiemedd fecdispragcthicatdjeasdmdlompitas. inlthed Bitdings stmtabag e ifnatyaiidblbs ortectiild a

floor plagy company, group, or person (or other identification indicator) using the room can help in
navigating through a building. In one implementation, a room may be marked (via the GUI) as a
closed polygon representing the area it occupies on the floor plan, as a polygon with openings for
entry points such as doors, as polygons with doors marked as associated points, or in other
manners. Location of entry points, as well as labels to describe owner, occupant, purpose efc. of
a room may be registered. Connectivity with hallways may also be marked to match transitions
in and out of rooms.

[0149] (6) Large Rooms and Open Spaces.

[0150] In cases where all room data is not available, marking only the large rooms and open
spaces may be beneficial to tracking and navigation algorithms. Straight long paths may then be
matched to hallways and inside large rooms and open spaces. Marking these large rooms and
open spaces (e.g., gymnasiums, warchouse floors, exhibit halls, lobbies, ezc.) can help matching
algorithms to fit long paths that do not occur along the building’s main grid angles.

[0151] Global and Reference Data Details.

[0152] (1) Floor Plan Images.

[0153] In one implementation of the invention, images of each floor in a building may be stored
in the building database. They may, for example, be tagged by floor number. When a single
image for the entire floor is not available, the images may be manually pasted together, or saved
separately in the database. The floor plan global references and/or manual fitting may be used to
determine which part of the building a floor plan fits into.

[0154] (2) Floor Plan Boundary.

[0155] A polygon marking the boundary of the floor plan may be registered (via the GUI) to
describe the limits of the floor. If the floor plan is for the entire building, the boundary may be

used to confine the tracking location estimates to within the boundary, and to correct errors. If
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[0156] (3) Floor Plan Global References. [0157] According to an aspect of the invention, for each floor
plan, marking the geolocation of a number of points (e.g., two points) on the floor plan can provide a
georeference to determine the geolocation of each point on the floor plan. This combined with the
boundary may describe the extent of the floor plan in global co-ordinates. Alternatively, the boundary
of the floor plan may be described as a polygon comprising points whose geolocation is known. [0158]
(4) Elevation Data. [0159] For software depicting aerial imagery, the height of each floor and an
estimate of the number of floors may be noted. For buildin%%with windows, each row of windows may

be interpttel? ¥s eRe BB EntCH P HSig ST BaARCo P IHELE Y SRS Hise9E ré‘reoﬁ?ﬁﬁl e A as the
height ofajatdiodioabpha thehgrouniind bisataay, aid.nirese|ving Bood admkessifor tracking when the

separati ﬁ\% flo such as,number of stairs) is not consistent. [0160] Methods of
Extractir?g? g)r\g% it falg ﬁ)bﬁ es‘rently, floor plans of buildings are not well organized by
city, and/Mayhacbe &agily avaiphieofthadoitonpfioor plehdSlavaiiéblenzslimages gnedydagve of a
inconsiSIENGIEs i NGRYDROIRHSEAIR ISRIESSIISRILS dRarsnelevalers. and athen eaties, zome
images may have low re o‘ﬁl’tlon,%r may be blurre "As suc%, mappihg appﬁlcatlon 8prow es

advgnta@@@lg@&b@psmtapﬂmerth@_éia@amim OT}QSQMHhiﬂ@mtbﬁ}ﬁbmmm flogripatis of
varying quality o VD e gapeh Lo MAIRAING andiVisua g, HAcKIN g RARIHARS BRI RYETR IRYY

landmarks on floor plans can enhance tracking accuracy. More detailed feature marking may also be
performetf €5 FeipRek AR EeoR £ERIRE eS BPARY . W S A IRfBIEAéhtaldis, automatic feature detection
algorithmgy fgliowiad ky feamal marking of undetected features, may be used in lieu of manual
marking. [0162] According to an aspect of the invention, a GUI may be provided to enable users to

import ah%féGE Yor A P4rFcOrRITS 34 IRARY Fhe RIBR AF AR Al 8 o Pins kB s idtien)
landmarksRydisingIpeeyidRd QolksettQl G3) Halways. with windows, each row of windows may be

interpreted as a new floor, and the height of each of these rows above ground may be noted as
the height of that floor above the ground. This may aid in resolving floor numbers for tracking
when the separation between floors (such as number of stairs) is not consistent.

[0160] Methods of Extracting/Marking Building Data.

[0161] Currently, floor plans of buildings are not well organized by city, and may not be easily
available. In addition, floor plans available as images may have inconsistencies in the symbols
used to represent stairs, doors, elevators, and other features. Some images may have low
resolution, or may be blurred. As such, mapping application 130 provides advantageous tools
that facilitate the extraction of useful information from available floor plans of varying quality.
With regard to matching and visualizing tracking positions, marking even a few landmarks on
floor plans can enhance tracking accuracy. More detailed feature marking may also be
performed to further enhance tracking accuracy. In some implementations, automatic feature
detection algorithms, followed by manual marking of undetected features, may be used in lieu of
manual marking.

[0162] According to an aspect of the invention, a GUI may be provided to enable users to import
an image for a particular floor of a building. The user may then enter (or mark or register)
landmarks by using provided tools.

[0163] Hallways.
[0164] According to one implementation, hallways may be marked (via the GUI) by clicking on
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[0164] According to one implementation, hallways may be marked (via the GUI) by clicking on four
points to form a rectangular polygon, or by drawing a rectangle. In the latter case, mapping application
130 may compute the locations of the four points. [0165] Curved hallways may be described using a
polygon with more points, a polyline or combination of ellipses. For non-curved hallways, the software
may calculate the slope of each hallway by computing the slope of its longer edge. [0166] The term
slope, and orientation angle are used to refer to the positive clockwise acute angle (0-180 degrees)
between a line and the X-axis ihorizontal axis in screen c;oordinateg For a line segment from point pl

(x 1, yl), {82V {2 Ot LH A RARGEAt (2 fraWaRIs MR &l SHIFT4tan TP RiRgangle
when conpglitaddn tepnesschagbetvieescali8OsadhtGourT@miope is then defined as arctangent(y2-y],

x2-X]) m 0.A rctangent(y2-yl, x2- xJ) modulo 360 is referred to as.heading herein.
oot R S B B des e e o et e S RO B e
slope refersmbmits orientdiiprswithoutoa-dineetidrulFRaryse tdtangfesasiope rryubaecdéfinbdaslecslope of

one of the rectangle's longer s, 10167 Alternatively, the hallways may be represented, for
examplgl,1 %f)%?’c%'n% {ﬁ@%%lagrtt%agng Ogﬁé%o%r%? %‘UI’% %aléﬁ'e representing the hallways, and the slope may

be calcu[&t&fb@khé@ynp@betmndhe@iaﬂ airgleeird psﬁl_dtg.) Eﬁm@ytb@meﬁmty_lmhvise apeisually
entered QM%?@'@@EW dbshallways (hat inersachand drawipg e e sechion regiomml.Hay:be

calculated by using intersection detection algorithms. [0168] Stairwells. [0169] According to an aspect
of the invehfiDACSREANVEINMRY B marked! (vied the GBIYBY Enelift i falstPerits (bl dranving

rectanglesiigntepresent thedegian Thileslape i staiwellsimayds.calculated asfordhehaliways to
indicate their orientation. If winding direction is indicated in the floor plan image, it can be entered for

each stairel 3 thehifih Iy ahie Y6iREGREAITY forctVBREUR. e ChvERTIEAHHY B thosen to be

winding legking/ip osdawRetbrtene giraetionsherdth berchasen fokconsisancyn[0dd QloMligraatively,
stairwells may be marked asg?ﬁigwgle oint in the ztairwell areg;;l. Since stajrwells often open into

hallways? {1 rbibodh SEFHATAS tdt LpePddfiere RSy BB RSB S SBRHALREC IFHS? plans of
the floor dibaver Felow aiegyaildipe, i tenmdatadtyscar b pegistenecHae exanngle;sflangtairwell on
the 7th flg(%eisg connected only to the 8th floor, and not

[0167] Alternatively, the hallways may be represented, for example, by clicking the start and end

point of the line representing the hallways, and the slope may be calculated as the slope between

the start and end points. Hallway connectivity may be manually entered by selecting the

hallways that intersect and drawing their intersection region, or may be calculated by using

intersection detection algorithms.

[0168] Stairwells.

[0169] According to an aspect of the invention, stairwells may be marked (via the GUI) by

clicking on four points, or by drawing rectangles to represent the region. The slope for stairwells

may be calculated as for the hallways to indicate their orientation. If winding direction is

indicated in the floor plan image, it can be entered for each stairwell as the winding while going

upstairs for convention. The convention may be chosen to be winding looking up or down, but

one direction should be chosen for consistency.

[0170] Alternatively, stairwells may be marked as a single point in the stairwell area. Since

stairwells often open into hallways, the stairwell and hallway that are connected may be selected

and connected. If floor plans of the floor above or below are available, the connectivity can be

registered. For example, if a stairwell on the 7™ floor is connected only to the 8" floor, and not
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the 6th floor, registering the connectivity can help indicate that a person cannot go downstairs from the
7th floor using that stairwell. Connectivity of stairwells may be accomplished using auto-detection
algorithms. [0171] Elevators and Escalators. [0172] In one implementation, elevators and escalators
may be marked (via the GUI) in a manner similar to stairwell regions, while noting direction, up or
down, for escalators if available on the image. Connectivity may be entered similar to the process
described above for stairwells. [0173] Exits. [0174] In one implementation, exits that are visible on the
floor plan may be marked (via the GUI) as points (or otherwise), and connectivity to hallways,
registere‘i]}eagxdggf?ﬁbr@@lﬁtﬁﬂ{}g 87 SEARRRIENESGS hRl 1BfE e thRl b 85 P RSBIEAt SRS MTES Hine.
[0175] Large ReoTtistl{ol 161y tae implamentatiasstiaigeddanisyriay heydsawes depaxaplanby
clicking %8'{%; e?g a grcl)%%grn (I)I{Sby drawing rectangles for rectangular rooms. Drawing the largest rooms
can enhance tracking q ali y as it indicates areas other than hallways where long stretches of straight
walking i@ possibleatbpassiblecaaobs large room and its entrances may be marked (via the GUI).
Similarly pap pages MALRHMAKe L aicking 2Ralverr Haf Beundalie oRen.sraes) 1047
Global References.

manner similar to stairwell regions, while noting direction, up or down, for escalators if available

on the image. Connectivity may be entered similar to the process described above for stairwells.
[0173] Exits.

[0174] In one implementation, exits that are visible on the floor plan may be marked (via the
GUI) as points (or otherwise), and connectivity to hallways registered as described above for
stairwells. Exits may also be added for applications in real-time.

[0175] Large Rooms.

[0176] In one implementation, large rooms may be drawn, for example, by clicking points of a
polygon, or by drawing rectangles for rectangular rooms. Drawing the largest rooms can enhance
tracking quality as it indicates areas other than hallways where long stretches of straight walking
is possible. If possible, each large room and its entrances may be marked (via the GUI).
Similarly, open spaces may be marked by clicking a polygon that bounds the open space.

[0177] Global References.

[0178] According to an aspect of the invention, and as mentioned above, an entire floor plan
may be georeferenced by, for example, clicking a number of points (e.g., two) on the floor plan,
and entering their geolocation such as latitude, longitude. Geolocation information may be
obtained from Microsoft® Virtual Earth,™ Google™ Earth, Geographic Information Systems
(GIS) maps, or from other sources. The two points may be chosen, in one implementation, such
that they are extremities of the floor plan and their location is visible on the edges of the building
outline for easy clicking. For the reference points on a floor, or for each floor, the global
elevation, or elevation above ground may be registered to assign floor numbers after analyzing
tracking data. This elevation may be obtained from detailed floor plans or from satellite imagery
software, or from other sources. The boundary of the floor plan may be entered by clicking
points forming a closed polygon.

[0179] Storing Building and Floor Plan Data.
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[0178] According to an aspect of the invention, and as mentioned above, an entire floor plan may be
georeferenced by, for example, clicking a number of points (e.g., two) on the floor plan, and entering
their geolocation such as latitude, longitude. Geolocation information may be obtained from
Microsoft(r) Virtual Earth,TM GoogleTM Earth, Geographic Information Systems (GIS) maps, or from
other sources. The two points may be chosen, in one implementation, such that they are extremities of
the floor plan and their location is visible on the edges of the building outline for easy clicking. For the
reference points on a floor, or for each floor, the global elevation, or elevation above ground may be
registered 184G GRS AU aRBF ARAN S trSRIGHG d At orhiR die R IAh 45 Ber staiiad from
detailed Hoobplassoridromilsgiedifaimadgeylspbivwater dodtemvathassofrceschl g doundanytgidhe floor
plan may be entered lickin ints formi closed polygon. [0179] Storing Building and Floor
oSl i g chighch St R et ot e R i g
respectiveltiatascambe stored ima filel{d qdram X Mbefitedyobotherdotedat it tageifors eadiviseplarate
data type, entered, The XML file may have a tag for the floor number, tag for cr;/ﬁ;[}‘d ark type such
b S A S R R N e
such as puimtSedEseibity the halkivey shelopeyobehmpdivend, anebsioomtT Heexmildiles dapaten be

tagged 1o, e BuliAng,hak ey 081N 1 andimpoiRd g hebulding;datahase Mygdiional data may

be added to the existing data over time, and existing data may be edited using mapping application
130 (or dtHee seraREeIPROEaPIEIc0 6oisodiresdhislaly screenshot illustrating a preplan of a building

floor planpfsef the prasesseQfmarking landmarks fasifeauredaAsshoviNalivaysihayadesn

marked with rectangles, stairs have been marked with rectangles including stripes, exits have been

marked GERIGHaRfs BAE R dreBrEre retic QS METE: bedh MAKRINENEY Tl 8t ch Raflsds with
implemeniationss varuRyhiaodparksmay ketmarkesbusingecamindusnies of celaisyvshagesapatierns,
textures, or other visyal indicatars. [0182] FIG. 7 is an exemplary screenshot illustrating a preplan of a
bl HOBR A o e Pl P R B e T S Crrate HARor A
shown, hHalpiaysnaiedeerrimarkediwittk painig. idodesktdndidgorny anhalbayayfnodes 6sb@darm an

intersecting hallway, and so on. 018?1 epresenting hallways as a rectangle may be very useful while
using gegar%gwdwr%%%ﬁg%so fnoﬁﬁeer {r’ﬁ%% ]fﬁ%cr%{gfﬁods described herein. Several of the matching steps

may use/@db3paiisori of xectemgpilay andorslinedlusegimentpebiracking datenyiflvhrailvayscatd
compatri tracking. eadings,with t i ' th | . r shape
iy e R o B iy Wb reT e
instance8ashantedtethgilr shape (Peetendlendr Refemapemaydye tedusribdd Byrfourmpairs(RngP?2, P3,
P4). Theyrggianalading segment is the line segment connecting the midpoints of the shorter sides (i.e.,
the line segment from PI2mid to P34mid). The slope of the rectangle is the slope of the longest edge of
the rectalﬂgr%?(é%ﬁnr@ﬁ%@%égllrwﬁ@%@pﬂ?@é@%@r@?éﬁa aﬁpjrbsaﬁagwq_sa%g?@@gtf&% ftom
rectangle). chieRae Y TRRIBSENING {BedNAIWAY 9svarieetang RathahadbyRymaviRe prpateshwith a

slope for easy comparison with headings in the tracking data and/or slopes of other shapes. A

rectang|ée§tangular and/or linear segments of tracking data”with hallways, and comparison of tracking
data segment headings with the orientation of the hallway. A rectangular shape may be used, for
example, as shown in FIG. 8.
[0184] F1G. 8 is an exemplary depiction of two instances of a rectangular shape (rectangle). The
shape may be described by four points (P1, P2, P3, P4). The rectangle line segment is the line
segment connecting the midpoints of the shorter sides (i.e., the line segment from P12mid to
P34mid). The slope of the rectangle is the slope of the longest edge of the rectangle (e.g., 0
degrees for the top rectangle, and approximately 150 degrees for the bottom rectangle). Hence,
by representing the hallway as a rectangle, the hallway may be provided with a slope for easy

comparison with headings in the tracking data and/or slopes of other shapes. A rectangle’s
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internal region represents the hallway area, and allows for tracking points to be tested for containment
in the hallway. In addition, several of the advanced matching tools described herein may operate on
lines for matching shapes. These tools may represent the hallway using the rectangle line segment
defined above. Additionally, other matching tools may use points to represent shapes, and may use
the rectangle points (P1, P2, P3, P4), or the end points of the rectangle line segment (i.e., P 12mid
and P34mid) for their operation, as needed. The rectangular shape used to represent the hallways,
therefore, provides a high level of versatility in the geometric methods used herein. [0185] Extracting

AdditionAHEal fgisk Bafichry Dl 18198Y Miren B1dne'aat inafeakbe PEH P Xt rately [Ys
describecbabomvacnay tatshabie sxtraciadi fynasioetetettien dlgatih mstchhese dlgtrithinsimayibe used

if the preprocessing option is not avajlable, or if the building is partially preprocessed. [0187] Extracting
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occur at any time. Connectivity may be recorded both to use data regarding which features are directly
connecte§B'HE BHPET (5idE8EHd one another), and to determine which features, even if

unconnegjesl BE& RHam ¥ il B sesesaia 032 Prdmplementation, for hallways represented
as rectangular @yﬁons, each pair of rectangles may be tested for an existing intersection region. If an
C

intersect{§A%8%i RladhpedatyitiaredndaMateErd etirorrielioASof tHE R0 RBAYRaYE2E It hallways

are connggteetedf the halways@ie maskechwitmRestast @Ritinean epdipintt teynayobessapsidered
to be represented by a ljne se%rge téro .the hallway start point to end point. The intersection point of
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i
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Landmarks.

[0188] Once the location of features mentioned above (hallways, stairwells, exits, efc.) are
known, data including, but not limited to, connectivity and intersection regions may be extracted
even if they have not been manually marked.

[0189] Connectivity and Intersection of Landmarks.

[0190] For indoor track (or path) matching and navigation, detecting the intersection of various
landmarks and establishing connectivity between them may be useful for the algorithms of
mapping application 130. This processing may occur at any time. Connectivity may be recorded
both to use data regarding which features are directly connected to one another (or lead to one
another), and to determine which features, even if unconnected, are often visited in succession.
[0191] In one implementation, for hallways represented as rectangular polygons, each pair of
rectangles may be tested for an existing intersection region. If an intersection exists, it may be
registered as an intersection region of the two hallways, and the hallways are connected. If the
hallways are marked with a start point and an end point, they may be considered to be
represented by a line segment from the hallway start point to end point. The intersection point of
the two lines representing the hallways can be found. If the point of intersection lies within both

line segments, then the hallways have an intersection at the point of intersection found.
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[0192] In one implementation, connectivity between landmarks of different types may be detected by
checking for intersection regions, such as checking if a stairwell polygon intersects with any hallway.
For landmarks recorded as points, the closest hallway to the landmark may be found by distance of a
point to line formula. If the distance to the closest hallway is less than a threshold distance, for
example, the features may be connected. Even if they are not physically connected, the proximity
suggests that they may be traversed in quick succession. Well known geometric problems such as
intersection of lines, distances between points, distances between lines angt points and other similar

functiond ?Aay Be PeHOMREE 64 Qhité BoHEVe PgRGTetRIIRE O Y it A Baic YRSBHY MSrary.
Well knowerepely gortimakiipulatiomnsyssutbnas giohsgenshcentairidggpointsaandohey fundhiersday be

performed. by a low-level geomeitry library offen using the functionality of the pasic geometry Jibrary.
(0100 1T B PTG Do G RS R N AN RBF rocking
data thatfonay bavisinaccofacies;titeonay derosful foheoimitinecprothahilistist dppireaches withadecision
making . Human sight and,pattern matching capabilities,may, for.examine, determing that a
person S R e e B SR
tolerancestinagiedeithappatisito fegavesthitdhaybaayskiurigdsfing gearketricqsoximityiidgions to

detect pah, maleh R ARAmarks- 100l dor SRS ilUSdRIRXIR I, RIS it destanguiar

landmarks may be generated by increasing length and/or width by threshold amounts. These threshold
amounts'&h B! e tRASHORIS M Rtigiopasaaydt trafer YHeSIHBut ttaekiprebiaeamsdiptive

thf95h0|(i§n%¥iﬂﬁ@tiﬁ‘%,ISHsQﬂtg%M%hﬁipa?nyW&ﬁnEnB%iﬂtﬁ(ﬁ%UQrrﬁﬁgﬁ%@ﬁiéﬂﬂa&éﬁeaﬁé%ﬁj in the
inflated proximity regions of a hallway rectangle may be tested for a match to the hallway. It a match is

found ba<¥tirgH s PRBYS b estRETISPRSIMRG REAPTRSELRNG Kt ah By Mty dd Eescribed
herein, theitkagk fighpeitdianslarsegnoertsealy beregrrected to lie within the hallway rectangle. [0196]

FIQ. 9is %n xem Ia%&;gpiction f processing operations (described bellow) used t(_) inflate a rectangle
region by a{ggﬁzﬁﬁ%’ é"(fﬁﬂgffgrf\%ﬂﬂfﬁ',’%?%ﬁﬁ’ﬁfength ). 10197 In a first processing operation,
depicted/at 94/0Tio feiGorS, @ Digginahsipatangl e gegiomisk provide chat hisyréetarighe cmayibe obtained
from a rebcet%rslgl‘ll?l SRSH pnteinﬁo%él%ﬂ%rt?g Ql(apnr‘l(%rcl?l%g St decision making methods. Human sight and
pattern matching capabilities may, for examine, determine that a person “appears” to be walking
in a hallway even if the path is not along the hallway. To model tolerances in matching paths to
features, it can be useful to define geometric proximity regions to detect path matches to
landmarks.
[0195] For example, inflated proximity regions for rectangular landmarks may be generated by
increasing length and/or width by threshold amounts. These threshold amounts can be fixed
thresholds, thresholds based on the error of the input tracking data, adaptive thresholds at run-
time, or other thresholds. Tracking points and/or segments that are contained in the inflated
proximity regions of a hallway rectangle may be tested for a match to the hallway. If a match is
found based on or more criteria established in the map matching and map building methods
described herein, the tracking points and/or segments can be corrected to lie within the hallway
rectangle.
[0196] F1G. 9 is an exemplary depiction of processing operations (described below) used to
inflate a rectangle region by an Inflation Size (InflationWidth, InflationLength ).
[0197] In a first processing operation, depicted at 910 in FIG. 9, an original rectangle region is

provided. This rectangle may be obtained from a rectangle representing a landmark marked on a
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floor plan (e.g., hallway, stairwell, etc.). It may also be obtained from rectangular landmarks generated
by map building methods, or from rectangular segments obtained from segmentation of the tracking
data. [0198] In a second processing operation, depicted at 920 in FIG. 9, the rectangle may be rotated
around one of its points, here PI, by its slope in the counter-clockwise direction. [0199] In a third
processing operation, depicted at 930 in FIG. 9, the rectangle is inflated using the following equations:
[0200] Pil' = (xmin - InflationWidth, ymin - InflationLength); [0201] Pi2' = (xmin - InflationWidth, ymax +
i o oM 20 b CHlaion-ena il na 0P Raliias om

generated by map building methods, or from rectangular segments obtained from segmentation
of the tracking data.

[0198] In a second processing operation, depicted at 920 in FIG. 9, the rectangle may be rotated
around one of its points, here P1, by its slope in the counter-clockwise direction.

[0199] In a third processing operation, depicted at 930 in FIG. 9, the rectangle is inflated using
the following equations:

[0200] Pi1’ = (xmin — InflationWidth, ymin — InflationLength);

[0201] Pi2’ = (xmin - InflationWidth, ymax + InflationLength);

[0202] Pi3’ = (xmax + InflationWidth, ymin — InflationLength); and

[0203] Pi4’ = (xmax + InflationWidth, ymin + InflationLength);

[0204] Where:

[0205] P1° = (xmin, ymin);

[0206] P2’ = (xmin, ymax);

[0207] P3° = (xmax, ymin);

[0208] P4’ = (xmax, ymin);

[0209] (xmin, xmax) are the minimum and maximum of all the x coordinates in P1’ — P4’; and
[0210] (ymin, ymax) are the minimum and maximum of all the y coordinates in P1° — P4’.
[0211] In a fourth processing operation, depicted at 940 in FIG. 9, the inflated rectangle from
operation 930 is rotated clockwise by the slope around P1 to obtain the inflated rectangle for the
original rectangle depicted at 910.

[0212] Similar to the intersection of the actual landmark regions, the intersections of the inflated
landmarks may be determined to model inflated transition or connection regions.

[0213] Graph of Floor Plan Landmarks and Connectivity.

[0214] To use existing algorithms in graph theory such as the A4* algorithm for indoor
navigation, the floor plan landmarks and their connectivity may be represented as a graph.

[0215] Graph Nodes.

[0216] In one implementation, for hallways, the start and end points may be added as nodes of
the graph. The start and end points for hallways represented as rectangles may be determined as

the midpoints of the shorter edges. For landmarks such as stairwells and elevators, the center of
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[0205] P1' = (xmin, ymin); [0206] P2' = (xmin, ymax); 10207 P3' = (xmax, ymin); [0208] P4' = (xmax,
ymin); [0209] (xmin, xmax) are the minimum and maximum of all the x coordinates in P1' - P4'; and
[0210] (ymin, ymax) are the minimum and maximum of all the y coordinates in P1' - P4'. [0211] In a
fourth processing operation, depicted at 940 in FIG. 9, the inflated rectangle from operation 930 is
rotated clockwise by the slope around P1 to obtain the inflated rectangle for the original rectangle
depicted at 910. [0212] Similar to the intersection of the actual landmark regions, the intersections of
the inflated landmarks may be determined to model mf&ted transition or connection regjons. [0213]

Graph of HI88PBAh TSN < S EFRRBAVIR To 3 FP AL BRAUBAT SRYSAHRS Iy SBﬁlﬂIleory
such as theyA;fira&gkyrltb mdtdindaaiodavigatiodiitie fleareptandandmiaskscatichthgifoporimealivigymay be

representtr%c}i,% dgercat as graph nodes.
[0217] Graph Edges.
[0218] According to an aspect of the invention, all nodes in the same hallway may be connected
to one another with edges with the edge weight of the distance between the nodes using the

formula:

[0219] dist =/(x, —x,)* + (3, — 3,)° -

[0220] This formula, referred to herein as the distance formula, can be used to find “closest” or

“nearest” points and landmarks. This method automatically connects intersecting hallways since
the intersection nodes are connected to nodes in both of the hallways. Edges may be placed
between stairwell and exit nodes and their closest hallways by adding a node for the closest point
on the hallway line to the node. The distance from the landmark to the closest hallmark may be
tested before adding the edge, and the edge may be added if the distance is less than a threshold.
All unconnected nodes can be connected to the closest connected node for continuity.

[0221] Floor Plan Maze.

[0222] In one implementation of the invention, a maze representing the floor plan may be
established to perform functionality similar to the graph. In floor plans where the location of all
walls is available, a maze may be used to perform more refined navigation.

[0223] Auto-detection of Landmarks.

[0224] Landmarks used in the methods above such as hallways, stairwells, elevators and so on,
may be detected on several floor plans by using auto-detection algorithms. These auto-detection
algorithms may be developed using image processing techniques such as hough transforms to
detect the dominant black lines (walls) in a floor plan. Currently, auto-detection algorithms may
be difficult to use due to the lack of quality floor plans, and inconsistency in floor plan symbols.
[0225] B. TRACKING DATA

[0226] Tracking Data Characteristics and Formats

[0227] As previously noted, mapping application 130 may receive tracking data (in addition to

other types of data) as input. As described in greater detail below, tracking data may be obtained

31



[0215] Graph Nodes. [0216] In one implementation, for hallways, the start and end points may be
added as nodes of the graph. The start and end points for hallways represented as rectangles may be
determined as the midpoints of the shorter edges. For landmarks such as stairwells and elevators, the
center of the polygon may be added to the graph as nodes, and for point landmarks such as exits, the
point may directly be added as a node. In addition, the center of the intersection regions of hallways
may be added as graph nodes. 10217 Graph Edges. [0218] According to an aspect of the invention, all
nodes in the same hallway may be conré(/ected to one another with edges with the edge weight of the

distance FURvARY HEHEHES FEHGThE TG Ul To218] AR 10k, P2y (05201 RiLformula,
referred tadigreimastiberdistanaaifermiiakoanthaisddofdiielosestidpation and Signal-based

methods. Inertial methods are generally considered to be those that use sensors such as
accelerometers, gyroscopes, magnetic field sensors, pressure sensors, and other sensors to
calculate the trajectory of a target being tracked without the need for external references. Due to
errors present in sensor readings, inertial paths are often subject to “drift” and are more accurate
in the short-term than over long periods of time.

[0228] Signal-based methods can include analyzing signals from references to obtain a position
estimate. Position estimates may be obtained by using methods such as triangulation, signature
matching, time-of-arrival calculations, or phase difference calculations. Signal-based methods
typically have bounded errors over the long term, but are often less accurate in the short term.
This is often due to multi-path and other signal propagation issues. Signal-based location
systems are characterized by tracking point “outliers,” which are individual points that are
significantly offset from actual location, and are often due to the signal propagation
characteristics of a trackee’s location.

[0229] The position (or location) estimate generated by mapping application 130 after analyzing
the tracking data may be improved via techniques customized for different types of tracking data.
Additional information may also be provided to mapping application 130 to increase the
accuracy of the position (or location) estimate.

[0230] According to an aspect of the invention, mapping application 130 may enhance the
accuracy of tracking data, and may utilize similar processing techniques irrespective of the type
of tracking data. However, the tracking data type may be important to set (or define) parameters,
thresholds, settings, or other metrics for use with the mapping algorithms of mapping application
130. For example, custom methods may be applied to different tracking data types depending on
the tracking data characteristics. The tracking data may include data type, which may be broadly
be defined as Inertial, Signal-based, Fusion, or both separately. Additional data tracking types
may be added with the advent of new technology.

[0231] In one implementation, various error correction methods may be implemented by
mapping application 130. For example, drift minimization methods may be implemented by

mapping application 130 if the tracking data indicates that it is inertial, whereas outlier

32



"nearest” points and landmarks. This method automatically connects intersecting hallways since the
intersection nodes are connected to nodes in both of the hallways. Edges may be placed between
stairwell and exit nodes and their closest hallways by adding a node for the closest point on the
hallway line to the node. The distance from the landmark to the closest hallmark may be tested before
adding the edge, and the edge may be added if the distance is less than a threshold. All unconnected
nodes can be connected to the closest connected node for continuity. [0221] Floor Plan Maze. [0222]
In one implementation of the invention, a maze representlng the floar plan may be stabllshed to

perform FOREEERRITF LiRtTaPRY th%la}gl]ﬁﬁlemeﬁo’cfr BfalaciRErdAdISLEbm AN Walld§s G aifsbie, a
maze maydtixems)ecdy iﬁdi&nf@fmtmmmﬁaﬁdtaav@atihart{ma}l&gut@ cleteetioaroflkang mhékfas[6)224]
Landmarks u ed the foﬁq‘bm 1ca?eSfHCh as haII s stalrwells elel\lla ars a(?) t%o gé/dbe

oro ndica ccu eln ort te
detected G s&VEral floor using auto- éaefnc}/lon é’ﬁgorl ese auto-detet |on a orithms
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due to th{g acég #%(a)kr p affngs8 an% frllec%cn{s%%e%g% fﬁq)loreif) sym “ﬁ J}Oég%ﬁ/g C ING
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applicatign 1 3 nay,ieeeie Hgknddale Ei!&e?‘?sdl l%nyt‘glgﬁ'él?BéXP@SI%ﬁsd@&ﬁ)l%sdl%‘ﬁedbﬁvgﬁﬁ% ibed in
greater detail below tracking data may be obtained
entire tracklng path to count the number of such “outliers.” In inertial systems, this count may

be negligible, if not 0. Other outlier detection methods may be implemented.

[0232] The one or more tracking systems (e.g., 110a, 110b, ...110n) (FIG.1) may be configured
to collect any one or more of the following types of tracking data. As previously noted, this data
may also be obtained from other sources.

[0233] 2D Tracking Data.

[0234] According to an aspect of the invention, two-dimensional (or 2D) tracking data may be
provided as geolocations (latitude, longitude). Alternatively, 2D tracking data may be
represented as (x, y) increments from an initial position. In such cases, the initial position may
be provided by manual input (or in another manner) as GPS, signal-based initial position, efc.
[0235] 3D Tracking Data.

[0236] To perform tracking in three dimensions (3D), data representing the displacement in the
“z” or vertical direction (i.e., elevation), may be added to the 2D tracking data. This data may be
represented as an elevation in the “z” direction in global units (e.g., feet, meters, etc.), as the
number of stairs counted with an indication of whether the stair was encountered as an up stair or
a down stair, or as an increment in the “z” direction with reference to an initial elevation. A
combination of these types may be used to indicate elevation change by different mechanisms
such as, for example, elevators and stairs.

[0237] Global Heading Information.

[0238] Heading information may be obtained from a 2-axis magnetic field sensor (e.g., compass)
if it is held level. This heading is less accurate when the device is tilting. The use of a 3-axis
magnetic field sensor in combination with sensors that provide accurate tilt information, such as

accelerometers and/or gyroscopes, can provide a very accurate global indication of the direction
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from any number of sources and/or from any number of tracking methods. By way of background, the
most prominent tracking methods include Inertial Navigation and Signal-based methods. Inertial
methods are generally considered to be those that use sensors such as accelerometers, gyroscopes,
magnetic field sensors, pressure sensors, and other sensors to calculate the trajectory of a target
being tracked without the need for external references. Due to errors present in sensor readings,
inertial paths are often subject to "drift" and are more accurate in the short-term than over long periods
of time. [0228] Si%nal-b_ase,d methods can include analyzing signals from references to obtain a

position S5t5Eel B ISHIEN B AL AP S MBBY UL Fréfifod L5 ARAL thaRTIAbHH
signaturedaichieg; dimesafaapivalagaltulatadsc o tpihasedifferamae calculations. Signal-based

methods %}@3}% tg}yee P%J lde(; ﬁrrr%a over the long term, but are often less accurate in the short
term. Th(s IS often due 1o mult-p AEKE Viner signal propagation issues. Signal-based location

systems /@24 ¢haractengednny thackikytpoithlioytiersjtohhich arnd indissdoabplints thamane isignificantly
offset from actual locati nd are often due to the signal ion.characteristics of a trackee's
ocation T8 Hhe e e A o IR e S AR
analyzingestiectedckéfigedatd andy3e itppresvednda techmieiesielistandizEbkfoniffactest mpesiatliracking

data. AdditionahifornatRA R ARG R KIFEHIARIARAIOG ARRYIGRAHAMARD 4p GI&aRE (e accuracy

of the position (or location) estimate. [023(5] According to an aspect of the invention, mapping
applicatibf?4Bblngly e Meadew tHeeieeuiaty of tracking data, and may utilize similar processing

techniquaiisespective,ofihe bupe %BH{;}QJHH gdate. Howsvedathattackingdata tRsimaydeadmportant

to set (or define) parameters, thresholds, settings, or other metrics for use with the mapping algorithms
of mappif§'apPreAHS T 8B EGdRimpied L stahr etRBHSAHAY B8 K5 dhEddoPanterdRtracking data
types depending-emithg tragking data characteristics. The tracking data may include data type, which
may be brgadly be defined as Inertial, Signal-based, Fusion, or both separately. Additional data
ockine W A o e R L e R Iy 8 T eGP AR verious
error corbediiaacaéthpdstmelile dmplernenied by mappingiapplication 180 oF di@xampleyrdviide
minimization methods ma implemented. b ing application 130.if the trackin ta indicates
that o T e B B e e R TR he
signal-bakedlags flarg (orydthdeinditatorinduddicateatiab gddtaisracowakesdnlibé short-term may be set

for inerti h ag, (or. other indicat indj a y be.inaccu in the short
term but?#gggé%mgh%heﬁﬁgﬁ% n%[ll %?a?/ dc}a\%'tegt o?és%%ga%-g[gi%g] ga#agfellzg\l}e%?ifgt?’é%ﬁnggdata
does noteirrsluderinetypersmalypirry sppticatdoatd 30 hayidetearaeypdbyceirdckingfonoutliers." For
example,ifany.tw;sueggssive tracking points have a distance greater than that which can be

traversed in their time-separation, it sugg.%sts the data is likely signal-based. This can be checked over
the entiréf46kid tAhERERTbBrHISYCHABatierScthslindrasiiSysferies tisxsdintay be

negligiblggif et Q- Othey Qitliesrdataction tpatbads may hadmplementekia) for what constitutes
“stopped” may be customized for different tracking applications, and the time since a “stopped”
event has been determined may be included in the tracking data.
[0247] (3) Elevator Flags. Elevator flags may indicate whether a tracking device or system is in
an elevator, and may indicate direction of travel (e.g., up or down). Elevators may be detected
by an INU. In one implementation, the first step for detecting floor changes by elevators may
comprise detecting the elevator pattern in the INU.
[0248] FIGS. 10A-10B illustrate z-acceleration elevator signatures (or signatures in z
acceleration sensor data for elevator transitions). FIG. 10A illustrates a signature obtained while
an elevator ascended one floor, and shows a first peak area (upward acceleration) and movement

until the elevator begins to come to a stop (retardation). FIG. 10B illustrates a signature obtained
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[0232] The one or more tracking systems (e.g., 110a, 110b, ...110n) (FIG.1) may be configured to
collect any one or more of the following types of tracking data. As previously noted, this data may also
be obtained from other sources. [0233] 2D Tracking Data. [0234] According to an aspect of the
invention, two-dimensional (or 2D) tracking data may be provided as geolocations (latitude, longitude).
Alternatively, 2D tracking data may be represented as (X, y) increments from an initial position. In such
cases, the initial position may be provided by manual input (or in another manner) as GPS,

signal-based initial position, etc. [0235] 3D Tracking Data. [0236] To perform tracking in three
dimensio‘?@%@@ A YepresaAEh g th & Aptad et ?nf%?épealira\r/%ar LA avEEiRCE 2By ARbn), may
be addechits the2Ddrackingdata: Bdpisdatacmayde siopresaentatbas an elevation in the "z" direction in

global un }52 ., feet, meters, etc.), as the number of stairs counted with an jindication of whether the
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change ?32@‘ f@% %&h%Chr%E‘é%’J%so%“&Pr&%ﬁrﬁ rfe)é"f‘ Qe Sfélte\rll?ti%rglfgfévsat%lrr%agogg’e? 2lobalHgading
Information. [02 eading Information may be obtained from a 2-axis magnetic field sensor (e.g.,
compassifirds helbdevselravsisdae adimetisn dusght cthagewhedi the tevidetis tiing e THdauswl dfya 3-axis
magnetic field 6L IRGOMBLHO PN SeRRars Bt RIOVIdE aceuate Ul IR mARRN: SHe RS
accelerometers and/or gyroscopes, can provide a very accurate global indication of the direction

the time in the elevator to obtain an approximation of the distance traveled, in either the upward

or downward direction. This distance may then be added to a “z-elevation” distance field in the

tracking data, or reported separately in an elevator report.

[0251] FIG. 10C depicts a graph displaying the result of a computation of distance traveled in an

elevator by determining elevator velocity and time traveled in the elevator. In particular, FIG.

10C illustrates four elevator rides (1010, 1020, 1030, 1040) for a one-floor, four-floor, two-floor,

and one-floor transition, respectively, in the elevator. As seen, the velocity (indicated by the

heavier-weighted lines) is almost the same in all four cases. The distance obtained in each case

using the method discussed above is proportional to the number of floors traversed. Once the

elevator detection and floor resolution is computed in the INU, it may be added to the data

transmitted by the CSM to computer 120, and mapping application 130.
[0252] (4) Motion Type Flag. For personnel tracking, the type of motion and/or posture detected

by the person outfitted with the tracking device or system (e.g., crawling, walking, duck-
walking, rolling, efc.) may be categorized and added to the tracking data. This information adds
to situational awareness, and also helps assess the speed of the device.

[0253] (5) Hall Flag. A flag indicating that a tracking device or system has been going straight
for a certain amount of time can be included in the tracking data. This indicates that, if the
tracking device or system is indoors, the tracked personnel/asset may be in a hallway. In
addition, the time and distance measured while on each such straight stretch may be included in
the data. In the presence of ultra-sonic sensor data within the tracking unit, this event may be
augmented with ultrasonic sensor analysis.

[0254] Segmentation Information.

[0255] According to an aspect of the invention, while computing location information, a tracking
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in which the device is facing in the absence of magnetic interference. For a 3-axis magnetic field
sensor, the elevation angle may also be added to the tracking data. [0239] Relative Heading
Information. [0240] Gyroscopes may be used to obtain yaw, pitch, and roll angles for a device from an
initial orientation. The heading from gyroscopes may be added to the tracking data as an angle
restricted between 0 and 360 degrees, or as an unrestricted angle. The unrestricted gyro angle may
include both heading information, and information regarding the number of turns taken. [0241] Fusion
Heading |Information. [0242] In systems with both global and relative heading data, the two may be

fused to OBEEH Y RISISH HBAYIRG LSt CHREF B BHEEA 0 AP SBC A p OB 15D 1B fdfAets
processiinguf0d43hdragkipglictags. [0244]Acoopditiguiaranfaspblet iafshecinventiogyssvepas flags may
be defined for events, that can be detected by a tracking device or system.(e.g., tracking system 110a
T rIG S BrosH e R e SRR SR T iR
decisionimakingnBometaf thetflagthatt i@y e dedinedudnd dnelscieein tnackindatataiareciong

describe 0iL9245] (1) Stair Flag. A stair flag may indicate whether a tracking device or system is

encountering stairs. It may also indicate if the stairs are being traversed in an upward or downward

direction/0256] Signal Strength Information.
[0257] In systems that utilize signal strength from various reference stations and between
multiple tracking devices or systems in a network, the signal strengths and/or observations
obtained after analyzing these signal strengths may be included in the tracking data. The signal
strength from the reference stations may enable mapping application 130 to perform more
detailed pattern and signature matching to determine location. In addition, the proximity between
tracking devices or systems may be detected by their relative signal strengths when available.
[0258] Events such as a number (e.g., two) of tracking systems sensing signal strengths above a
threshold may be defined and indicated in the data using flags. Adding a time-stamp may also
be of benefit when determining a position (or location) estimate. As an illustrative example, a
system that equips each trackee with a tracking system comprising an INU-CSM pair (and/or
other devices) may use a Wireless Personal Area Network (WPAN) to communicate between the
tracking systems. In such a system, the tracking systems on each trackee may ‘“hear”
transmissions from tracking systems on other trackees. The signal strength of these inter-trackee
transmissions may be recorded in the tracking data.
[0259] Long Range RF Signal Strength Data
[0260] Long Range RSSI (Received Signal Strength Indication) to triangulate a trackee’s
location may be more useful outdoors, where there is line of sight. Building structures may
cause a signal to decay by differing amounts depending on building material (or other factors)
making it difficult to get an absolute relationship between distance and signal strength. In
addition, RSSI can fluctuate due to reasons such as mobile obstructions, etc. Techniques such as
averaging and filtering may be implemented to stabilize RSSI readings.
[0261] One method to take advantage of signal strengths of an indoor tracking system from
outdoor reference points may utilize RSSI signatures (or patterns). As an example, there may be

locations in a building where signal strengths from the reference points do not scale accurately
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[0246] (2) Stopped Flag. A stopped flag may indicate whether a tracking device or system has stopped
(e.g., its location has not changed). The criterion (or criteria) for what constitutes "stopped" may be
customized for different tracking applications, and the time since a "stopped" event has been
determined may be included in the tracking data. [0247] (3) Elevator Flags. Elevator flags may indicate
whether a tracking device or system is in an elevator, and may indicate direction of travel (e.g., up or
down). Elevators may be detected by an INU. In one implementation, the first step for detecting floor

changes by elevators may comprise detecting the elevator pattern_in the INU. [0248] FIGS. 10A-10B
i||ustratebz‘/-&&%%Fatiﬁﬂ%?@%t@fis*i‘&ﬂ&kﬁ%é‘%f?&sﬁé’ﬁéﬁﬂ%griH“Q%é&@%o??%ﬁ&?rydﬁ&‘?b‘iﬂél8(/ator
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elevator report. [0251] FIG. 10C depicts a graph displaying the result of a computation of distance
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device. distance parameter (RSSI dist) is based on RSSI while a person is moving away from the
reference point, up to a turning point (Turning Point 1), and then back toward the reference
point. As shown in FIG. 11A, the distance parameter (RSSI dist) (which is proportional to
distance and inversely proportional to RSSI) is shown to increase as the trackee moves away
from the reference point until the trackee reaches Turning Point 1, and then decrease as the
trackee returns to the reference point. The transmissions may be received inside the building
using high power transmissions (e.g., 1W).
[0264] F1G. 11B depicts an RSSI pattern recorded for a person walking a path (along a hallway)
twice, with a first reference point (or base station) “Ref1” placed at a first end of a building, and
a second reference point (or base station) “Ref 2” placed at the opposite (or second) end of the
building. In this case, as the trackee moves between the two reference points, the distance
parameter (RSSI_dist) can be seen to increase at one reference point, and decrease at the other,
until the trackee reaches one of the reference points, and then turns around. The opposite trend

can then be noted.
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[0253] (5) Hall Flag. A flag indicating that a tracking device or system has been going straight for a
certain amount of time can be included in the tracking data. This indicates that, if the tracking device or
system is indoors, the tracked personnel/asset may be in a hallway. In addition, the time and distance
measured while on each such straight stretch may be included in the data. In the presence of
ultra-sonic sensor data within the tracking unit, this event may be augmented with ultrasonic sensor
analysis. [0254] Segmentation Information. [0255] According to an aspect of the invention, while
computi@ location information, a tracking device gr system may break the calzéulated tra'#ectoi?/ into
segment?22R4 HRSuEALIIdrANE L S G A S Pin d BRpRcABoR Y %b Hass BardhRMy Readitiie in
systems suitle Qyrasape o apd tmayiassist nfth R detediiomokdeins eved thehidedtficatanjintetpolation
of missi ta segments. In one implementatign, t ment data m e included as a segment
umber 13 A A DS ST S A Ao 1] 5 2y S L e signal
strength drove Yaritef3 retereneea sthtien soahd détweeminultigle tratkingvdevicés ercoysterfisdnca
network, {fy t%'&[‘oac'fet&e.r‘ﬂégsréﬂ%ﬁof gbsetvadons,obtained . afier g}{}a(!ﬁlze'P té‘r%lﬁ&rﬁlga“f%'c% [shgghs may
be included in the tracking data. he S|gna? strengtlr'm from the reference stations ay ena e mapping
applicatiesrcBoutenr pegforemantre aetaiiechppreermigriddsitmatiie ehdtehint tocdetermine location. In
addition, g prepigity hehwaan ipakingedenice sl SYIemn ey e detestsr Py tneitirlaty signal

strengths when available. [0258] Events such as a number (e.g., two) of tracking systems sensing

signal streRgistibéve aldrredifoRiiidaieseldatine dhastPissicaie aan et dbs demigenaygs VAtdidg a
time-stamp. ayngisorke Qfpenefib yhendeterminios speYtonVaLiesationhestimate A REllstrative

example, a system that equips_each trackee with a tracking system comprising an INU-CSM pair
(and/or SIS YBVINEL AP TaERWireless Personal Area Network (WPAN) to communicate between

the trackjpgssygieametnisyibnaosisien, thetiaskingrsystemsopaach (sadkee Mayoeamnay be
transmissions from tracking systems on othe Erackees. The %ﬁg%:ﬁeg%goft ese inter-trackee

transmisBSHE TSy b8 PEESHER iRTHE tFANRI Y St TO 2881 QighdrShehyitt Dhta

portion of an established grid (comprising 6 regions, 8 regions, etc.) in which a trackee may be
located.

[0268] Heading (direction) Signature. In FIG 11B, the portion of the curves before Turning

Point 1 show the RSSI dist values from Ref2 decreasing (indicating that the trackee is moving
toward Ref2), and the RSSI dist values from Refl increasing (indicating that the trackee is
moving away from Refl). As such, the signature can indicate the direction in which the trackee
i1s proceeding in a hallway by observing variances in the signal at known reference points.
Therefore, in the illustration, if Ref2 is located to the north of Ref1, it may be determined that the
trackee 1s proceeding North in the hallway.

[0269] Location Signature. An additional signature that may be interpreted from FIG. 11B may

be referred to as a location signature. RSSI stabilization algorithms coupled with signature
detection methods may identify that the RSSI values from Ref2 and Refl at the Turning Point 1
and Turning Point 3 locations are almost identical (the RSSI dist values at a given point are
where the dotted vertical line intersects the RSSI dist curves). Turning Points 1 and 3 are at the
exact same location - the end of the hallway being traversed toward Ref2. Accordingly, for a set
of reference points (e.g., base stations) placed around a building (outside), the same location
results in the recording of very similar RSSI values at the respective reference points (e.g., base

stations), and can be used to track personnel and/or assets inside a building from outdoors
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[0260] Long Range RSSI (Received Signal Strength Indication) to triangulate a trackee's location may
be more useful outdoors, where there is line of sight. Building structures may cause a signal to decay
by differing amounts depending on building material (or other factors) making it difficult to get an
absolute relationship between distance and signal strength. In addition, RSSI can fluctuate due to
reasons such as mobile obstructions, etc. Techniques such as averaging and filtering may be
implemented to stabilize RSSI readings. [0261] One method to take advantage of signal strengths of
an indoor tracking system from outdorTr referenc%ﬁ%nts may utilize RSSI signatures (or patterns). As

an examPBi SHERE S DO StiEs LT A BOf d NG ANHERR S g Eiirengths from the reference points do
not scalg@ruyraieky-by gigtance: ko weyrinthesignal stengiisdromnigng aidmatesigfarenrserpgints

may be Jigue 5&&‘3@%%” G oha particylar.arga.an e’roﬁé‘é%%‘a{%’%s'”aﬁ%‘%eﬂ%’aﬁ'v%' Dee A&&%&ﬁé@&% Ifa set
of signal setreng 1S is obderved ‘and recorded whena rackee is'at a given ocatlonp(e.g., ocation "A")
at a first bienes thlacsinil auséicoflsignahstfBngtihdacaysbet alxse beedkyvhbie the trackeeceyisiteithe same

location &Ie'(.)%’, l%?e%%@e’r%é & ?r'ﬁ%éfrwtf (?uEZa%V NS NERHAR! ﬁ?'iﬁ%ﬁ 9.%@%ﬁlﬂﬂn%9t o‘%#&ae%% logation by
trlangula I0n, they may reveal that the trackee Is at the same location at time t2 as he or she was at

time ti. [GM]@GﬁlcmmimiBnaVebe@mm&y d@gﬁrﬁdm@@‘ REQr p&t@éﬂﬁl{@pst@ﬁh@m&mw aired
during a gseggignwhereilAhadware deyice sanippred Wibi&fadio was aliprhed R Iagkes, The

trackee's hardware dévice was configured to receive transmissions from a radio located at a reference
point (e.§X{eNBa’dnseigsiciaRertBYaEoriIdHE RIE AU Ehe Festeretiber HYIMAdRESRS STYelEERhgs may
then be pagsed,thiquahsprethingalgerifiims & aliain astable fatiralian ofdheBeSlsdhsame

implementations, aglurality of reference points (each with a radio%may be utilized. [0263] FIG. 11A

depicts Y RSEIH5terh FECOGet! ANERSGNs YoraranRe! peiRtiie:gvharhASE WaRLHS I8TEbdoors for
a persomyyalking dprasiekdavsraballway i 2obuildingWdpaensy Pedistanae paameies (&Sidist) is
based on RSSI while a person is moving away from the reference point, up to a turning point (Turning
point 1) KRB DR R DYk el oBbr) K2 BHISKATEIATH A, the distance parameter

(RSSI dighp (whidvisi iy dpatititaal hsisiaieesand inversely proportional to RSSI) is shown to increase
as the tr ves away from the reference point until the.trackee reaches Turning Paint 1, and
then dec Al S B DA o T are Bh S o B P g Tosice
the buildingldisig ¢ebighypev@letrashissitis(edo\W) . 48264 REGind ikBtdepicts dar RS Stauattern
recorde a pery Il;ﬂ'rega long a ha ) dwic ith & first re ce point (or base
station) dsl%ge{ﬁ pllgce%;l %Ytgg irst er%%gajéab%ydllngr} zgr.\?g%ﬁ(s%lo%%xﬁe_ es?e#():e %oc%?rllli? or lg%sg stati(g;n "Ref 2"
placed attécospisiea (Grikesorrdfiendios théobutimymiay thisobiecd b liddrag ke ingvesspistiveen the

two refergpee NSy e dIFANGE RRAMAES (BnhdisheanbeSeal 19 InreaRe Along slerence

point, and decrease at the other, until the trackee reaches one of the reference points, and then turns

around. TReBSEEREFERdEHIEder P iABreE mapping application 130.

[0273] Ranging information from obstructions may be obtained, for example, using ultrasonic
sensors, lasers, optic sensors, or other devices. Analyzing and calibrating ranging data can help
resolve some hard-to-detect scenarios such as, for example, whether a trackee is in a hallway or
room. For example, for sensors (similar to ultrasonic sensors) placed on the sides of the trackee,
readings from the sensors on both sides of the trackee indicating close by obstructions may
suggest that the trackee is in a hallway. Readings which are less uniform and that indicate the
presence of obstructions further away may suggest that the trackee is in a room or other
similarly-sized space. A lack of obstructions in acquired ranging data may suggest that the
trackee is in a large room or open space (e.g., a gymnasium, on a warchouse floor, exhibit hall,
lobby, etc.).

[0274] Error Estimation and Reliabilities.
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[0265] Proximity (Quadrant) Signature. In FIG 11B, at any given distance when the RSSI dist curve for
Refl is lower than the curve for Ref2, the trackee is closer to the side (or half) of the building where the
first reference point is located. When the curve for Ref2 is lower than the curve for Refl, a trackee is
closer to the side (or half) of the building where the second reference point is located. Accordingly, in a
search and rescue mission (or other operation), a location or search area may be narrowed to the
appropriate side (or half) of the building. /02661 In one implementation, when four reference points (or
base stationl? are pqsitioned on each of the four sides of a building (outside), the closest two can
reveal thed 40drafit ?meéfﬁécﬁffﬁcf(%géem%&Wga‘f@d’f@lﬁﬁ}l&?ﬁﬁ AfSHHSERS WA bE I FARESe during
search andteseus missions {(PoothHeptprrationg).ifoRG¢é I3 ettisninplememations, [ subearaf
reference points, (or base stations) may.be positioned at a number, of predetermined locations (outside)
o1 2 DU Ho AT AT BT O B LB B tolibiiing EoSoicis & febis. etc)
in which adracke®mayrbeivchted : fO268]ithedding (airectionkSignatureninasdGelidBilithie wohtien of the
curves before Turning Point 1 show the RSSI dist values from Ref2.d asing (indicating that the
Mooy LR E AN E R i e e A L M
trackee isnglovingranay. fiomiRefijl Assush nheigignaugel vadrifidicdiethedire stidminowhichahe
trackee iéo?ﬁf?ﬁ?@?dﬂﬁ: i&%ﬁlﬁ‘gé"’&y&%@&ﬁ%@ﬁ% yarjances in the signal at known reference points.
Therefore, in the illustration, if Ref2 is located to the north of Refl, it may be determined that the
trackee i&BrétdeaigaNGR: in the hallway. [0269] Location Signature. An additional signature that may

be interprgsed; fromufil HBemayherefered o asadesation sighature RSS! stabilizatiap algerithms
coupled with si?nature detection methods may ideng%that the RSSI values from Ref2 and Refl at the

Turning POt AR ot IR P PBRASI IEatRS G DIto 0 IS HERCAF RS RESIYigY VRiGEs K Given
point arenvberenipesdottectvatijtal pasdatersecissthe REStgistaures)e wning Beaints @pHs8 are at
the exact ame%l?cation - the i%d of the hallway being fraversed toward Ref2. Accordingly, for a set of
referencE BOiARS @ § " BAYB S AALAYY FlalS A S b IRIFRGKSutside), the same location results in
the recording pirypey similakiRSBhvmalud Cautereaispective reference points (e.g., base stations), and
can beu rack personnel and/or assets insjde a building. from outdoors wijthout pre-installing
by i) o i i iR R ey St e e
types of bigriall sfemtgth sigratgre svittaydbe notedranidrytilizéd tfor tidokinggputpases:cT fmdeference
stations g %é?%g@%&%%% :d as being placed in outdoor locations. This is because it may be
desirable for emergency personnel (e.g., firefighters) to track without any installation/setup inside the

building./Péfthébe €B8eRathe senyeforapiee poititslmdyisatydacéd Snitkec i reieks andloriothiet
vehicles Hiaf Arivs BRIQAN (RESH SERNR: éﬁ?i%ﬁl&l%??ge@fi@’éi%gtﬁmﬂéﬂ' s BRISQmRE!- This
itionally,

approach, however, may extend to indoor reference points. Additic or high-rise or other tall
buildingd &8diriEtures itRdipkiis eHfigslae sdafeietd poihRodH s @ro%,@dtagﬁ/ﬁ@@ Hésonnel
and/or aggegs are being tracked. Therefore, in a emergency personnel scenario, where personnel are
deployed in a high rise on higher floors (e.g., floors 20 and above), it may be useful to place these

referencé/pMtS RS EIEEfe B CERGING ORI (& Y ol 28§ HP Betker CsReHidpr an “up’ stair,

decrements for a ‘down’ stair.

[0283] (4) Gyro_angle: The relative heading predicted by the gyro, this may be unrestricted
(e.g., not bound to 360°).

[0284] (5) Compass_angle: The absolute heading predicted by the compass.

[0285] (6) Compass_Reliability: A number, for example, between 0 and 127 (or within another

range), indicating how accurate the compass is estimated to be after analyzing magnetic field
characteristics.

[0286] (7) Fusion_angle: A heading estimate after combining compass_angle with gyro angle.
[0287] (8) Fusion_Reliability: A number, for example, between -64 and 63 (or within another
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[0271] Ranging Data from Obstructions. [0272] When a tracking system is indoors, it may be useful for
both the map-matching and map-building techniques (described in detail below) to access data
indicating how far the tracking system is located from obstructions in the building such as, for example,
walls. In one implementation of the invention, this information may be obtained by adding ranging
sensors to the tracking systems that are provided to personnel and/or assets, and by including the
data in the tracking data that is provided as an input to mapping application 130. [0273] Ranging
information from gbstructions may be obtained, foy example, using ultrasonic sensors, lasers, optic
sensors, BREth A HERBELRNAIGHTRT LS BB Ak Pl bt R KB T Phver QBtRAsS: evio
hard-to-detefisseetiaiassutiras, for example, whether a trackee is in a hallway or room. For example,
for sens é imjlag, to ultrasonic sensors) placed on the sides of the trackee, readings, from the
sorsors B DU LS s U TR ACHS CIOUB ) e TS Lo Sh R ke is i
a hallways Readiddgy whidheard [egsenniform and that indicate the presence of obstructions further away
may sug Y hlgf tﬁ@i:ke%i%in a room or other gi iIarIy-sizegtsaE)%cte. érllgilckbof.ob rtlllctions in
acquiredwraanﬂgaln% éar%mé‘&suggaést“ﬂ%%% kbbbt or open space (e.g., &
gymnasilffd?@n(a/Whvehidage I fog, iesivbinbahalebingketos 1J0RTE] Error Estimation and Reliabilities.
[0275] Dﬂ}ggfjpm B §'ﬁ‘ﬁiﬂ@§ Sysie ﬂﬁﬁﬁtﬁ?g"ﬁé@ﬁ‘é@ﬂe@%HB@?Mo@h@ﬁerent times. The tracking system

may therefore, in one implementation, include its estimate of the maximum possible error of its data to
enable niépihgldp Bresrshlazo ik settshiqaiinge tiedakae These Brsry imagnbrikspanceighe or
represen@gl[@%ﬁ;gﬂ@ibgﬁ@%%h@@ for example, a compass reliability, with a number (or other
indicator) indicating how accurate the compass is at the time that the compass angle is reported. For
inertial sY&téMsMBKIMBITARGIAR afift AR BaMUT SEaNHE SHHBTTAR BB ECSHIE eRAhples of
error estygpatiemertar [Q2 18] owagkee Type. [0277] In various implementations, the type of trackee may
also be i in the tracking data tq.enable processing methods to customize methods to the
trackee. %é%’i&ﬁl@@%ﬁ@é& 3%&@%&?%&%%@3%8? léiﬁi‘ﬂglgaﬁ%%onnel or assets. The type of
trackee ey $ja RisEd tar@Stablishfrylasdandiog donstraicksctiaispoyetreihatoiovement of the trackee.
[0296] (3) ElevatorDistance: A distance traveled by a trackee in an elevator.

[0297] (4) Z distance: Estimated displacement from an initial elevation estimated by the system.

[0298] (5)_Maximum errors: Maximum possible scaling error, and angular error using sensor

limitations, distance traveled, total rotation, efc.
[0299] (6)_PostureFlag: May indicate posture (or other) types such as belly crawling, duck-

walking, running, efc. for personnel.

[0300] (7) Signal Strengths: Long and short range radio signal strengths from stationary
references and other mobile units of the system.

[0301] Inputting Tracking Data into Mapping Application 130

[0302] As previously noted, mapping application 130 may receive tracking data (in addition to
other types of data) as input.

[0303] In one implementation, the tracking data may comprise data acquired in real-time (e.g.,
one or more tracking points may be provided with every new update) while personnel and/or
assets are outfitted with tracking systems (e.g., 110a, 100b, ...100n) (FIG. 1) and are being
monitored. In real-time applications where data is being transmitted to computer 120, and
limited bandwidth is available, a tracking system may perform smart buffering if and when it

goes out of range of computer 120. If the number of tracking points is too large to send when the

41



[0278] Type of Tracking Data and Characteristics. [0279] In one implementation of the invention, the
tracking data may be obtained from an Inertial System combined with GPS information, with the
following illustrative (and non-limiting) tracking data format: [0280] (1) GPS Data: may comprise
latitude, longitude, GPS indicators such as Horizontal Dilution of Precision (HDOP), number of
satellites, satellite signal strengths or other data. [0281] (2) X, Y: 2D tracking information relative to a
start point, based on headings from the gyro. [0282] (3) Zpos: The number of stairs counted while
tracking, increments for an 'up' stair, decrements for a 'down’ stair. [0283%]6(4) yro angle: The relative
heading FYEEHET BRSO K Heay HEL APSSIRRRY T !g¥ RorBolind 1 460y, Ho5HEEY Epass
angle: Thexgabsakite headingr piediatedduythe compassidO28bh i) Gdmpassareliabiity pdimsiaiber, for
exampleé b%tween Otand 127 (or within another range), indicating how accurate the compass is
estimated {0 De after analyzing magnetic field characteristics.

[0304] In an alternative implementation, the tracking data may comprise previously-acquired

data that may be provided to mapping application 130 for post-processing. The tracking data
may be stored locally on computer 120, or in one or more databases (180a, 180b, ...180n) or
other storage devices (in operative communication with computer 120).

[0305] In some implementations, tracking data type information and trackee type data may be
used to set parameters, thresholds, settings, or other criteria for mapping application 130, thus
customizing mapping application 130 to the tracking data and the trackee. Mapping application
130 may also be customized for various applications.

[0306] 111. MAPPING APPLICATION OVERVIEW

[0307] Having provided a description of the various types of data (e.g., building data and
tracking data) that mapping application 130 may receive as input, an overview of the features
and functions of mapping application 130 will now be provided.

[0308] Mapping application 130 may enable a wide variety of features and functions. It may, for
example, receive as input tracking data for one or more trackees, and produce more accurate
tracking estimates for each trackee. Mapping application 130 may achieve this by analyzing the
tracking data and using a suite of mapping tools to make corrections to the tracking data.
Additionally, mapping application 130 may further use information from building data, when
available, to enhance the tracking estimates.

[0309] According to an aspect of the invention, and with reference to the exemplary flowchart of
FIG. 12, the various mapping methods enabled by mapping application 130 may be broadly
differentiated as indoor tracking methods or outdoor tracking methods. Some methods may,
however, be used for both indoor and outdoor tracking.

[0310] In one implementation, the indoor tracking methods may be used to generate tracking
estimates for trackees, when indoors, by fusing some or all of the available indoor tracking data.
This may be performed using general tracking concepts and/or concepts specific to tracking
personnel and/or assets indoors (e.g., when limitations may be imposed by the structure of a

building). According to an aspect of the invention, indoor tracking methods may include, among
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[0286] (7) Fusion angle: A heading estimate after combining compass angle with gyro angle. [0287] (8)
Fusion Reliability: A number, for example, between -64 and 63 (or within another range), indicating
how accurate the fusion angle is estimated to be after analyzing compass, gyro and fusion
characteristics. [0288] (9) SegmentNo: The current segment number for the path which increments
when a turn is detected by the Inertial System. [0289] ( 1 0) HallFlag: A flag indicating that a trackee is
going straight and may be in a hallway. [0290] ( 11) TurnFlag: A flag indicating that a trackee is
Fiags ARSI GF S BRREL e AARARED DA b Bieor UENORR, OF ) U of olnor postures,
[0293] Iryesd jriplemeetatioRing Weadveipions thecionggsingdriormatoniman pardombinead fadth one or
more of the, folowing: J0Z24L i FadIRElag: Aflag nficating hata racks e suslng 2 lrddet.)
tracking estimates and signal-based tracking estimates), mapping application 130 may fuse the
data into a single tracking estimate which can be more accurate than the individual estimates.
This process is referred to herein as sensor fusion. Sensor fusion methods may also account for
logical limitations imposed by the structure of a building.
[0312] An illustrative (and non-limiting) example of a sensor fusion method is illustrated in FIG.
13, wherein tracking data may be fused with compass data (if available) and building data (if
available) to correct heading (or other) errors in a tracking path. The processing may result in
building grid corrections, which may comprise tracking data shapes aligned to building grids
when feasible (e.g., grid corrected segments and/or shapes). The output of sensor fusion methods
may be used as a final tracking estimate, or provided as inputs into map building and/or map
matching methods as described herein. The various processing operations depicted in the
flowchart of FIG. 13 are described in greater detail herein. The described operations may be
accomplished using some or all of the system components described in detail above and, in some
implementations, various operations may be performed in different sequences. In other
implementations, additional operations may be performed along with some or all of the
operations shown in FIG. 13. In yet other implementations, one or more operations may be
performed simultaneously. Accordingly, the operations as illustrated (and described in greater
detail below) are exemplary in nature and, as such, should not be viewed as limiting.
[0313] According to an aspect of the invention, map building methods may include methods that
can generate features and/or landmarks of a building using sections of tracking data, and then use
these features to match and correct other sections of tracking data. Map building may include
generation and matching functionalities as well as the functionality of sensor fusion methods.
[0314] According to an aspect of the invention, map matching methods may include methods
that correlate the tracking data to known features in the building. For example, building data and
tracking data may be received as inputs, and building features and characteristics may be utilized

to improve the accuracy of the provided tracking data. In particular, the trajectory of personnel

and/or assets in a building may be limited and characterized by features in the building such as
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[0295] (2) ElevatorFlag: A flag indicating that a trackee is using an elevator. [0296] (3)
ElevatorDistance: A distance traveled by a trackee in an elevator. [0297] (4) Z distance: Estimated
displacement from an initial elevation estimated by the system. [0298] (5) Maximum errors: Maximum
possible scaling error, and angular error using sensor limitations, distance traveled, total rotation, etc.
[0299] (6) PostureFlag: May indicate posture (or other) types such as belly crawling, duck-walking,
running, etc. for personnel. [0300] (7) Signal Strengths: Long and short range radio signal strengths
from stationary references and other mobile units of the system. [0301] Inputting Tracking Data into

Mapping AP iEtisA 50 fo 30218 preliolely SR Ata PPy AP ptRAtE A TSE iy EeREe (X4eking
data (in additiog datotheutypes bf data)as inpuba3@3ulrometim plenentationsthectrackiogitiata may
comprise data acquijred in real-time (e.g.,,one or more tracki oints, may be provided with every new
Cndate) AL A BT A R o S R Bk ooy
(FIG. 1) dmd.are being monitored. In real-time applications where data is being transmitted to computer

120 L s gl oo T Pl
especially over short periods of time. Inertial systems, however, are subject to inertial drift.
Errors in calculating the offset of gyroscopes and inaccuracies in scaling parameters may lead to
angular drift. This causes the calculated trajectory to drift away from its true location and
heading over time. Using knowledge of building features may help eliminate the error due to
drift. Unlike outdoors, most buildings have few locations where long straight paths are possible,
such as hallways, large rooms, and open spaces. For each hallway, there are only two general
headings at which the hallway may be traversed (along its length). Matching a straight path
correctly to a hallway may reduce scaling errors accumulated over time, and eliminate angular
drift.

[0316] Features such as stairwells, elevators, and escalators are, in most cases, the only way to
change floors inside a building. Other floor changes may also be caused by accidental falling
through floors which can be sensed and detected in inertial systems. In all regular cases, the
change in elevation may be detected and matched to the corresponding features serving an
accurate estimation of the current position, and elimination of currently accumulated positional
errors.

[0317] Signal-based location technologies such as GPS, AGPS, Wi-Fi or RF signal triangulation
or signature matching, are typically characterized by local inaccuracies rather than by error
accumulation. Certain obstructions and their materials can cause the location estimate to be
offset from its actual position, sometimes by a significant distance. Using the building features to
match relatively accurate tracking data can help identify the less accurate tracking data, and
predict the actual path taken using map-matching and map navigation.

[0318] Tracking data obtained by fusing inertial and signal-based systems may be used to make
highly accurate position estimates by mostly following inertial data in the short term, and using
accurate signal-based data to align the global position. The signal-based predictions may also be

used to qualify or disqualify solutions when multiple map matching or map building solutions
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connection between the tracking system and computer 120 is re-established, the tracking system may
transmit results of the smart buffering such as, for example, only the start and end points of each
segment. [0304] In an alternative implementation, the tracking data may comprise previously-acquired
data that may be provided to mapping application 130 for post-processing. The tracking data may be
stored locally on computer 120, or in one or more databases (180a, 180b, ...180n) or other storage
devices (in operative communication with computer 120). [0305] In some implementations, tracking
data type information and trackee type data may be used to set parameters, thresholds, settings, or
other critSfid W18 RABBHE AP PREASn 130, thus customizing mapping application 130 to the tracking
data and/i3e 4r acke eutap pingl applicaion A3dkanayoal pinhe Susttpstized kat, tarnansapplicakons. [0306]
[I. MAPI%I \ 85 AF%PITICA'{ION OVE&VIEW 1030f7t Havin dg{ovide a descri tiotnﬂof th Vari(%l,[l types of
data (e.g., building'data and tracking data) that mapping application 30 may recéivé asinput, an
overviewbofl thezfeature srankiilm dfidresl of anap ping d pplgc Btron et 30ewititrrowi lblel p revidednQ 308}
Mapping, aplicaion 430 maxenableRyels vRjet gl sauiesArd funclisnsellmndar eamPle,
receive as mput tracking data for one Gf more trac ees, and produce more accurate traéﬁng estimates
for each tlaskeen Malshiggagshiidatiofed80gwmaycaehieveithisietarralyzismytheasacking watalapld using a

suite of ’#&E&Sﬂ&%%%@é@r‘é% ﬁﬁl%?&ﬁ@&%ﬁ?%@ﬂeﬁ% AainahGMARRINgAPRICANoN 130

may further use information from building data, when available, to enhance the tracking estimates.

[0309] AdtaifaiiRy tolds Aapett of the ipiditien aadhdiRitloraiere REta ties ks Prarf AoVt attéf FIG.

12, the vaiigus, MapRING matheds gakied RY MaRRinshAPRISRININ3A Mav.he Readly difsientiated
as indoor tracking methods or outdoor tracking methods. Some methods may, however, be used for

both indSSHBAGIHBEFFacking. [0310] In one implementation, the indoor tracking methods may be
used to gesmatadrackingstixeatssfonliackeass, yhepundegrsioby fising gameohaleithe.available

indoor trac ing data. This may be pe;rformed usi8 eneralltr cllin concepts and/or concepts specific
1 tracking BEIACHFRHY G SUB B AU L0 R e e B AL By Chictre of
a buildingixgdacesding jiol agoaspedsof thelinveptierninsenmtikcking methads May ingludeptamang
elevator. The long dashed line 1460 depicts a straight path from the end of the largest room
(represented by polygon 1420) to the room on the opposite side of the hallway. The diagonal
dashed line 1470 line indicates the longest path feasible inside the largest room (represented by
polygon 1420), and the dashed line 1480 shows a horizontal path running parallel to the hallway
through multiple rooms.
[0321] According to an aspect of the invention, if the locations of the aforementioned landmarks
are known, they can be used to make probabilistic and logical decisions about the true location of
the trajectory of a trackee. The hallway provides the longest straight path feasible in this building
as shown by the dotted line 1412. Also, a path straight down the hallway is confined within the
width of polygon 1410.
[0322] Though long paths are feasible such as the paths indicated by lines (1460, 1470, 1480),
they are less likely due to furniture and other obstacles in the rooms. Therefore, if a trackee
traverses across this floor plan once, his location may be determined to be at either one end of
the hallway or the other. This combined with any reliable heading information may narrow a
location estimate to a single location with some error. In addition, events following these paths,
or detected alone, may help immediately detect the location of the trackee. If an elevator event is

detected, in this building the trackee must be within polygon 1450. If stairwell traversal is
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others, sensor fusion methods, map building methods, and map matching methods. [0311] When the
tracking data comprises tracking estimates, and/or tracking information from multiple sources or
techniques (e.g., inertial tracking estimates and compass data, or inertial tracking estimates and
signal-based tracking estimates), mapping application 130 may fuse the data into a single tracking
estimate which can be more accurate than the individual estimates. This process is referred to herein
as sensor fusion. Sensor fusion methods may also account for logical limitations imposed by the
structure of a b iIdingq.XgBlZ] An illustrative (and non-limiting) example of a sensor fusion method is
iIIustrateQeiﬁcﬁét.hféf R BIHH AR RHG BT h BY BeoRused WRUSHIPASE Yata (if available) and building
data (if guaitapR)dieceiranicheading (on dthetaessaks iloartideking that’ Thepsocessingimaytkesult in
building grid correctigns, which omprise. tracking data shapes aligned to, building grids when
foasible (g O i SRlert Sh R DA ae) St t)e THE A o7 S don 1ot HEH A Hay be
used as afinalstrackingl £stimates detpeavidatiasrinpuisnibtoassamélildinghandibeaiagd matahisky
methods,as, dgaedres NRLein, ThsvarioumRaceassind qreralions dgrisie il e lawenarn alfIC. 13

f[‘) . %na 0, ex1[e
are described'in greater rein. The describe perations rhay € accomplisned using some or

all of thetby&ehﬂoﬁnmewmiqéspﬂﬁedlinoai@taéibdtfo\i@r aneh i komeg mhm@_ghemt’ai@dg_w, sigro by _
operations,ipay be ARHAIPadR JIfRRILSERUENEES I OhR! WRIGPSARUARS: @d ?E{Q&%%‘B@Jat'ons

may be performed along with some or all of the operations shown in FIG. 13. In yet other

implemeneations beyrnd tha SpaatieietiHs iy balplsriofenst G dleansotisyt &dcordingly, the

operationgsag;iltystategiang descsibed-n greaiandetalbealow) arenexeneplanin R apdys such,
should not be viewed as limiting. [0313] According to an aspect of the invention, map building methods

may inclAHE PRSI th BRI GEHBRaBRe Attiree ORaRSE RihdhRalies!ong Bifiaiey Heing¥eltithe of
tracking gatke@nddbiendisedhese featurespaimaiadhanhsoriaatpthay seatians aldragkingdata. Map

building &ay incl%de generation and matchinggun{ctio alities as well as the f ctignality of sensor
fusion mEthGHS, (OPPATNCES MG 15 &N BEPECEbP tHE FRER B A ¥ SRERiIRG FIEtHBAL ATA hclude
methodshhdt cackelatpdine doagking gdaia tadioywnieaiuyamin theabuitiling. thoe-exarppleahlidaing data
and tracking data may be received as inputs, and Quilding features and.characteristics may be utilized
o mpro 8 T SR o T B A TAcing s Mot T Sy B S B! anclor
assets in/@3Bijldingpriag be migeend characterized by faatymesrrcthetiding suchasdathadys,

stairwell e s, §1C- il i Ia ! i A ildj elr [ input
may be %ﬁ%%\de?éggmﬁlgwn egqf‘t}rqgs% l%n(&g%ﬁggg:% %Q?l{frgea?é&tﬁg Qp?&%%l% gasé%gl}raéﬁgé}%égﬁge and/or
remove thererrgehingendririmened misihe dsctisul. tbhsbeairepiecasokiriicdataayoats] heartdbsystems, for
example, can, prpvide SHahlaccuple JelaiigtraciinoAaia £SBeaialy ovat shartrerads aldige-

Inertial systems, however, are subject to inertial drift. Errors in calculating the offset of gyroscopes and

inaccuratié’ f1egHImgstiethetersipipivadi® BIFGINSPAHTE TIRRS caaxdctvEsalieRsertrgettory to
drift away fiamdts pug lecatiopanddsaghigovesimepidsingknawlegaea o byildinafeatutessay help

eliminate the error due to drift, Unlike outdoors, most buildings have few locations where long straight

paths ar@Po¥siblé, Sch A MAvEYE)YIQFgE FOGPREIEAR BYErPEIsARENPST QaeHHARAY, i@ %re only
two genesginieadings atdahiib e habivgeya may: bekanrisete(aleRaviisdepgtithbMatching a straight
path corr to g hallway may reduce scaling errorg accumulated. over time, and, eliminate angular
. (03B ai Sl 5 L TR A SL A MBI Ao T AL ey to
change fioavhiirsidepanbudding a it herflooil dhgngesrdaynajsbeheschuddd bycaadidentallfatlirgethrough
floors whighycan b spnsed. and detected, i nertial systems, In,allreguiay sanes, the <hange o
elevation may be'detected and maiched to Rhe correSBo ing features serving an accurate estimation
of the culmeritngosition, and elimination of currently accumulated positional errors.

[0327] Referring back now to FIG. 12, mapping application 130 may implement one or more
outdoor tracking methods when it is determined that a trackee is outdoors. These methods,
described in greater detail below, may fuse position estimates from tracking data that includes

estimates from multiple outdoor tracking methods (e.g. inertial tracking estimates, and GPS
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[0317] Signal-based location technologies such as GPS, AGPS, Wi-Fi or RF signal triangulation or
signature matching, are typically characterized by local inaccuracies rather than by error accumulation.
Certain obstructions and their materials can cause the location estimate to be offset from its actual
position, sometimes by a significant distance. Using the building features to match relatively accurate
tracking data can help identify the less accurate tracking data, and predict the actual path taken using
map-matching and map navigation. [0318] Tracking data obtained by fusing inertial and signal-based
systems may be used to make highly accurate position estimates by mostly following inertial data in
the shortt8HShd using accurate signal-based data to align the global position. The signal-based
predictiofysasaylso ha ABRING qUatiNNrQ@isEs ARDsTIoIns when multiple map matching or map

building ?gyyefdr[ls are beirl com({auted in gar IeI.iLQHBil? The current avail eb(i)l}%of accura}e ﬂotor plans

is rather limited, ROWEVEr, tHe tse OT BUNgiNg features 16 Thereasd the acciracy 6P iaeking dath may

be used evgrvif dloloredlans aktbe boilding areanatnavhbatle: iftbis, |behtiod @i buildingdeaturdhare not

available befaorehand, they may be detected using the.tracking da nd,can later beused far
o enind T A0t ey RIS RE deCiEt AR atiing fRif. 0060 (I RRAR e
scenarioshafiverisiryhdltpreppersostes ahelovadsgeds Hrethaingrsirdtmedously atarkdd ihapbuikling

whose flgofi plans RifanBhavaiable . The|ayowaf e Ruilding At dhe)asaton of @%@#‘éé‘?ﬁlﬁ’c&%h as

stairwells and hallways, may be detected and modeled in real-time while using them to correct the

location Bafiin@ite 85 trackeasPIOS 20 thtGamg Rt BRéH HaRP i SiRei o of abtifbingfoarBrin

includingjapamarksoandsingeo(stiiaiestoriesxAs tRoNMNWROY IS Qs epISsE Ats ShallwaypRRIygon
1420 represents the largest room, polygons (1430, 1440) represent stairwells, and polygon 1450

represent&BfSeldFat AT HETb A BISdHEY e A FESRAEY W SR FABS M the end of the largest
room (represgnied by pokigains 1Ad0p ko thesieeroeBtheoRpDsiia side of the hallway. The diagonal
dashed li 70 line indicates the longest path feasjble inside the largest room. (represented, by
ptygon 58] AT LSRG 4D SO 5 har ISR AR G D APHHEF o Py
through mighipdeftoemisn 03 21drkiagardingitoaarpspetitctithednventidaydisthétlecationg dluihdng

aforementigned Iand{'na ks %{e knpwn tgfg% czan befused to ?Tak(?/ (Prroba ilistic and It%%ig | de{:isions
a sts

about the true 16¢ation of the ?rléljeec r;f/r B afked. ineha V\?ély pr&‘&? essufﬁveefcs)lﬁlée l%?g(htapath

feasible huthispuildingals Srowatliny, thevdottder limetiodts2. Also, a path straight down the hallway is

confined yithy [ 1410 2] dh t Si ch.as aths
naicated T i P e e R e e
rooms. Tiaeetones iba priskeetranépsesssriposstiis the drplainorivey pis tdeon mgtbe determined to

be at eitherong 6id altBeiRAIWANPEIRL AHEhdiS.cOmBIGHYIth @BY J&liableshaading inigemation

may narrow a location estimate to a single location with some error. In addition, events following these
paths, or'¢fetbetes hfonethsiayr et tmmediately detect the location of the trackee. If an elevator event

is detectgghsipy thig Ruidingdhe bakeg, reust hamdthin pPRIpRL4R8y Ihekauwelravenssldsdeiected
the trackee must be within either polygon 1430 or polygon 1440. )
about the type and configuration of the building. Most buildings have hallways that are aligned
(parallel or perpendicular) to the longest walls (edges) in the building outline. In a rectangular
building for instance, it is very rare to see a hallway that is not parallel or perpendicular to the
outer walls. Thus, in a simple rectangular building, a path that appears to be on a hallway could
be corrected to lie parallel or perpendicular to one or more building walls.
[0334] Grid Angle Extraction
[0335] According to an aspect of the invention, the footprint of a building may comprise a
polygon that may be characterized by long straight edges. Grid angles may be defined as the

angles at which these long straight edges are oriented. Several buildings are orthogonal with

edges perpendicular to one another, hence forming an orthogonal grid. Several other buildings
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[0323] Moreover, because FIG. 14 illustrates the floor plan of the ri floor of the building, the trackee
would not leave the floor outline of the floor plan, polygon 1400, under normal circumstances. If an exit
is detected outdoors, it can be assumed that the trackee had previously been placed on the wrong
floor, and was on the 1st floor or, in an unlikely scenario, exited through a window. Variations from
normal behavior such as leaving through a window either by jumping or climbing down a ladder could
be detected. The salient point is that the person would not walk beyond the boundaries of the floor
while indoors on a floor without exits. [0324] In one implementation, before tracking data may be
matched®FitAPRALHREH Bedb it ,%&?&Wfﬁéb?&i’ﬁe&%goﬂﬁay%@%ﬁg%eghﬂﬁw YHECHHASKirfY path (or
trajectory)i oit@inhgikelearizhchotrackiag 1das: solrackingapathi(phipdde ofnny) wWhidihmayisobeptisaéie entire
path in trll)e case of OSt'eP'i?C(?SSi%%’ or a current SFt of tracking points in the case of real-time tracking.
Each trac%iﬁggf)so?ﬁ ecrce)r%p?nsfin “the fraagﬁi‘ﬁ&r afa %%y have an associated time-stamp, t, and each
tracking fiine/ntaydinolgtie \aitueslfonsomeonmllgf theltragking fdataxdispitssed inldetaillabdire, [0325]
According i, RePEL O G IVENIioN, YRS IERIRGRSSING SIERS Mk 2, seleeied depgnping on
the subsequent set o methods that will be ’applledeto the data suC as, for example, map matching
and/or mégebuiltidgrlethogss TheskapreprosalssiatyStdpslvays eithepicopadioanett aostpmitate

preprocessing, SIRA%FAhSHRMERAIL0YSY ML LOS,OfBRAE VNS MABT BIERIAG anglor 'Eﬂﬂcﬁ#%ding

methods. Additionally, the preprocessing steps may be chosen depending on building type if known

prior to EYPIAYS SeErsEs Hreltecessinydeapsharindpisles ardhedstkibes Bulesh. thee ¥anpelipplied
singly ordp aembingiign. with-othar.methrdsdeanhange thetiagking astinate Prite aRRAIRR;HE

tracking data for subsequent methods when applicable. [0326] FIG. 15 is an exemplary illustration of a
flowcharftfdpdtidgSsehsd BFHR different modes in which map matching and map building methods

may be l[%@ﬂﬁ/ﬁk}%ﬁ@ﬂ’é@ﬂ@ﬁ&ﬁ&iwmslﬁ'am&ﬁﬂﬁé mm?amgn%aeakmbmmw W) aterexemgiary in
nature an ould not be viewed as limjting. 10327 Referring back.now to FIG. 12, mappin
aplicat i 301125 TG Ron S BHHHE L o U AR et o R Yo B PR I Mhat a
trackee isnalitdagrshel beddimetholils;. dEscridaet ingrdatertdetaidotlaw, thraydese goditiopoisiimates
from tracking data that includes estimates from multiple autdoor tracking methods (e.g. inertial tracking
estimatet B S Cat T AR T b RS RS GRT R sl T
previousfpmoted, rappingiapplicatiofiB0adhay domprisasuiteofmapisiagoots diasmisyne utilized
to track the Jogaiian pf BersANEhandiarAsastsuhothindears and eutdoars, e maping taals may be
d allg%t es d co

used to detect characteristic shapes in the tracking data, a apes to valid compass angles
when avéifagheldsurie rnorxedihd kool msbgldligaive. sloasasmo lnaliwaytorentstibnshitriengtisus tools

may alsqdgsed iR mgﬁg@t Bg}w%gsshapes, match parts of paths to other parts of the same path,

match paths to other paths, match paths and/or shapes to known shapes (such as, for example,

hallwaysj/3itd Ehestethallfag s 6hs cverfadPitd hapis. trHesewatbthet Gitabrid fésikirag ehd
functionalifygresdetailed beloMade to identify groups of edges that are approximately parallel or

perpendicular to each other. It may be noted that the grid angle of an edge and/or line may be
described as slope modulo 90, such that lines along slopes 0 and 90 are along the grid described
by the grid angle 0. Edges that are parallel or perpendicular to each other are referred to as being
on the same grid. Each group of edges on the same grid may yield a new grid angle if the grid
angle does not yet exist. In addition, since several buildings with slanted edges often have a few
slanted edges coupled with a more orthogonal shape for the rest of the building, a determination
may be made as to whether the building has a dominant grid angle, also referred to as the
primary grid angle. The primary grid angle may be defined as the grid angle which defines the
slope of the majority of the edges of the building. For the following map building methods, it
may be noted that the probability of creating hallways may be higher along the grid. In addition,
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[0330] A.ANALYSIS AND PROCESSING OF BUILDING DATA [0331] According to an aspect of the
invention, building outlines may be obtained by methods such as, for example, marking aerial imagery,
or directly from GIS layers of the area. A building outline may also be obtained by tracking data of
personnel and/or assets traversing the edge of a building to estimate the outline, or via other methods.
[0332] In one implementation, an outline of a building may be used to restrict the indoor trajectories of
personnel and/or assets within the building, prevent outdoor trajectories from crossing into the
building, and correcting heading of personnel and/or assets. Building outlines may be used for other
pu rposeﬁﬁ@W 1016333 FHE'GMRIAS B &TBLABMY, e\eh Rathoi BTHBYY piad, 1hey provide VehrValuable
hints abauidhéntypeand Lonrfiglraiigr afthe-fadildorg, iMostdeulidings dwavadaiivaysd dhat are aligned
(parallel nZ'cuI éto the.longest walls (edges) in the building outline. In a rectangular building
for instalfg%??j %e’\'/’ ‘?ﬁ/n %r; Hyreeyg hallway that is not parallel or perpendicular to the outer walls. Thus,

in a simpBdd¢tanguidinpuiddingaspqathfthiat appedrs.te beiddiz halwalyeodutd, beacbmiddied ddgie
parallel or pel e%%'%‘é'r%'ﬁ%%e‘%{‘%%r & “v"v‘i’t'ﬁ‘%av“g,'é c&%%%“éﬁ?rhdss%E‘%lng%Hﬁ%“OQc[Qé”%%leAv%%"rd'“9
to an aspectyo the invention, the footprint of a bul ing may comprise a polygon that may be
charactepizetiatip oy sreightlddgesiGrichamiederayibecd dfiredt alsttheanegdbearwimch ghdsd long

straight eglo6; RS LA SYRiaLPUIEINOS AT P HDAACNBL W &AgSH RATRENAIGLG L anganother,

hence forming an orthogonal grid. Several other buildings are characterized by a mostly orthogonal
shape wRHgh® dlarftindedyd dngiiatrbgneddan BdarfoHapmeaagm fobithapuikiirplepredddndary

grid anglg.Rtherdhulidingscmayde defined;RiRdass where.er0l fdgenaddls sagnhgrifanadis[0336]

Grid angles are relevant to maflg}i)ing technigues, for example, to achieve heading corrections. In map

building FY8HAESHE MRsRRiBIOCT he i) bé LRI HAY Rasee Geleining She a
new hallwycism detestad vdalwaysof mesthuildingsraty canstrdaiech aloneagrisoftheHodiding (e.g.,

parallel or erlpendicull r,l[ﬁ%the long building edges). Buildings may have hallways that dq not run

blong the A BHBIER St 1S BURATAL BN e SPdSiSBIT) ShESHER FAAay S tRBSE e s,

howeverpmayib@dakereintshaccalget byliheandye priidingenéihedsoeseripra hededs.
[0341] Once the primary grid has been detected, lines along this grid may then be spawned out
starting from all corners of the building, dividing the building into a set of rectangles and/or
triangles (or other shapes) all aligned to the building edges. With this mechanism, any point
inside the building outline will now lie in exactly one of the rectangles. Next, each edge along
the outline adds its own slope as a plausible slope for hallways lying within any of the rectangles
intersecting the edge. Also, internal rectangles neighboring rectangles with slopes other than
their own may inherit their neighbor’s slope as a plausible slope when the rectangle is within a
threshold distance from the edge defining this slope. The plausible slopes that a long segment of
the path might lie at may now be determined by which rectangles that segment intersects, as
these slopes are the slopes of the outer walls near the area where the segment lies.
[0342] F1G. 16 is an illustrative example of building partitioning. Each “X” 1610 represents a
building outline point, and the X’s combine to form the building outline polygon 1620. The
building outline polygon may be processed using the method described above to partition the
building into rectangles and triangles as shown, for example, by partitions 1-6. The orientation
of the primary grid in this example is shown to the bottom left of FIG. 16 since it is the
orientation of the majority of the outer walls.

[0343] The building may also be assumed to have a secondary grid defined by the single slanted
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[0337] In one implementation, if an outline of a building is available from one or more sources such as,
for example, GIS mapping or aerial imagery, the grid angles may be obtained by analyzing the building
outline. The slope and length of each of the edges of the polygon (representing the building outline)
may be extracted using the distance formulae and slope formulae. In some implementations, edges
that are shorter than a predetermined threshold may be ignored. In one implementation, this threshold
may comprise 10 meters, although other thresholds may be used. This threshold may be, for example,
be determjned by checking the lengths of the longest building edges. [0338] Once the long edges of a
building 8%?tﬂg|¥ edpECivE BB E s afé%%%%’?ﬁffeal?%o?ﬂﬁ%tﬂ%%s%3#8’8%8%%& $d8nfR? gf8Ups of
edges thatiaratapppeximdielyapasaliaitod pégpandiculartengashiklingradt mayabieangteaethabhdhe@rid
angle of an edge and/or line may be descrjbed as slope modulo,90, sych.that lines along slopes 0 and
30 are g RGNS Ry e i Sy 0 G b S B AN oach
other arewnéferrpdiic d& beipgrondie Safmergtid. ERohigroup ehédyebomihe sanrepgoichbiayy yi€ld a
new grid.angle if t rid angle does not yet exist. In. addition, since several huildi with,slanted
cages ol B e T L RO S SR s e
building, eigbtenmin atidtionaydpartitides akrig yhethzacthd touildives vdga ldd hinamigridrabigitalso
referred {9 s e, RUMANRARGIS TG Areatgridiangle.mav pe.defingr Asihaigriflengieovhich
defines the slope of the majority of the edges of the building. For the following map building methods, it
may be K8téd that the probability of creating hallways may be higher along the grid. In addition, the
probabiliévﬁm}%% alengagrd Bﬂglﬁi%goﬂ'&%t‘ihﬁﬁhéh%&ﬂm@rhgﬂdo@ﬂﬁi?léﬂ?éﬁ@ﬁ.W@MQQ in the
area of the building constructed along the edge that yielded the grid angle. [0339] Building Partitioning
[0340] ABEBASgRY P AKISett &P tHESHEIHSHAR Bulltivlg méw%?%fsﬁé%iafbmmiH@tlélaf‘g@faﬂmysis, be
partitionedilataeseaticnshwitly eaah eestiandeingiassagiatediwithpxpeatadnalivay arianéatiess or
angles. The partitioning may b chieveFﬂ by first determining the primary grid of the building, where
the prirm iy SRS HerRE Heotns Gt FHBABIB o0 WA s eray 5t e BLelrRRLIS BFIHE iiiding
are alignedItingnvoite ineplementatign,dhiddniayilimghtainéddynitghatirgi thytugihedch Adigiaofathe
buiding abiove & nreshold lengih, ad groupind hese ond edges by thelr sippe odulo 90,(or arid
angle). Athréskold mayIBeyusedlgo defing whi angles are donsidered 1o be é{longrl!ﬁe same grid. The
group withctheghiggheshdensity endy beshosen afgthe ptimanylgnd. tdghehsum of dbettemgthssoflihe edges
in each nsi id. sever r herea rimary
o s e B D R e e o
may thenlbevspapmendersstatting fropmatseheieis Ol buikdimgndivigingsthbrbagiting ieediagset of
rectangles,andige fiangles dothanshiapes) all alioned smthe duilding srogs With tis.pgchanism,
any point inside the building outline will now lie in exactly one of the rectangles. Next, each edge along
the outliﬁécﬁ’d’@?i@%‘\)o#"sﬂope as a plausible slope for hallways lying within any of the rectangles
intersectjpgkesedge nileRinpigrnabiggianglas neighbaungdaatamglaswiibsianas plheminandheir own

may inherit their neighbor's slope as a plausible slope when the rectangle is within a threshold
distance ff6R e Bige Wetiing trisiped PR HLibIe L1652 AT ToPY Y FHSRtBRRAES h&h might

lie at mayraar kedgirrminecubysshichpieetoimglas that sepinentinteseals: asothese slopes are the
slopes ofé?%{? ter Waéls near the area where the segment lies. [0342] FIG. 16 is an illustrative
example[ ilding p r@ﬁ%ﬁﬁ@%ﬁgﬁF Re§INE ents a building outline point, and the X's

combine/t3 4Gy therbinkdimgrouthae pdiirgom &G26h, Theatiiildipgtioutiinehpolyganmaye hesgiecessed
using the method described above to patrtition the bujlding into rectangles and triangles as, shown, for
xampleU b o b 1B P G b S R e S oo
left of FIGxab@sinceldeisifdmgettatibrsuottiiemajbrtyokihe miterhidiisiay be matched to features

such as hallways. Additionally, multiple segments may be grouped into shapes that can be fitted

into the shape formed by the union of the hallways. Segmentation may be utilized in both indoor
and outdoor tracking methods, and by other mapping tools.

[0348] Sequential Segmentation.
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[0343] The building may also be assumed to have a secondary grid defined by the single slanted
edge 1630. The secondary grid represents the orientation of slanted edge 1630 and the orientation
perpendicular to slanted edge 1630. In a map building and/or path alignment method the probability of
a hallway being along the secondary grid may be high when the segment and/or points lie in partitions
4, 5, and 6. Partitions 2 and 3 also have some probability of including hallways along the secondary
grid due to proximity to slanted edge 1630, and being neighboring partitions to partitions directly
connected to slanted edge 1630. A high probability of hallways along the primary grid may b

assumed t*EkistIRE e 15PN YR RISV IRASHA D e CHRB  fo 44T \S%P |t8‘?n@ﬁv8aﬂhi?cfir%’
partitioningcReethioghs ymay beximptenetateebup miec goat ©f i elingi ipa idiion vog Isctoi dete iineswhiat is
inside a 1t;JuiIEIi:Q%Pbasted on the outline of the building. As such, any method of interpolating slopes
within the B gmrrrllgy be utilized. For example, the creation of Voronoi diagrams, which may be used
to group /81 PYivsy wathtin/ tReliysildihSegmlarth svearest edge of the building's outline, might be
implemepysd, Addional ITIsTEIations day dclide siing comaRss. ieadings JpJngieasg reliabilty
of angles within rectang?es, or merging nearly consecutive e ges of the bui di g together in“order to
increasertitecrintie thckanpedthreas. [Bighadsrdenof differenf inpiiearomiayive assidnedntniwadh

rectang|g gligvy Q&%‘?Q‘@Fqﬂﬁ%ﬁsﬂaﬁmﬁ&ﬁ?dﬁﬂsmﬂoﬂ RN BRET RS IRk Siagpetic

readings, signal strengths from base stations, etc. along a segment to determine in which segment the
rectanglSAFRERLRE 8O [PBAB] SHEapaRiERhing on a building outline may also enable the detection of the

probabilify phirmeaulaLrRarss iR certain gastiona:of theupwidinthArseriesofoutingrointsdndhe shape
of an arc, for example, may suggest the possibility of curved hallways or circular rooms. [0346]

B.SEGMERFT AT RORF S PR R NS BIAPACTRY S PN seoru it i TS i3BRIes f el hiti B i ¥acking
path, whigbipay) compéis@asserieskahpeints imsackingidatacragy hedividedhintesegmpents.

Segmentation ma%gg uged, for eﬁlmple, to idier]ﬂg/ !@Ej]sﬁraight sgetc es in the track'lp path which
may be HATEREHTS R4t P88 Eln A% MY S AUAIOR IR VA HPIE SSYHBNE MatPhd b‘%&%ﬁ d into
shapes thatways bé difaddotar thelshapé tommed Didhd amon obhihe: athmays:dSsgpeantatianaody be
gi'grf’]‘;;}'{‘g%g’grr%éﬂ%%oﬁﬁgdt%f’?fo&%%av%.i 0GR 2 S e ARG, 19015, L2381 B g ential
dependent on the primary method and/or device used to determine location. The method to
achieve sequential polygonal segmentation may be modified depending on the data type.
Because inertial tracking data is very accurate over the short term, looking at sequential
segmentation of inertial data is a highly effective method of grouping the data for further
analysis.
[0353] According to an aspect of the invention, one exemplary method is described for drawing
a minimum oriented bounding rectangle (minOBB) for a set of tracking points including an (x, y)
2D location. The bounding box (minBB) of a group of points may typically be defined as the
smallest orthogonal rectangle (a rectangle oriented to the axes) that completely contains the
points. Specifically, the minBB may be found by defining a rectangle with top left corner (minX,
minY), top right corner (maxX, minY), bottom left corner (minX, maxY), and bottom right corner
(maxX, maxY), where minX, and minY are the minimum X and Y coordinates for the group of
points, and maxX, and maxY are the maximum X and Y coordinates for the group of points.
[0354] In one implementation, the minOBB may be determined by calculating the minBB for the

tracking points in their current orientation, calculating the area of this bounding box, and setting

it as the current minOBB, with area, Amin. The points may then be rotated by a degree, the
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[0349] Since tracking points typically occur in a certain order depending on the path of the trackee, it
may be advantageous to group them into segments including consecutive sequences of tracking
points. [0350] Sequential Polygonal Segmentation. [0351] In one implementation, to match a tracking
path to one or more hallways of a building, if present, the tracking path may be divided into groups of
tracking points that may be contained within a rectangle of a threshold maximum width. This method
may be referred to herein as sequential polygonal segmentation. [0352] Rectangles may be used to
detect that a group of paints might be in a hallway, to match them to specific hallways, and/or to create
nallways KT PERRABIES (4G r BB THERHGLR T HE WLBHENG TSI GRRA be the
average sidtiaidnafhivays (eegucapprakimaiely, 2:51neiets shcaveiageywidtieoidhe: halweaysatith a

tolerance, or specific to the hallways of a particular building, if known. The tolerance may be
e S e B B e e B g it

types ar@wg@wdmp@fldmtom¢hﬁrmipmy memmd_cagcﬂermtwidhaqs.duk tmdﬁtmnmmdlm@midnuﬁ he
method to.aghi Ve?n&?ﬁleu%g}é'l?'c%g%%%%' I%SIQ %‘eegnet%%?ﬁle@%%em”é'rg%g% d depanqing gn e datg type.

Because Inertia tracklng a IS very accu ate over the short ter 00KINg at sequentla segmentation
of inertiaflettass Qisig AN dffectivioiathoel ofgrdeipingaheidiaaforfismiesr boralgsis. PO358pAdTOrding

to an aspeahef the YRR SSXSMRlany maihed i5descrhed 105 frauiedmmpymum, orjented

bounding rectangle (minOBB) for a set of tracking points including an (x, y) 2D location. The bounding

box (minBBY sF’4l6r80p G il P NPTk Efifed/ag’tiis shan&stawthogonal rectangle (a
rectanglgasniadiR the&xes) thatRmaletelcantains tha RNt 3PecificalystheomiaBR may be
found by defining a rectangle with top left corner (minX, minY), top right corner (maxX, minY), bottom
left corndPRMIARE PR 2RRNB S AR Hght B m%%&erﬁgmfwgr‘ermm YLATHP AR fie
minimumox @agive aaidinaes {0k Re.groBR-RIROINES R b MaNGuanhaiedk arethgomaximiipnhX and Y
coordinates for the group of points. [0354] In gne implementatjon, the minOBB may be determined by
caloulatig ST 1 e ARG BHES MG CLTPEAPBHEHISon, calculating the area of this
boundingdsss; andmselitindnip Esnkheadurreht RunE B&y withy areahfevid bl herpeiitsiiaédygthe iiheoyotated
by a degree, the degree accuracy. desired (e.qg., 1 .degree), clockwise about the first point, and the
BB misy b B Ry T R o S e R e B A i
may be skt toregual Acuffx, ang\theaotal rotation may be noted (e.g., at this point 1 degree). The points

may thezﬁ%ffgat—egw?e%lﬂétl% -re%tnpoint by one degree more than the rotation in the previous iteration,
and the same comparison may be performed. This may performed up to a rotation of 90 degrees.

Once 90/8éytEehetationds soplersaghe nthaimenordetsreel beupriing; ok may be defined as the
bounding ey with.the smallest ares 1ataed aound. e, fitgt peintby -1 * total angle of rotation (i.e.,

counter-clockwise by total angle of rotation). [0355] In the foregoing method, the increment of rotation
may be ifB&HsERF st tse e 8x8PaEsERETY on the amount of accuracy required, and the points may be

rotated aipgy ppY- @Eb@yas@pg)qgmg/ppp@ﬁgt@@ﬁfmtﬁged back by the rotation amount about the

same point. Though this method Is highly accurate, it may be slow for some applications.
[0362] where N is the number of points;

[0363] > X, Y'Y is the summation of all the X, Y, coordinates of the points;

[0364] Y X?is the summation of the squares of all the X coordinates; and

[0365] > XY is the summation of the products of the X and Y coordinates of the points.

[0366] This “line of best fit” may be found by minimizing the distances from the point to the
line along the Y axis. This results in the predicted line of best fit sometimes being inaccurate
when the points are better fit by a more vertical line (e.g., slope > 45 degrees) rather than a
horizontal line (e.g., slope < 45 degrees). This may be corrected for by first calculating the
minBB for the points. If the bounding box has width > height, then the best fit line is found as
is. If not, the points are all rotated about the first point by 90 degrees clockwise. The best fit line
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[0356] In another implementation, the same goal may be achieved by first calculating "a line of best fit"
for the points. A widely known equation using linear regression for the line of best fit in the formy =a +
bx, is given as: 10357 a = ymean - b* xmean; [0358] where ymean is the average of the y coordinates
of the points; and [0359] xmean is the average of all the x coordinates of the points. [0360] The slope,
b, may be defined as: [0361] b = (L)CY "LX) (LY))/N) (LX2 "LX)211\1"; [0362] where N is the number
of points; [0363] LX ,LY is the summation of all the X, Y, coordinates of the points;

for these rotated points may be found using the equation above, and then the line is rotated
counter-clockwise by 90 degrees about the first point. Once this actual line of best fit is found,
the minimum oriented bounding box can be found by rotating the points by the slope of the line
of best fit clockwise, calculating the minBB, and rotating it back counter-clockwise by the slope
of the line of best fit.

[0367] The methods to find the minOBB may then be used to perform sequential polygonal
segmentation to group the points sequentially into segments, such that the points in each segment
are contained in a rectangle of width not more than a threshold, RECTANGLE MAXWIDTH.
[0368] In one implementation, the segments that the path is divided into are called Polygonal
Path Segments (PPSs) and specific to this implementation are rectangular segments.
Rectangular segments can be useful since hallway and stair regions, for example, are often
rectangular and can be suitable for comparison. Each PPS comprises a list of tracking points,
and the minOBB of the points. The method may start with initializing an empty list of PPSs that
represent the tracking path and a new PPS, currPPS, with the first tracking point, and the
minOBB for the first point. This minOBB is also set as currOBB. For each new point, the
minOBB may be calculated for the points in currOBB and the new point, to yield a new
currOBB. If the currOBB has a width less than RECTANGLE MAXWIDTH, the current tracking
point is added to currPPS, and minOBB of currPPS is updated to currOBB. If not, currPPS is
added to the list of PPS for the tracking path. currPPS may then be initialized to a new PPS with
the current tracking point, and currOBB, which is the minOBB for the new point. This procedure
may be continued for all the tracking points to generate a list of PPSs representing the entire
tracking path.

[0369] The above method generates an effective grouping of points in general, although it should
be noted that around turns it sometimes results in the PPS following the points in the turn rather
than breaking the current PPS and starting a new one.

[0370] In one implementation, turns may be more effectively handled by keeping track of a
consecutive series of tracking points that cause the width of the currOBB to increase a threshold
ratio more than they cause the length to increase. This event is flagged for each such tracking
point as WIDTH INCREASING FLAG. If an increase in width above the threshold is noted, and

then another point is included in the same currOBB with less than threshold increase in width
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[0364] LX2 is the summation of the squares of all the X coordinates; and [0365] LXY is the summation
of the products of the X and Y coordinates of the points. [0366] This "line of best fit" may be found by
minimizing the distances from the point to the line along the Y axis. This results in the predicted line of
best fit sometimes being inaccurate when the points are better fit by a more vertical line (e.g., slope >
45 degrees) rather than a horizontal line (e.g., slope < 45 degrees). This may be corrected for by first
calculating the minBB for the points. If the bounding box has width > height, then the best fit line is
found as is. If not, the points are all rotated about the first point by 90 degrees clockwise. The best fit
line for 18R EAISH Prilts'Rial 8 MBURE (REMJ TS E}S};{ﬁdﬂ"&BB\}é,%ﬁHt U th e KT PoPatsd
counter-alackwiberby 120 degreakeabiowt iharfirsEpaininf@nce:thisactsd ingoiabesd fit héoknthythe
minimun%oriente?fi botundineqeboglcanlb% found tby rotatitﬂg the Qoints by thea?%%oe Pf the line %1; best fit
clockwisé. calCu aetingothesmmB vand' Srotaﬁﬂléllt btk counté’rr-(:‘ilc?(:ulgwis%’gy e slorﬁj%geolfe e line of best
fit. 1036 #WThe i éAokisA8/Nad fiel MinD BB tnayithigoine nshd sorpsrédrpoisequentiatipolygqroaht

segmentation to group, the pgi i3llyinto 2Nt ch that oints.in e segment are
containegillﬁcg ?g% er%??e}% W%Ig%?‘ ﬁ%@gﬁ%ﬁ%ﬁﬁﬁd%ﬁﬁﬁﬁ%n??}f%%?l[5”!8&#18%2%] In one
implemervtation, tﬂhe %@meﬁ@ﬁﬂﬁﬁth@b@disﬁéﬂﬁm@@ ithto B¢ 4l Y PREGINAT PathGegrdeits (PPSs)
and specifig4e this, MPIBPERIGHONA & REIHNIBIAE $EOME N RECiaNgarsRImMeEPSan padisetul

since hallway and stair regions, for example, are often rectangularand can be suitable for comparison.

Each PPS 8snipstisds A Hst baraexing pbints's dhentse ianoBEofhespsihed. mHietnibdtgerystart
with initigjizing amemply Jisk e AR EsthaiieRegssahiheniaekinssRath 308 Q1 e W RS SIS, With

the first tracking point, and the minOBB for the first point. This minOBB is also set as currOBB. For

each neW'pS, tié PROER iy BERatateivey reassifie T SLrtiSER & o faRHH8L S yield a

new cursdBfs Hthetauri@BBhasha widihpiess thas RECINN @l MARMMRIHEheacHriRmMtracking
point is added to currPP d minOBB of currPPS is updated to currOBB. If not, currPPS is added to
the list ogﬁﬁgtfo%TéS{&?cﬁ? 6’&%9 gfﬁl‘é;ﬁ'g%’éﬁﬁ H-be initialized to a new PPS with the current
tracking pint] and.curr@BB, Whichnis thexmipQBE: partiihe thewqaoint. of nisqpracet yreygaabeatbntinued
for all th% Jr%cki&% (pnoinctgotr%igeng%atgsael(i:%to ﬂh@Fi)Svsé r{ggresenting the entire tracking path. [0369] The
above mel%o%ngener‘a es an éf%ec |vepgrouping of pomt%‘ in general, although it should be noted that
around t{¥R83t Seqmetinid siriagiits vl PR S dgiteniatpine points in the turn rather than breaking the
current % gnd Saring Angw,ane, BB 0N aRs ImRISmeRiaan, [ SR he Mope Alseely
handled 105;/ kagplcng _tra§< of a c%r%e_tcuti\;e séﬁgs lo# fracl?ir;rq:g p%}r{wté that ciaus t _etwic§§11 og the
currOBBrestinetensdth thibshbiddatidthorenhapnhéycaisethelemth iiinedepidec Phigcevantis

flagged forgachrsyaiirapking R AFPHUQERINGREASING FWA- 4 Jluincreasedfwinlh gpove the

threshold is noted, and then another point is included in the Ssame currOBB with less than threshold
increase MMIRAEHEE SBRSPEE UeMithD HeEoRR) TR PR EEEBEOu S ¢F3s M ofaes ief QiR sdiréieh

wanderingphackand fortoin ahakway wathes thamsidusngrash imens asivi BerrQRB sdaitalized, a
check may be made to see the last point in the previous currOBB triggered the WIDTH INCREASING
FLAG. If881%h& RS pHih i S s I b B BR R th & I8 St PGP W g R e REVABRFH

INCREASING I vbAGS feigndceupBd ormay basnediiedtoemove the-setligsahpaiots thathad
triggered the IDTI—LINﬁCREASINg FIQAG,and the minOBB for the PPS.is upd t%eddtoghe minOBB for
the TomaRIAG s A IE LU D S5 b A B P B BRaL SRR R B Y Pt
include theckériepati ponisthadisigoehed WiETH ANGIREA ] NG kldAGadyd S ve s ew paimt Pan do

currOBB d'est et%gldate t(ghté%e t;]r[le min_](D)BlﬁcgdtGh ‘é’qﬁ‘% 'LSE (g)ztﬁglintg. This method effectively breaks the PPS

at the turn p0|n1 ,ec‘gp?urlng ef?’ecr‘f‘l)rcl)ln s after Urninto the Hiew PPS. The procedure may be continued

for each fISirt/t6 lyénkFaeghrenlisieghieniygomal Path Segments (PPSs).
[0375] According to an aspect of the invention, for tracking data that is not subject to drift, such
as signal-based systems, or potentially for high quality inertial systems where drift is highly
minimized, the tracking data may be grouped into polygons as in the sequential methods,

however a batch of data may be analyzed over some period by analyzing their location as
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[0371] FIG. 17 is an illustrative example depicting the results of sequential polygonal path
segmentation, according to an aspect of the invention. [0372] Sequential Adaptive Polygonal
Segmentation. [0373] According to an aspect of the invention, as an alternative to grouping the points
into rectangles with a threshold width restriction, they may be grouped into adaptive polygons. A series
of points that is better represented as a rectangle with a width restriction may be represented as in the
sequential polygonal segmentation method, whereas a series of points better represented by a box (a
rectangle with comparable Iengéh and width) could be represented by the same. It may, for example,

be usefuf 1 GHSUFTISGIHE B BRIGGRS HE S GG e SHEB NS StABFSS ARIRTHESS 18F IBAGFe&Sgles, or
in roomsti@ehoxdqadtygans, 1n arecinp lepestatipolythisaneyhenaivavied bydidst usingtiae iabeve
sequential polygonal segmentation method to break the tracking path.into polygopal path ments. A
folowing TGOl ATHl 128 PR EENE PR G HTHIE WA By 1 el bt it = box
polygon.HoB#4§ Glded i diygondiBegrhahtatyomg[687is] osarding to an aspect of the invention, for

tracking agi% is not subject,to drift, such as signal-based systems, or potentially for high quality
inertial s stenzgév;v%gg?e g?’lﬁ%éﬁﬁé’%@”rﬁr%‘?z”éﬁ(’@%ﬁaeking data may be grouped into polygons as in
the sequékftial rhethets, fvoweveradsateivot Batthereiytob ranstyretisoversotne eridd by @nalying
their locaipryas ahaeibte (mneduleSAMe heundad et aorhianReng g AERcaNWhigh e points

were taken. Additionally, in'the case of global polygonal segmentation for tracking data that is not
subject tHagkfianatpafichiayHar searsseanosteaiyHt s bt Hg! ghe sEB MY wEhsihe i@ ding if
the buildipg,eHting:enbaway angles are known. [0376] Global Adaptive Polygonal Segmentation.
[0377] The same scanning as described for the global polygonal segmentation can be performed for

data witH88t $nGefegoanbregtien Legleifng hisehal-based tracking methods, or inertial tracking data
after angulargormcion by ssanringghendatanforstiaightseamaents witheublakingaesiueneR HIto

a'Ccoum'between different segments. If segments are within a certain threshold slope of one another, they
may be flagged as parallel indicating that they may be along parallel hallways.
[0380] Polygonal Segment Orthogonality Checks.
[0381] According to an aspect of the invention, a set of relations between segments may be
updated to include a flag to indicate that two segments are orthogonal or approximately
orthogonal (i.e., their slopes are approximately 90 degrees apart).
[0382] Polygonal Segment Extended Inclusion Checks.
[0383] According to an aspect of the invention, a set of relations may also include an indication
as to whether segments can include one other if extended, referred to as an extended inclusion
check. This relation between the segments may indicate that the segments are located in the same
hallway. The above parallel, perpendicular, and inclusion checks may be valid over the short-
term neighboring segments in inertial data, but applicable globally for signal-based tracking data.
[0384] C. LOCATION COMPUTATION USING PREVIOUS TRACKING ESTIMATE
[0385] According to an aspect of the invention, for both indoor and outdoor tracking methods,
each time a new tracking data point, segment, or shape is encountered, its current tracking
estimate may be computed using the estimate of the previous point, segment, or shape. This
operation may be performed assuming that corrections have previously been made. For inertial
tracking data, all previous corrections may be applied to a new point, segment, or shape.

[0386] According to an aspect of the invention, tracking points may be processed on a point-by-
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[0378] Polygonal Segment Parallelism Checks. [0379] The result of various segmentation methods
may be processed to build a set of relations between different segments. If segments are within a
certain threshold slope of one another, they may be flagged as parallel indicating that they may be
along parallel hallways. [0380] Polygonal Segment Orthogonality Checks. [0381] According to an
aspect of the invention, a set of relations between segments may be updated to include a flag to
indicate that two segments are orthogonal or approximately orthogonal (i.e., their slopes are
approximately 90 degrees apart). [0382] Polygon @egment Extended Inclusmn Checks. [0383
AccordinlP B ARk FAC B ERMRSVERR AR SSESSST ret bR 1%y 4 ‘ﬁ%&?ﬁ&é‘éﬁﬂﬁ%‘?&éﬁ‘%ﬁ ‘as“i whether
segmentsandneitde apedibehibextendedinreferiiad tohas amextended inplisioneheekwhhigielation
between the segn%e ts mag/ |nd|c%g that the segtm rgs are located i the same h IIwaX The above
I$ o1 e

Cl aSSuImnlin O COITCCILL
parallel, perpen ICU ar ana inclusio ec S e va?ot overneﬁegs ortnterm nelg oring se&ments in

inertial datajcboud abpﬂlcatalﬁtghmﬂadIydtﬁomgd&bbasefetdmmﬂﬁngpdaiabe{@%i@] C. LOCATION
COMPUJ@&%N URINRHREW QU RACKING ST'MATE%’)%]A %'H{ﬁ? an,aspegt of the

inventio th indoor and outdoor Prac ing mgthods éach tim&'a new trac ing Ydata point,
segmentlospishragetinapcolireresidecurié mogokimg dstivhatewnagibe computegdiidgtehthestimate

of the Previgls BRI SEIMRNLoRESBRRGiNI iR AREIANRR A BE RETIICH ARSUNIDS takfosrections

have previously been made. For inertial tracking data, all previots corrections may be appliéd to a new

point, se@\ﬁé@%%ﬁh@élqbggé}%éﬁmqg%ﬂf@g@& of the invention, tracking points may be
processgy:38/apeint-BYslementation that takes data from an inertial system, the tracking path may be

updated on a point-to-point basis. In inertial systems that report increments from a start point,
corrections made to each point may be applied to all future points. The start point may be set
either by a transition (e.g., outdoor-indoor) method, a correction method, or by the user. In
addition, since inertial systems calculate tracking paths based on gyros, the path may progress in
a different heading from its true heading and the entire path may need rotation. The raw
heading, rawHeading, is the slope of the line from the previous tracking point to the current
tracking point. When a location estimate is made for a tracking point, its estimated map heading,
mapHeading, changes. The angular difference between mapHeading and rawHeading,
pointRotation, may be calculated at each point for all the points. For each new tracking point,
the distance between the tracking points, rawDistance may be calculated using the distance
formulae.  The heading, mapHeading may then be calculated as the rawHeading +
pointRotation, where the pointRotation is the rotation for the previous tracking point. The current
location estimate without correction may then be computed as:

[0389] X =prev_X + rawDistance * cos(mapHeading); and

[0390] Y =prev_Y + rawDistance * sin(mapHeading).

[0391] The same calculation may be achieved by adding the raw increments to the previous
tracking point to obtain the new tracking point, and by rotating the new tracking point around the
previous tracking point by pointRotation.

[0392] In one implementation, processing may be performed on a segment basis and point-to-
point basis, where the tracking data has been grouped into PPSs as previously described. In this

implementation, corrections may be preformed for individual points, a single PPS, or group of
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point basis, and as groups such as segments. When a new tracking point is encountered in real-time,
or when iterating through tracking points when future tracking points are known, the location of the
current tracking point may first be set assuming that no corrections are being made. A check may then
be performed to see if corrections can be made. 10387 In the absence of a complete description of a
building, corrections may be made to location estimates when possible. At most other times, new
points may be updated to their relative position to the corrected points, rather than attempting to match
them to the building or matching them to links which distort the tracking data. [0388] In one
implemehtatiofr HACEIREY R AT S SN TR SARATFSPLE RS ﬁwEaﬂ?é?éE] i MadBetisattsd G4
point-to-peirdchiasiappiddersiahsysiemsithat yeperit irctpmentsiftom Hsstaftqoaiati coreationsatsade to
each point may,ba applied (o allfullre points; The el point may be set eiher,by a fansition (e.q.
outdoor-i80dH) method, 2 correction method; or y the user. 1n addition, Since Mertla systems
calculatebtracking patis thasadroctigyrost. the pathBAaynprodressnstadidffeferthnbadiogthramiitbdrue
heading gndkie, el RaLmay Dgsp.clalien.TheRuheading avtieadino, s ypaghine ine
from the previous tragﬁmg pointto the current tracking point. en a location estimate is made for a

tracking fsgith,e iEﬁ’éstfﬁh'aﬂténFth@qd) Eﬁémfﬁ rfgr,_ mioHsading, mﬁahge&gfm@fai@gb_ﬁlaletﬁﬁei@%é'itﬂ@uteen
mapHeaging, and rawigading, LANR eI MY Bs-CACHAIRH AL 260 BeRLIPs All ihgpgnis: For

each new tracking point, the distance between the tracking points, rawDistance may be calculated

using thédiskim@aneurass FPHeip ddiighedap Mberiisgtivaaese e \raatarely -dbenanawitkeading +
pointRotalign, JMasis the pappieiatirn it ihe setatianfoshespreviays tagkingur@inte Sheneurrent
location estimate without correction may then be computed as: [0389] X = prey X + rawDistance *
cos(mapldé&tind): SHBTG8TEF P PreyOFolomWRXAR B ISH HAP HEXHI GS. T80 Y HREhTes
calculatiprograybe aehiessd by dinghthenawoinGaraents 1 the pisviaumi@sking priat to eltain the
new tracking.goin , and by rotating the ggw tra kin%)goint aromifd tEeg;reviou trac i%%égnoint 5%/
pointRotBto} .‘tb@%%ﬂer & PRIRR AR pr OO TG AL B&T JBFEPHEl SifRCs& tBadis and
point-to-peifirbagisomddaiectie trackiriond@va thasreen grguped into PPSs as previously described. In
this impl ion, carrections may he, preformed for individual points, a single PPS, or group of
PPSs. Ezag%ﬁéctior? %AfdgqugRb%”rze‘%%é‘ngﬁ{gd as a translation, rotation, and a scaling. Each
correctioff3pyliadctodny segmepeohay thennbentjweuechbmiogtlistafeorrectionisingnehis algp be

represented; acz?1 e A e %%ebfé” (?%gé{ﬁﬁ%%%ﬁ[h%?ﬁﬂg@ rﬁ%tﬂm be

queued on to the correction list. A new PPS may be transtforme ‘the pointsTan INnBB are
transforriegihdnsatnther chaesstitnipatitices direbeddsmfar resolfieigtinctiecreaihlsesitiontforltheayPS.

This method gllows Ty aHlaralion pfg BAINLRLEEHMGALIC Re KIS ned wilioubaYINg e calculate

the location of each point before it. In addition, the Tocation of a single point may be found by

transforrfifHgr it H9rtRechstesMmsoirabion tharhdadicAtehaniRgy sl MEdiddt magdbeoaeievbel by
applying dher G RHIoN fW-a g e sRADENIeNLANSHIN MR 889MEPKuilding to accept or reject

a possible correction. For example, if a segment is close to a hallway but the correction to the
hallway exceeds the maximum scaling error accumulated in the tracking estimate, the correction
may be rejected.

[0396] In one implementation, inertial tracking error estimates may be obtained at the mapping
layer as a part of the tracking data if the analysis is done by a tracking system (e.g., system 110a
of FIG. 1), or may be obtained by methods that operate on the tracking data. The error may be
expressed as an angular error estimate and a scaling error estimate and may be tailored to the
type of inertial method used to predict the location of the trackee, if known. For example,
inertial systems that only use gyroscopes to determine heading can accumulate error due to the

rate of turning, the total magnitude of all the turns, and time elapsed. However, if a compass is
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[0393] The same correction methodology may be applied when groups of segments/shapes are
processed iteratively. Each shape may be corrected by the transformations applied to the previous
shape. After computing the new location estimate for the current shape, checks can be performed for
additional corrections for the current shape. [0394] D.TRACKING ERROR ANALYSIS [0395]
According to an aspect of the invention, analyzing the error in a tracking path may be used to
determine bounds on the corrections that may be made while matching tracking path segments and/or
shapes to features in the building, or to other tracking path segments. It may also be used by shape
matching" S SHAPE AhigHRT Fﬁ"eﬂ?ﬁ?&&’ﬁ) a&é‘:‘@?ﬁ%ﬁhﬂ‘ﬂﬁf@?&ﬁ%rﬁ‘&nﬂ{fﬁb WM P eacHeBEMent
and/or shape rathestihanusing aenstantthieshialdsstddiiienatygiad ermoechognds ivayrhe ussd by
methodsdsuchdas map m&tchin% andlmagdbuil ing. t? acce tor r(ﬁ%ecftta possibl corre%l:ion. or
example, if & segment 1S close t0 a haltvay but the cotrection 1o the hallway exceeds the maximum
scaling diroraccumutatedrimthg dracking estinngted theteorrbeticpnemby eaejectedlajd806hiy dbne
implementation, inertial tracking error estimates may: be obtajned at the mapping.layer as,a past of the
rcking et T e e e By L o S e ARy
obtainedstphidihiods that operate on the tracking data. The error may be expressed as an angular

error estigaie, afifd %ﬁ&é‘i&gae{{%k%%‘? aRshmy hetpilaredig.Hog e RRertial netpdysed to

predict the location of the trackee, if known. For examplé, inertial systems that only use gyroscopes to
determinkPHéading Eaaceurninateagrpsrtiestis thritatd SREliAG, tHEYSthPMalyMitide SReliitEe turns,

and timep%hapﬁ?d}efdﬁwsﬂg@ai{aampﬁﬁﬁ%érk&qquw&sgaﬁ{bféa&qag%m&eaﬁmgﬁc@ﬁféﬁirﬁﬁme
W

points, the error can be reset. Similarly, while estir_natirlgﬁj scaling errors, if an inertial system uses

integratiOPEECHITRAGERO B8N HBF g e Janer Sginca iR BT RS BRANRE 482K Titegration

accumulpgessgiror al@venoliMme stept Howeverhin an restiabsysterrtbal tses s ARINTRIST tHae
dependence on time elapsed may be less, since motion is not registered until a step is taken, and is
more deBURTARE GRALrABbr BF SN LS ST0750 Do PHEB o b BRI G BB BF RN Wiy be

estimateerwittxrggpecioa tefesencecpaint. This reference point may be the start point of tracking, a

selected pajnt, or any tracki int in the tracki a. The scaling ergor.may be estimated as a
function @? gig’pfg@é%enfa ﬁ%ﬂn%f?éspé?g?%gé pg%g;t%;i%gltﬁgodg %%géaﬁcfveréga since the reference point
was registetéd cfo398HordiliRstratignsdieffs & ok ep)Yistthed Pedifisenot thelisurrent tracking point from

the eferpags POl ibe dstAs UAvetRed ReaPD e ipaKIg.pqie i error offset, eror

(x,y)in estimate error.X = errorPerDisplaceme offset.X + errorPerDistance *
dist; [0402] errorPerDistance is the fractional error per unit distance traversed.

[0403] For example, if the inertial system is tested to accumulate 5% error of the distance
traversed, errorPerDistance would be 0.05. The offset can be calculated in a particular orientation
such as the heading at the current or reference point. The equation may be interpreted as
providing a rectangular bound on the error at the current point (curr) represented by the rectangle
anchored at curr.X — error. X, curr.Y — error.Y, with length 2 * error.X, and height 2* error.Y.
This indicates that, if the position of the reference point is known, the current point is estimated
to lie in the error rectangle relative to the position of the reference point.

[0404] For illustration, the angular error may be estimated using a similar concept as:

[0405] Angular error=errorPerDegreeRotation*totalDegreesRotated+errorPerDegreeDeviation*
degreeDifference + errorPerUnitTime * time_interval;

[0406] where the Angular_error is for one tracking point with respect to a reference point;
[0407] totalDegreesRotated is the summation of the angle changes between the two points;

[0408] degreeDifference is the resultant difference between the two angles; and

58



[0400] error.Y = errorPerDisplacement * offset.Y + errorPerDistance * dist; [0401] where
errorPerDisplacement is the fractional error per unit displacement; and [0402] errorPerDistance is the
fractional error per unit distance traversed. [0403] For example, if the inertial system is tested to
accumulate 5% error of the distance traversed, errorPerDistance would be 0.05. The offset can be
calculated in a particular orientation such as the heading at the current or reference point. The
equation may be interpreted as providing a rectangular bound on the error at the current point (curr)
represented by the rectangle anchored at curr.X - error. X, curr.Y - error.Y, with length 2 * error.X, and
height 27 &if, .?Wh’igt?ﬁm%éﬁ&etﬂgﬁ HFEPES RIS SPHHE SR IEARSBBM is known, the current point is
estimatehia fieAnntbe: elarrsectangler refativs timine rposbiomaidhe eferandegpaint tl04Q4hirdyim
illustration hg r}gula errTrCng e stimateg using a similar concept as: [0405] Angular

n

b
W te oL.angle ¢,uto accoynt. .. )
error=errorPerbegree Or%g 10 o%aIBegreeslﬁotated+errorPerDegreeDewatlon* degreeDlﬁerence +

errorPerHLTjnk@G- tirhiesinterilasi 046 winpte thermgbiandyror is fogope treekingtpaimtimithaespect
to a reference point; 10407 total reesRotated | summation_of the angl noes between the
e meim D B S e
time intepud| e tinés differesoecblesireeraniectwomniiés stachplesplayed as black points.  In the

illustration, the scaling error analysis has been performed after correcting the heading of the
segments removing angular errors.

[0412] According to an aspect of the invention, the foregoing methods may be extended to
segments of inertial data. For example, if tracking data is segmented into lines, the error of one
segment with respect to the other may be estimated by finding the error bounds of the start point
and the end point of the line with respect to the start or end point of the reference line. The error
bounds for the entire segment may then be found by finding the rectangle that bounds the error
bounds of both points. The same approach may also be used for rectangular segments by using
the four points of the rectangle. Also, the error bounds may be found for each point in the
segment individually, and the error bounds for each point may be bounded by a single rectangle
to represent the error bounds for the segment. The error bounds may also be represented as
different shapes such as circles and ellipses.

[0413] E. PATH GRID AND SHAPE DETECTION

[0414] Most buildings are either orthogonal in shape or comprise multiple orthogonal sections.
Consequently, hallways providing connectivity within the buildings can also often run parallel or
perpendicular to other hallways. Rooms are often built along hallways, often rendering them
aligned to the hallways. The presence of these features can lead to tracking paths comprising
sections of long segments that are along the same grid (i.e., parallel or perpendicular to one
another).

[0415] For tracking data with errors, it may be particularly useful to identify segments that are
approximately parallel or perpendicular to one other, and identify them as being on the same
grid. This method of grouping of segments also helps in identifying shapes that can be matched
to known hallway structures. In addition, human pattern and shape recognition skills may help

an observer decide where in the building a particular shape can fit. Similarly, logical shape
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[0410] A more accurate angular error estimate may be made in the tracking unit taking random walk
and rate of angle change into account. [0411] FIG. 18 is an illustrative example of error bounds for a
segment relative to a reference segment. As shown, segments are depicted as black rectangles, error
bounds are shown in gray, and error points for segment start and end points and displayed as black
points. In the illustration, the scaling error analysis has been performed after correcting the heading of
the segments removing angular errors. [0412] According to an aspect of the invention, the foregoing
methods may be extended to segments of inertial data. For example, if tracking data is segmented into

lines, the&HFGISr BHE QS REh PV HANSESBEG A HRBONRS el IS <onTaraly s HRAME $HB P Utounds
of the stadppbihtiandithenend pointibd thenpneaith Fespeot to dbesiait Ghepd poittiog thehiateksnce line.
The error bounds for the entire segment may then be fqund by finding the rectangle that.bounds the
o b R e LA S B s B e SRR &y g
the four paintgwehthbaectengleorMsojtttd evbmhoufids:mayhbpefound fiog. each point in the segment
individu nd the error bounds for each point may be bounded by a sin egtangle, to represent
o enrod B A S e
as circlesyaruhellipges fOAE3 R, PATHIGRID AND SHARE DETEOTION {0912 Mostebyidiens are

either orthoappalin SHARR OLEAIRESSMULRAL 1%%%91%%%‘a§@8¥9ﬂ§-g QRSGILEHY hAlwaygaroviding

connectivity within the buildings can also often run parallel or perpendicular to other hallways. Rooms
are ofterhBiflin&I6HE hallWAyE steni ReRE Mg e nY Bligneel tetthaviaiihays. cPRWw Presiencelst these

features gap Igad 1o {racidng Raths GARKSIHG SRetIRRMONING Sedvetsihalare Riangdhe.same grid
(i.e., parallel or perpendicular to one another). [0415] For tracking data with errors, it may be

particulal s Eie HRclHBRGR SEgiier @ A% TR Aroxirrishiy |9-pasersr BeiBesdisirat SRsaebther,

and identifypthemagheirg:aniheaasie gHd bEhispreethadiafareuping eflsRamems alserhelngdn
identifyin1 sh pes Ehat (c{an be matched to known hallway strl_Jctures. I.n addition, human pattern an(_j
shape reCSgHitiBACSKIEC A%y help an observer decide where in the building a particular shape can fit.
Similarly/degigdhsbapenprichinginethpads praly beaynplendentsttdn bpappingitechidquasito @ombine
s St A R R RS b R E R b S O T
segmentatiopiag e Sphseywent sapedtetectapaeriticalcoof ithpecfonmingushape matchingngle

(PPS), or ellipse. Each segment may be associated with an orientation (slope) such as the slope

of the line, or rectangle approximating it, or the slope between the start and end points of the

segment. The segments that can be grouped into path grids, due to restrictions imposed by the

building, are typically longer segments. Therefore, segments with length above a threshold may

be considered for the analysis.

[0418] In one implementation, consecutive orthogonal grids may be detected by iterating over a

series of chosen segments. For each segment, the difference of the slope of the current segment

with the current grid may be computed. This difference may be found, for example, by

calculating the angle difference for these numbers, modulo 90. If the difference is below a

predetermined threshold, the segment may be added to the current grid, and the difference may

be added to all of the following segments since this counts as a correction. If the difference is

above the predetermined threshold, the segment is considered to be on a new grid. In this case

the previous grid ends while the new segment starts a new grid. If the inertial error analysis is

available, the correction threshold may be replaced with the maximum possible heading error

with respect to the last segment on the grid.
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[0416] Inertial tracking paths may have heading inaccuracies due to drift. In most inertial systems,
inaccuracies due to drift can be incremental. Additionally, in some inertial systems, angular rate
changes above the maximum measuring rate of the gyroscopes can cause sudden heading errors.
Furthermore, inertial systems which do not have full tilt compensation due to lack of 3-axis gyroscopes
or tilt compensation methods can demonstrate abrupt heading errors when the tracking unit is tilted
away from being upright. To account for the different types of errors, path grid detection methods may
be implemented and may be tailsgred to the quality of the inertial tracking data. 10417 In one

implemefftation! peth GHEPSTHAY BaPHTRF By Sha G TR EunR 8RS SEGEHERGN SRR that

results inrackériep0f sagrentsthEnbse pegmentssnautgnpiisea simple: graupingl qipeiedsas a more
advanced approximation of the segment.such.as a line, rectangle (PPS), or ellipse. Each segment
may be 2LE ARt B S Oh ot o S M O U R TSt B imating
it, or the sigpentetweenltidestarpandangd poinighithe segmentr. TAddegmbBntsithatitdngdsevgtbuped
into path grids, due.to restrictions impos the huildin typically.longer se ts, Therefore,
segment o e R P PR
implemeffté@idinF consérivE@IHPRHY 0 dIRyrids NMeak) A detetddobipitesddimtprover a series of chosen
segments; 595 eachseoment.dae differencealibeslonsakthecuusnt seament il dhe cusrent grid

may be computed. This difference may be found, for example, by calculating the angle difference for

these nufABEHitifo RS o 2IhtHer diffsiahtacis b pretieterfainEantHrBShSIE the desvightmay be

added toheicurtentarid, @ngithe differancgmayde agfded.iall @hthe fallowingsegments gifce this
counts as a correction. If the difference is above the ﬁ_redetermined threshold, the segment is

considerBiUTBE BN BefAERAN PEiL C A8 phe e iR BN e fRsiiabditerdtits a
new gridihistpe biaHiah@roefraalsigith availpbleitihecomectionthieshigldmay heagplacadmdth the
maximum P%T iblg. heading error with respect to the last segment on the grid. 104191 These
orthogorf&l ¥ j}‘}% "H¥3y be used by shape matching and fitting methods to match tracking path shapes
to the flomplnAslbankse Muliiplep stiapes sriayeheeondbingglifigeataduiaheadinglefshapeied subsgquent
methods such as compass and buildi rid.corrections result in segments in multiple shapes being
i s R R s R i oS el v
may be dnediedptohbestested fortshapeavatehierg(ht0di209) ks CGRR BE TIONSESTIO TRAGKING DATA
USING 9&%@%%&@%@&%@% Jﬁ?x‘?kiﬂ%g g%‘iﬁlﬂ%ﬁ‘%&%‘é%ﬂ&%{?ﬂ%ﬂ’i?&'&’&&# ﬁpagﬁ%tﬁ?aﬁﬁe%%}e%%?ﬂy

a ically

enhance tracking capabilities. Speci or inertial tracking data, headings are often relative to the
directionthesgdeishrisslimertial frackeagrdnicwasassrheeoes Thiglisiplies that iadhehpsslbeitf ahy other

informatigf, e, GULL PR (AYRE IRIRIE e Allaned Wdhrlug RsasingodoerialAutiadds.to this

problem with different sections of the data requiring different rotations to be aligned to their actual

headingsleperd» i ABc6pHifgSto LitdisgecbdPehasavdiftion, RISty P trudheddiigiorta tltkee at
any givempaiskmay remoeyemostdifinet all}oftheceranduve o dathi(Eepeting tbepaadingofan
inertial path using accurate compass angles (headings) is one of the methods that can be used to
reduce tAESEFRETEY BF MRTh AN CIFRd Ingrge gs can have high levels of magnetic interference,
thereforgagsgitinmite fevy Recuiate compasskhaading sntouligsn ¢omphe lack ofhavaabiliigief @antinuous
accurate %orggass eadir)fgs mi% result in thtﬁwinaccuracgl oéeth(%?e methods th%ﬁsare Efe%%eg\%a ton
compass RTINS BeRY SREGPaRY B AN iCoBB Th AN & th&TRCREIS IS ESIsiss
readingscdnipaalsamchaliengedad identity thatittie cbmpapsranglgyis acgiicateheViendidentheceeadings
are goods. 04211 In one imrgnlg%egéa}tion for t{acking E(Ijnatlae.including compass angle and gyro angle

e

| ,
data, chéd Cse?ﬁl%? B%I%er or E)y mate flﬁé eege%mp%s angle and gyro angle trends to detect which

compasyd &idles arppodbint theralsenbechs, areporteth gyrentatigie, thethehdingdetweehisubeessive
points m%&%ﬁé&%@ re%@f??@g%@%@e@%ﬁ heading may be computed. For each tracking point in
the segment, if a compass angle is available, the compass angle may be adjusted by the

difference between the segment heading and the gyro angle at that tracking point. This ensures

that the compass angles being compared are all facing the same direction. This compensates for
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104241 To apply robust compass checks, in one implementation, the tracking data may first be
segmented. For each segment, a segment heading may be computed. For each tracking point in the
segment, if a compass angle is available, the compass angle may be adjusted by the difference
between the segment heading and the gyro angle at that tracking point. This ensures that the compass
angles being compared are all facing the same direction. This compensates for tracking points in the
same segment where a tracking unit was facing different directions. Compass angles recorded while
the tracking device is still and/or turning may be ignored as they tend to be less accurate. The rotated
compas< ARG R Mol B SPmsxitnaial an aie SArKEs 4ilbrAY gﬁﬂﬁﬁa&fﬁ?fﬁfeg‘w&?@‘ﬁccurate.
In casesWhesssthergeaane inakcukdit: chenpassneacingsis Sitplydveraging thesbeanglesdaayhessult in
incorrect compass estimates sice compass angles.gan, bo highly inaceurate whin magnetic .
interference is presen?. Thérefore, WREN STTRE RS EsS angles afénot accurate, ascan may be
performedl tof fihel @hthesvahghss thatcanecapppeokintatelywdgualiicrone anathentd hisnpray redegiormed

by clustering,the angles into groups that are yvithin a threshold angle .of one anather. Once grouped,
the aversi il P e TEL Feant o e A e Mool R IR
suggestedicbaripasly vedoeiritewdor magiecdompibscangle prosters Navefersimvilian aétisitisnphss one
with the BIgeshavbe GRased-LLMHIIPIR JRBISSIAKIHIPIITH 0 HiesrameeL o suhsRayent
methods to resolve. If the count of angles in the densest cluster is less than a predetermined threshold
number 6fyBifSNsRRNBIuStBISBE bsPIbsEtd by sBissved e sdghiain srapbBthgeditith an
"Unkn0W£‘?h@ﬁ&ﬂ@%@%&ﬁ%&%@@%?%etﬁ@'d%ﬁ%& e getermingt (0420 4k Mghest

implementation, a similar techniq[ue may be applied over multiple segments or path grids within a

range wHERE!thenie Rfalas85dily Bro 8 htHin kibewsHuLRRBPIFHAHUGrids AV BB detaRdst, the
compassimgay hesehecked avenalhthrpeiRts withindheigrichaftesiaiating the aampass anglgsido the
same directjon. Alternatively, trbeﬁcom as%Oesti ate of se%?ents in a patfbggd ma% b? found.
separate)Zand the 8&?1%&8@/&)& RS ol SRR SREERE A B eiiltked (0D LBHESEHE WA the
shape ofthealpaifsigeidstCiom passlanglgsaayrbenetheritatoidr ihaisegmenistthat ave lunke o™
compass angles, and overridden if the compass angle does not agree with the other segments in the
ot o I B oG TS Ceghbeet o8 Tt o S SRS E R hne
maximurthheadingsemglepossibiet [R4RErmiosae implementation, if the grid angles of the building are
known a qri stc uildi r I r t s angle
e B e
To illustraaéhtbigdsivatbuildirgés alpnethtolnoith Seditly Eestiand Wesn et khendsnbagd andles for a

segmentqu patl Qi LRipied E%rﬁﬂ&‘sé’ﬁﬁ? BEYMERL &E?%fgﬁ%@&§%tﬁ?ﬁ‘%kegﬁdjﬁ?&nﬂ&m§re

obtained, they may be scanned and clustered around 0, 18 and 270 degrees, respectively, and

the clustBreviiHBIIes ABSiFh iPntfeprdity Ayt cRsER R thiettd AUBP BRI Ry WWESB8HRAt or path
grid. 1042:HG:GORRBETIRN SepRaTRAGHI NS AT ALSENG B W PING GRIP: ANPRARTLEIONING

[0428] Since most hallways in a building are aligned to the building grids, shapes comprising long
orthogoridl BB gt Hre ke S buLPAIBIgRHE IittiNg GRESSAtts! Fete®Xidt JF patiFrias/Shapes in
a tracking: patntanchelssigningkaotpassmanglesiwihenavailapial dhe irackingnpath smal: ke sonected to
the building grid and partitions where ropriate, By iterating through.the shapes in the tracking path,
et ShABL I b ALH R Be b ST oo by SeTHIGHE TFAPHSLS LRGP AR B the
angles agsociatpdbyvitizithe brehdinghpartiti ons insimg el bigikding pasibiening tool, the probable headings
for the s ay be ohtained. .The. entire shape may be rotated to a probable heading,that js within
coroctol R e B R b R b e e S G e o
analysis {hisimsay bdquarforihedbiotdeacigshapelin the thatckind pathpassileralopiyintiting coryebtion for a

shape to.alL{ollowino, shapea ar SIALIRRKNG el AT AL SHARR ANPGRS PSINGAINE

ANALYSIS AND LINE MATC
this, if a building is aligned to North, South, East and West, and the compass angles for a

segment or path grid (rotated to one of its segments, after removing the magnetic declination) are

obtained, they may be scanned and clustered around 0, 180, 90 and 270 degrees, respectively,
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[0430] According to an aspect of the invention, while analyzing a single tracking path of a trackee over
a long period of time, or comparing the tracking paths of multiple personnel and/or assets, methods to
compare the layout of dominant lines in the tracking data may be useful. This analysis may be directed
toward identifying hallways of the building which are usually long and traversed multiple times by
different trackees. These lines extracted from the tracking data may be referred to as tracking lines.
[0431] In one implementation, these lines may be obtained as the longest segments using line or
rectangular, segmentation. Specifically in inertial tracking data, as scaling errors start to accumulate,
paths aldRg & §&}ﬁ8rh‘é{lf\%a@)erﬂ3§f%b‘é’aﬁ‘i8%t¥ SH8eRr TS KnBth&PTFEE pAIREN TR ifethe
Additionalymidie paths gtidifferent trackees through the same hallway may be offset from one another
due to azgzgyl&ted eQF%rs over (gime grdue, t0 igt]ﬂentqézalé errorsGbEtweeAn tvig,o diﬁ‘er(c)ent trackees.
[0432] TO andlyze the mléRs,%gTrlneﬁsT of a tral((:]lyee, eaénime seglj%ﬁgrl‘l malf/lBe YANSRIMEND ﬁough
space wigfas¢achclinedst dederilyedras burklttgr fronlitine dbtigihcobahiifixed defelepeeqoeiptisathe line.
In one implementation, the analysis may. be limited to ling s nts abov ertain predetermined
thresnolo L e P B R e
line segrady/ihatstinedirthkipzantheagdristi gyndistanpes fromalthevbrginverselerdwdeapimg. 10433]
Determining whichUngs gt a0aley-whilkianiveno.aslodls karkind BINALMUNIRIG UReking

paths can be a very challenging task, especially when floor plans of the building are not available.

Each tragh@embyhediasikiegapgifierarit paape 810 BvEASHShl e dhsatHBdiaginay i fraveprsedons May be
partially U@é?&@ﬁd@eﬁ%gﬁﬂﬁr%&@%ﬂ%ﬁg%%ﬁb@iﬁﬁ%@@hﬁ@ﬁé‘E\Qlﬂﬁa@Ed?rﬁﬂﬁrﬂiﬁﬁﬁ&%@mﬁgted
or dirreren

errors. [0434] Tao locate possible hallwail%ys and corrections to the lines of the same

tracking PATHEOTHE ferdtithe pEXIABYT BFHEhES Hay B IR eaNs Bete M e WRetIEr tHaY Match the
relative pesitiandof asking livgs:Hp the samepabectiackingdoes inrpibentackeeisdendn Hrthis
match occurs wijthin the bounds of the errors in tfle tracking data at the lines being examined, a
correctiol riEY HBHRAGE HS TALSTEN il (AR LSS the SUTIMaY bS BRECARSHEY %"‘gl} RABAhis
method, theklingpataywbel safipt iy distancedram the ariguportoetérabtievpaintshbpis mayibetparformed
after grotjlg(i:rllgﬂthg lianes by orientation or slope. A list of numbers may then be generated by calculating
the offset perpéndicular to the slope of each line from its previous line, creating a list of relative offsets.
With two/6d2$y Idts of relative\offsatay &N @heNrony sachitraokéaels:IMiraidings traversed), creating the

ot AU TR i o . g e
trackee over a long period of time, or comparing the tracking paths of multiple personnel and/or
assets, methods to compare the layout of dominant lines in the tracking data may be useful. This
analysis may be directed toward identifying hallways of the building which are usually long and
traversed multiple times by different trackees. These lines extracted from the tracking data may
be referred to as tracking lines.

[0431] In one implementation, these lines may be obtained as the longest segments using line or
rectangular segmentation. Specifically in inertial tracking data, as scaling errors start to
accumulate, paths along the same hallway may appear to be offset from one another if separated
in time. Additionally, the paths of different trackees through the same hallway may be offset
from one another due to accumulated errors over time or due to inherent scaling errors between
two different trackees.

[0432] To analyze the line segments of a trackee, each line segment may be transformed to

Hough space where each line is described as a vector from the origin or any fixed reference point

to the line. In one implementation, the analysis may be limited to line segments above a certain
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[0435] Performing this processing for each axis that long lines lay upon generates a set of vectors,
each the optimal in terms of overlap count for its direction. Combining these vectors into a single offset
in the original coordinates may be accomplished by finding the location where perpendicular lines
drawn from each vector approximately intersect. Finding this location may be accomplished using
vertex clustering or other techniques. This processing may also list all offsets resulting in overlap, as
the greatest overlap may be outside correction bounds. Shape alignment techniques can be applied to
heading corrected inertial data, and/or data from signal-based systems using the same underlying
principieS BASET R, B A e BB LS Eparo SHARK & (HERIIS IR e color
gray), andcsecardmshagpeh thapgreh(depiciadd) the catasddaaky, iexttacied ffiom the aggmentation
of the trac¥in§£ath .o{ two different trackees. Due to previously accumulated tracking errors, the
vertical Iirr?eef)alre'ge}ﬁ "and "2V1" are horizontally offset from one other. In addition, the two line
horizontdD4Rgy paitsr (iR’ amdch2HiB:Y dndif" bHid lsng "Rl ardyvert callneffsetarbimzopelanother by
a Slm”arrgﬁg%iz VeruaaLoffssl Theling "ghe” ehighape ?asfé,ogé D fave;a MALEh 'rlansshi%‘P?hl (the
gray shape). en these'two s?'lapes are sent to a shape a |gnnﬁ)entt ol (or procesglng a gorltehm), the
tool mayteoidipateranafaralpdssiblechifssieantietorespbding ovdrapd focthebendffsstndhe

combinafion,of averticalaffaehto align i andarthand the horizntal fiset iealion.ayg and

"2V1" may be found to result in & maximuni overlap (all three pairs mentioned above) within feasible
correctioPrBEURYS doEHehaifrgaWalse eioRsfor this offset in a method (such as, for example, map

building) /may pesisefd R &isataaflacs planssiRgdhedvr.ahares ke mayRenpteddhatapather large
horizontal offset aliqning "1V2" with "2V2" may align four pairs of lines; (1) "1V2" with "2V2;" h ) "2V1"
b f

with "1vPatks) heglaihithposiion ghdhealingiiayRh comAAFCrHE TR E SR BYeiays St iRe pairs,
it may bedpnetgshififound tadegraatenthas thedpaxiny racedmuiltednonee ntalieeapnitheatracking
path. [043.7] . SHAPE MATCHING AND SHAPE FITTING [0438] Comparing tracking paths tq floor
P (kABPF GSHTR S EORSOAMRER i BAS 5 SHESH UG AR OFEr P or plans
(known ar gererated)aip leneakatherand allexampieke) weat May heoefanetdo 8% gephaetkic shape
matchinthroblﬁmg,. &94?9% The proble dqg ngf';\t%:hinegfa trat%kin ath to hallwa S may. be re rgsented
asa shapésrﬁng cﬁlﬁg Srég 8m wheréthe input s rg:per(én.ig., the 1510?(%8 E)rg elf%%er ain inaccuracies.
The baseqéattert (eftgs; threjoog plan)imaybalsoitravecimaccsacies sinte floonpiensmeag fomalways
accurate e.agi loor vV t a ' .

inaccu ra%%gpa%ff(% Ql%oqu\é%géa%% ﬁ%ﬁ:rﬁ%"g %ﬁé%ﬁ?r%%%%é%ggé% helc%es%l%gsﬁgagregg gllj% rlf%esi points
and linesrdosg fedisires onad fioofiptim Wubhtes adlvays) ehaylbevrepresented: asiinésmeetelngles, or
a series gf, poiptsy;if Biarkedias Jeetanalesi Aty ines NaYReARRIRIMAIRY 4R hedhgdinehetween

the midpoints of the two smaller edges of the rectangle.
second and then finding the mode (with a fuzzy threshold) can create the offset that overlaps the

most lines.

[0435] Performing this processing for each axis that long lines lay upon generates a set of
vectors, each the optimal in terms of overlap count for its direction. Combining these vectors
into a single offset in the original coordinates may be accomplished by finding the location
where perpendicular lines drawn from each vector approximately intersect. Finding this location
may be accomplished using vertex clustering or other techniques. This processing may also list
all offsets resulting in overlap, as the greatest overlap may be outside correction bounds. Shape
alignment techniques can be applied to heading corrected inertial data, and/or data from signal-
based systems using the same underlying principles.

[0436] FIG. 19A is an illustrative example of a first shape, “Shape 1” (depicted in the color
gray), and a second shape, “Shape 2,” (depicted in the color black), extracted from the
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[0441] While matching a tracking path to a floor plan, the problem may be formulated as a shape fitting
problem. If the location of each hallway (and each large room) is known and represented using
shapes, the problem may be described to have the input tracking path (the input pattern) completely fit
into the floor plan lines (the base pattern). [0442] A more probable scenario may include a partial
description of the floor plan. For example, it is possible that the locations of most of the hallway
rectangles and/or lines are known. This condition may lead to several additional cases that may be
taken into consideration. Some long trackingqllines also referred to as input pattern lines, may pe on

hallways GHEEHABNA R NS /LRSI Ofh grarectRd iHBEkes Rt ine PR Y SRR it into
the hallweyckigssralsq refersadtio las: page patermdinesy IAdditiralbntsiometien g tiackiagdieedimay be

inside large.rooms, which are .also not represented jn the bas ttern ljin SO, Se Jhallways
it BT o W e g AN el L G 1 e e A

proceed straighyinfGthé&soome Imthischge theites(fliiny tracking ditemapctmp@é2d ineSingtefits
partially gn the hallway. In each of boye es, the shape fitting problem.may be se to attempt
o fit e e e L e A R "o

unmatc helioles | eisngne r’@ﬁdr@anmemelmatbm_whn@@emw nenptiveal aetipapessiblin @ﬁsmms]
According, I0an &?P&%BR&ME JOVBAIOR, Shane JHing WiRoWmaN3ble seamenisaay begchieved

by convertin ”both patterns into a set of Eomts each, base pattern points, and input pattern points. To
obtain thel Pdsaishttdin pidtd ey pase bttt lHE mMaZbardedmentedy bate pediesrerrisiiriay be
achieved,hyiitgrpQlating peintsibebvesnsthe stashandeadpoinis af thahase paterdingsanie

interpolation interval may be the desired accuracy of matching. FIG. 19B depicts an illustrative

example G i@ AHEHPINES Biocfhes chrred5Einginty ade fierpbimtBarsRtitise g iee points
may be useful ib thecaseefrshapeditiingsines hp eputpattesmlingstraayensateheddagnapart of

the base pattern lines. The input pattern points may be ohtained by performing the same segmentation
o e T B B o et N S e Bt
offset to @ Wasevaditetrv poing ) restltngvitha Seres afdagh patern paint ot test padtgrntinasshown in
FIG 19B. Th? test at}ern oints are then test dff%a fittoirgthe bas(?h attern paints. [&444 Ilzc%rc?ach

test pattern point, the closest base patte “‘68§ﬁfma§}%e sélecied'as the matched pomt. Thé distance

betweenhtreztwa poiotsmiby teckegopded as the correction distance. The matched points and
correctioib g}%aﬂces f%rﬂgll,m@[ gq&'q]ggg‘%%qmﬁrp@zrp&saved as a possible

[0438] Comparing tracking paths to floor plans (known or generated), comparing tracking paths
to one another, and/or or comparing floor plans (known or generated) to one another are all
examples of what may be referred to as geometric shape matching problems.

[0439] The problem of matching a tracking path to hallways may be represented as a shape
matching problem where the input shape (e.g., the tracking path) has certain inaccuracies. The
base pattern (e.g., the floor plan) may also have inaccuracies since floor plans are not always
accurate, or because a given floor plan may have been generated by a method with some
inaccuracies.

[0440] These shape matching problems may be described using shapes such as points and lines.
Most features on a floor plan (such as hallways) may be represented as lines, rectangles, or a
series of points. If marked as rectangles, hallway lines may be approximated to be the line
between the midpoints of the two smaller edges of the rectangle.

[0441] While matching a tracking path to a floor plan, the problem may be formulated as a shape

fitting problem. If the location of each hallway (and each large room) is known and represented
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shape fitting solution. The smaller the matched correction distances, the better the quality of the shape
fit. This process may be repeated by offsetting the first input pattern point to each of the base pattern
points and computing the closest point analysis generating a series of solutions. The best solution may
be chosen by a various criteria (e.g., one of which may comprise summing up the correction distances
and choosing the solution with the least sum). If any of the correction distances in a solution are above
a certain threshold, the solution may not be a complete fit. If no solution has all matching correction
distances under the predetermined threshold, the shape may be reported as nﬁéit_ting in the base

pattern. 5T R TRIHEATE) WO WETFFOPHbl Phtfels At 4o Suseathuits Walltd HEBhse
pattern, aneipthely thdreoate iflkegyian shapessuai asteuiyes, arcs, and circles. Irregular shapes are

used intll{”be e method as.a series of lines or points, and.the base pattern points are obtained by
L i Fh ShE. Tagh e

Oore pronanpie scenario ay 1ncluae a parti 1 deSCI'l 10N OI .
segmen ine, of interpolating betWeen consetuliVe baSe pattern poi the

descriptiexnaipbyeit trerciosklst haselpattent poiniffon@acii tbst jpdttery point ghay dod fouhdebyare
considerjng all t as tern_pqints, For sh fitting, probl where the base shape comprises
crait e B e R e
pattern lipenzdamadedbipointsinassingfierisdse patiepniiperadditionaihpytihe ivpleatesmboRsts in this

case may,bieited (A SiartRAd sod Robl R ine stead of scamentpa e THRS

illustrated in the match found for the input pattern lines in FIG 19B. The inpu ti)_attern lines are’shown

in black, 4. tHeorexfeyattéoritihasse At mowissin QFajtiarehbempedrastier et ise Patdninmes. The
input patigrn RS AncLihS e cRIrRSPQRAING IeslNRe M, ROINtE Ate Aiainad Using QR lagstart

and end points of each input pattern line. The corresponding matched points in the base pattern lines

are showHHUSMH K HEREThETES £aB0h AP ibsr s Ha e EMEBrdbRRL e Tifehs Al vAr#iEhable
segments;iQAffsetsiiamdhee ipsh patienklings te-the hase paterp linesimnaydaeeemputrdising the

shape alignment tool. Subsequently each combination of offsets may. be used to test the shape match,
anorng TR AL eha e A00AE £ G4°b s Mp BN T DB oTHILA BARLTH S oot oray

as an unmmaichaptettingtisHoumehtopaatiit imntkeib@sehpaiteendines [0448)idr fiiting shisihessthet may
be rotated fro e another (not align ?F) the.same method may be perf: rmedﬁ) first choosing a
pase ot RS s TG of e LT AU RO RE it B e e SRR
determinesde Phiemaypaesult in two possible rotation angles, one acute and one obtuse. The input

pattern e ot o, align to the. : patte | patt I haye he
aligned ;?oﬁlt)&g) bagggbﬁatt%E%%SQ%Eeésﬁ%plé)\%%ﬁ\(gﬁh%eéggﬁ %r %‘?ne S apeg,{ %eggﬁ%e%}égsbos , may
be perfolmedhioviddiheobestisldisehfipatterns into a set of points each, base pattern points, and input

pattern points. To obtain the base pattern points, each base pattern line may be “segmented” into
points. This may be achieved by interpolating points between the start and end points of the base
pattern lines. The interpolation interval may be the desired accuracy of matching. FIG. 19B
depicts an illustrative example of the base pattern lines and the corresponding base pattern
points. Generating these points may be useful in the case of shape fitting since the input pattern
lines may be matched to any part of the base pattern lines. The input pattern points may be
obtained by performing the same segmentation of the input pattern lines. For shapes that are
aligned to each other, the first input pattern point may be offset to a base pattern point, resulting
in a series of test pattern points, or test pattern lines shown in FIG 19B. The test pattern points
are then tested for a fit in the base pattern points.

[0444] For each test pattern point, the closest base pattern point may be selected as the matched
point. The distance between the two points may be recorded as the correction distance. The

matched points and correction distances for all the test pattern points may be saved as a possible
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[0449] In one aspect of the invention, shape fitting may be performed after aligning the shapes to the
base pattern. The error bounds may be calculated for each line in the input pattern with respect to the
lines being offset to lines in the base pattern. The correction distances in the solutions for each line
may then be compared with the corresponding error bounds for the line. All shapes whose line
correction distances are within the error bounds of each line may be reported as potential matches.
[0450] The shape fitting tool described above may be used by various tracking methods such as the
map matching{? building methods disclosed herein. For example, in one aspect of th

1d
nventiont AR MG TG BHET S BEAIGER el A TR B e UG B Y5 b Philding
grid usinghsgnsor g piaiadusian hathiedsshovatfiatihg th3. filbeifipctangutarpsagnmenisiabdie a

threshold may be selected fqr shape. fitting. The jnput pattern lines may be obtained from t

rootangUH NS Tnd T LA B TRG RRLY B Bt ATk a5 vee gL B s
They arebthesotestednioy thechesirshiapedit using the: ifrethetabb véithathag counts fosummatchpble
lines. If efh]n%%to%]elc%fﬁ%u&gfac eGP DR TRy, bt%e“%%ﬁuep %Eﬁeﬁqtﬁtﬁ‘ee Patg! ??fsa%(?”&?t 3 19.40% pgtched
hallways. It a match is not found, the input pattern lines may e alterna ely grouped Into consecutive
grids usidgtineaesuitsoditine patrbgvidistrapendbredtidd thetebesBaeh whdpe wraynisentibe eguentially

matchedfg i halwavs. /A ERUSCURSS MANOK AfGEPIRAJEAmatah WithBNgLirRr Reungs if found.

[0451] A second version of shape comparison may comprise shape matching where two shapes are
tested foPOEIPRYt6f ShmiPAlislpE. thaiapsdditsdns described while disclosing the outdoor tracking

method. [PABA] Phis ONSDRAMNT R WNCHiP4rglGrreimiclion ardseatisfaaiioniiGensizaials on

Tracking Data for Feasibility Checks, Corrections, Solution Quality Classification and Assigning
ReliabilitR3 {54 sW ARG It 8rar Egyett Bees MGBrtoTice SofatieRf i tifferelEstelgs (erpes

processing aperatiansyafdhietadoys rethadsidisdesethiesainteanbe sheekedifer ieastilitydand the
operations required to perform correctiops., if Fﬁeeded, ma% be dq;aermined. 0455] In one
implemeRtatTSA S SEIHPIECa W AXRIRG PTG RTRYI5B CkAaY xS e UteBRSifints between points
and/or lifesss| atetl ¢ dheinaaking dateeFodseachaso hiiemgerierdiedaat antipputrarpoitpuiafrdm a
given m«?lrelo checks may b:ﬁ Rer ormed to test thel;s.ati factig1 r .of the qonstraﬂnts.thAoLgaitiorLall , when

violated, (eS8 SBHBHS 1255 e re S Bbndtr At ndy B8 EAIGLiAted Ahd GUARUTIEATS cnable

comparisompnstsestimghofitackimgstiationsy be improved by ensuring that the matches for all points
in a single input pattern line are made to points in a single base pattern line. Additionally, the
input pattern points in this case may be limited to the start and end point of the line instead of
segmenting the line. This is illustrated in the match found for the input pattern lines in FIG 19B.
The input pattern lines are shown in black, and the test pattern lines are shown in gray after being
offset to the base pattern lines. The input pattern points and thus the corresponding test pattern
points are obtained using only the start and end points of each input pattern line. The
corresponding matched points in the base pattern lines are shown as black dots in FIG 19B.
[0447] For shape fitting problems where there are unmatchable segments, all offsets from the
input pattern lines to the base pattern lines may be computed using the shape alignment tool.
Subsequently each combination of offsets may be used to test the shape match, ignoring lines
that were not found to be overlapping. In FIG 19B, the input pattern line marked in gray as an
unmatchable line is found to not fit in the base pattern lines.
[0448] For fitting shapes that may be rotated from one another (not aligned), the same method

may be performed by first choosing a base pattern line for one of the input pattern lines. Next,

the rotation to align the lines may be determined. This may result in two possible rotation
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[0456] Identifying corrections to be performed may be realized by creating constraints on the data, and
then determining when these constraints are violated or unsatisfied. As an illustrative example of a
required correction, a path on an upper level (or floor) of a building that extends outside the bounds of
the building's outline is invalid, as it would violate a constraint that requires the entire path to occur
within the bounds of the building. Another failure of heuristics may result in two points along a path
being spatially separated by the entire length of the building, yet being temporally separated by mere
seconds (this may, for example, violate some maximum velocity constraint between the two points).
After proBErS foPRUASE P Re L b s A o TR RAlS[E i [BSR AF i RIS TENdUEE e se
violationpat&450erifyngpVapistirofiMapapingbResuliignan toDiedectiopafcNeiessany Gapedtions and/or
Failure [04!%@(1 (ﬁ:co dingdtohan aspect.of ({h invention, a tofol su Q aﬁ’larlgiclte- a}/st?,rtn-Constraint
Solver (arféeo feferiet 10 as a Heonstrain esoé]vg‘r"ﬁ’orpfl S e'ggfv%rﬁl}emé)y e pr%we ed'and %:bnfigured to
treat cerfdéif¥fgatures:ofpetrackée sitvacking gatie dstpearticlieeamoftordededtdailbgnoonstraihipef-eatures
of the pafh Ay adude.pularenot mitad i0: Points,alena s Ra. SN Sqmenis Alpaghe path
or portions of the pgtah believed 0 f)e(fylng on stairways. Features of the path may also extend to any
points orrgsmetrithshapeshwngseHositiohiswr oridktatioheatiken idgeteeicpightdddfimeoninfhgence
the path (ngrtial data.pnam: ahersaiamayhe thasarice Qihesa dRvies Risdaspivenmay then
have constraints added between its particles to represent constraints between these features, or upon
these fedtlréBaRFTON IPAINIRIAISSEEH SiviBaser MatCHIRE rHssowTdxuesis (04 5otk |9 pd8saibRe for

example,dontake.alhneints alanga path generated by a set of map generation heuristics (or by any
other methods), and set these as the patrticles in a ParticleSystem-Constraint Solver. The solver could,

for examfi$t& Udtha Hswertaiinanandmside dhasome 8F ASE teds pariracknARehe it 4%olygon
or polyheglsenafepEeaantingerhiildinglm deundasiasclbtbendhecomascrassiblede sieiestovbiahpoints, if
any, are outside of the building, and, as such, whether or not the path that sPhe heurjstics, have created
s valid iVEHA: FnURE ROGRAIR O BRRICTAY TolbOr R Ig SALCBIPpAPG FrALKIHY Sbilons
[0461] Invadditigrztid veiiity kg dheavidlitity Histoappitigdesulisnthe FOlVEY. May @lsenank Rw@ppring results
generated b difégarreﬂt rtr§ of?heU{is%i%sf grﬁ}/ arth(tl%thefhm%hotd' ; corﬂsntrairrﬁt S%Ive{) rq]%é/daf?slilgn to
each solfition & vafie or &P ot values encom §ssmgghowem Hy%aor?s raints are sa |sﬁﬂe or Unsatisfied.
The solvéremegtamgnanse ghedegred thevhich eathreomnstsaingystsatisfredetd weighheactianglation.

Even an.estimate ow | rmati dhe jred rnt i ' sult into
2 soluon I it e B e M SR e
thresholdwhaisleptimiatesolution couithbe dosuitalsieivrsmsaralaGivenidsdqarikings asmtderded to as

"ratings, s {he DestQT @SHLLDRARRINGARS UltsMay e selsctRA{o RIS resultsinthe/anking and

ratings can be assigned to each. For example, in one aspect of the invention, the rating for an

individuat [eHgtRE cHSHRGAt Ay I9EsESeiniKetds tHargaborral Hyrdehe itk tRedirare K§tRcEeiveen
the partiglps desthadanath spesifiechipdRegeensiiinhatched to the hallways, and corrections may be

accepted if a match within the error bounds if found.

[0451] A second version of shape comparison may comprise shape matching where two shapes
are tested for being of similar shape. This method is described while disclosing the outdoor
tracking method.

[0452] J. CONSTRAINT SOLVING

[0453] Construction and Satisfaction of Constraints on Tracking Data for Feasibility Checks,
Corrections, Solution Quality Classification and Assigning Reliabilities

[0454] According to an aspect of the invention, the solution at different steps (or processing
operations) of the various methods disclosed herein can be checked for feasibility, and the

operations required to perform corrections, if needed, may be determined.
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[0462] Rating = 1 - abs(final length - constraint length)/constraint length; [0463] where abs is the
function that returns a positive value(magnitude) for a number. [0464] The rating for all the length
constraints combined may be obtained as the weighted average of these individual length constraint
ratings using the length of the constraints as weights. Similarly, angle constraint ratings may be
assigned the fractional agreement in the final angle and constraint angle. The combined rating may be
represented using a combination of all the different constraints assigned to the constraint solver.
[0465] Additionally, results/solutions mﬁl)ly be sorted from most to least useful (ﬁr according to other

sorting of fH&fity hferidy GHEYAL s by HEMiErdd Y3Lhow BHR RS Fedulfdifiats4tish) the set of
constrainisntoryiitlibeanweeHaioimeaslioe [ hbis-éunedi on difymayhgnable Boisaciicehoosathersetect

solution from a se% of fe sil?lg solutions. Mo&l% i ntl itbr%a%r?onatélg tth? g?%%pisggsﬁgqgology to
a ultip

S mnput Or.ou om _a given me cC or .
choose t?ﬁeaﬁlegf)soﬁmon e.g., lgrlac%ng estimateé or set o CKing estimates) wnen m erﬂ‘easmle

solutionghravenbe@nteomplitedaThisviumctiohality haybeeirhiptemanteetinomettvod shsucimasamap
matching, and map. buliding, [8486k¢ %r%%'&@ lrasking LAl g Pesired Resiliz 10467 According to
an aspect of the iInvention, a constraint solver may be Utilized to cotrect map%mg results to create
more plalfsibté bieptidyengswefutetiappittgbesattorndte ndetbeting! thrat bnesprimereofesaings onh path

violate cqriain, CoRSHANIS, A FARSIRINL AN L% GanILICIAR N QHRLMGHPIS A fIGAIF/NaPPINg

results that either do not violate any prescribed constraints, or come closer to satisfying the constraints

than the OFigIRE MaplsitigRSSEMECTtifie TOALLRING dPEKAVehodeRomILhmuHipne that erécprdsult of

constraing, sqhdngdsw briessalutian han dheiesuliofihigiMarping faurisics . (@463l ns: exgmplary
application may comprise fixing known points within a tracking path. For example, a series of points

along a pEtHITEANMEREESIRAN D GSRIGRE iy iR RS his Pt Esh pree sV aHEN P bRESESIHSS If the
final phase phtheihauristicsdmto mave shesa peints dpatia1Bn dapafstais incadauilding dlaosmian
display, %he rest of the path mustajomehowg;] nsform as well. %ne solution may pe to {ranslate, rotate,
and scal8 W& JORR AEPHTSRE HEineY WMARSSITIGH G hBae it eV ¥Ris % ategy
may fail wiheinaver thésets marerthan bne siairdaseviaveadsyithinfiee patphedfyth@mapping ndésults

contain any error what oever, .tra%nsformin .the d;fath to ?A|8V¥ ong set of leints to lie along stairs may
constraints ﬁl} CII' S b%c S atCOIlSt 1n{ S Yel‘ cqu CLlcC eset‘ V]’_Ol 10{18. . .
cancel the other while transforming the path to allow the second set of points'to lie along stairs.

Instead, f&46ihUladifinth&adidayob Sy pinstiBusés endoRsteaiirwfUuNe enabie Coereotsisaimiigolver to
generatep%lgg;ypromise solution in which all points determined to be on stairs correctly lie on stairs.
[0458] According to an aspect of the invention, a tool such as a Particle-System-Constraint
Solver (also referred to as a “constraint solver” or just “solver”) may be provided and configured
to treat certain features of a trackee’s tracking path as particles, and to detect failed constraints.
Features of the path may include, but are not limited to, points along the path, straight segments
along the path, or portions of the path believed to be lying on stairways. Features of the path
may also extend to any points or geometric shapes whose positions or orientations taken together
might define or influence the path. Inertial data or any other data may be the source of these
features. Such a solver may then have constraints added between its particles to represent
constraints between these features, or upon these features to constrain them based on other
matching method results.
[0459] 1t is possible, for example, to take all points along a path generated by a set of map
generation heuristics (or by any other methods), and set these as the particles in a Particle-
System-Constraint Solver. The solver could, for example, add a constraint that enforces that

some or all of these particles must lie within a polygon or polyhedron representing a building’s
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[0469] Several of the mapping tools of the invention may analyze a subset of the points and/or lines
such as the longest lines of the tracking path, and determine where their location estimates could be.
The effect of these matches may then be tested, and applied to all of the other points in the tracking
data. Scenarios like these, especially when the locations of two or more separate points affect the
location of another point, can be solved by the constraint solver. [0470] According to an aspect of the
invention, the constraint solver may comprise a customized iterative constraint solver that may receive
as input specific points along a mapping result path, and may constrain any features of the path. The
constraimC¥8RAal H]W?ﬁ@ﬂeﬁé’l?&?g%lﬁ(ﬂoaé\?%‘ibf%‘f?bl?}ﬂgﬁsaiﬁt@ﬁcﬁﬁf?%ﬂ?lﬂﬁtoféli.’eﬁHﬂl ", those
describeghif therigremenianedekappletal ie donsttainhsalesprovidesi advantadge st tonthdie
applicationﬂcl)f ct%rrgcti'g%gapping results in real time. [0471] As a first example, the iterative constraint
solver m\évf/ a‘élpe% “on the input configuration of the input data to create its final answer. That is,
instead ghvaking aberiesdfGonptningtd endiegrisifucbng a solution from scratch, the constraint solver
may take | series of canstraints,as well as ess at a correct solution, an input configuration
that satgE e R o A R R ertorm
small traresformestiorasethboyubHotntrstpathinmides: to batioly tHosenctestraintstkizaithedviginaymapping
results viglgiad, Hhis D L Ihe At e ROSUAIRLIANGH IS BRUIKRY dselimiRale. g syl of

the mapping heuristics. It is expected that the mapping heuristics and other methods used can be very

reliable AMAAESFEE iMNE ARASFt)OftbaBascahe dpatco ity Yhinb LedTersEAR Uit BBerbguiraighin this

case, the digrativiacansitaint solvemisan efieclivesyvayhmwhich onowsranice that i depganptignore
the original guess, and that the result of constraint SOIVigﬁ is as good as or better than the input guess.

[0472] InZSditBRPRH S HESHHpIRI D entatisiPnatRalpsaiistis AlinTBRBENS SRTorRMH Ay IS titisIERibited so as

to createvatgapsomdngdimertaken DyctnsduTsthodptiseIVes1iei 60 0 MWk B MRERmISEGQ4IoN.
Creating perfect constraints is difficult with errors present in the t{ackin data. Therefore, if the
constrai S SNl BB ARE S ek, THATE AP NG oA SBIRRONE ottt S8 edss to
be madefiom nedsphiatieiamoting ofiitie, Sidaatihgs mappingskesudistmaycheedrtexaenpieatedin nearly
real time, a cap pn the number of iterations is one.possible way to ensure that the constraint solver
comes ol Bk 2 By B i ot e Bt D SRATY S ST T o e bor and
ranking firndiion forzdateamtininghthéisdtisfagtiobelevehwith assetle$.constraintgtlit spavidled tetbasured
that end ggﬁaigﬁft_the constraint solving ranks no lower than the input guess, simply by ensuring at

each iteration that the result is no lower than the result of the previous iteration. Even with a limited

number df4teaBonsg thel result(Brahbingill tochestigigidonzdy e iHpint dreds. [0473] One advantage of
the consyiaig SIYEE I INALRAFIRIE Y SISMS AR SPBYTOR VA1 RNIMAHR ) FMeHe!iRgr.and most of the

implementation details for a particle system capable of enforcing most types of geometric constraints

between/ Béils HsvE Bee AU et Sse P NBBCSORE PAE 1P BIiRfsti Gt B ffen ApsEia phsicee cophfed
particle systaps opafisle systemdmpligmentationscanaie efirenninadpgigablime alsageyaxist Finally,
since tracking data in its most basic form consists of a list of points and most constraints required are
geometrit AR SotHl Thartiee SAtER HSEasBReNE AEstBIThAG Beciteyrats ™t ‘RSt solver
may refosmidatedpainisdlang dhe path aspasticlamanda-relatiopscbatweerithesedainisias eonstraints
between the rticles(g#(l)474 The fo%owgh% are exem%zvr%/ (non-limiting) examples of constraints:

[0475] L&NGth SR AR A AR C IR EAR 5P o particles to be within some range of

on
distance/0465] Additionally, results/solutions may be sorted from most to least useful (or according to

other sorting or filtering criteria), and results may be filtered to show only those results that
satisfy the set of constraints to within a certain measure. This functionality may enable a user to
choose the correct solution from a set of feasible solutions. More importantly, it may enable the
mapping technology to choose the best solution (e.g., tracking estimate or set of tracking
estimates) when multiple feasible solutions have been computed. This functionality may be

implemented in methods such as map matching and map building.
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[0476] Fixed Point Constraint. A Fixed Point Constraint can force a particle to remain at a fixed
position. 10477 Bounding Box Constraint. A Bounding Box Constraint can force a particle to remain
within an axis aligned rectangle. [0478] Polygon Constraint. A Polygon Constraint can force a particle
to remain within an arbitrary polygon. [0479] Angle Constraint. An Angle Constraint can force three
particles to remain at a fixed angle. [0480] Segment at Fixed Slope Constraint. A Segment at Fixed
Slope Constraint can force particles along a line segment to lie at some fixed slope. [0481] Segment
on Known Corridor Constraint. A Segment on Known Corridor Constraint can force particles along a

segment {548 & sshiqiralHsliigy 4o sgieddtssy B onstraint. A Rigid Body Constraint can force
a group ph4rEAtislestoingoneaasaone: [0A83] Aceatiding tocasuaspeailoftheainbentioehapping-ct _
f‘hpepggf'_%{‘aﬁﬁgg”}%ﬁé‘ ble AUSELIR Stediplondghne et Andior savei@ NURBeRALEaNSHaInts via
one or more features on a path violate certain constraints, a constraint solver, in conjunction with
other methods, may create mapping results that either do not violate any prescribed constraints,
or come closer to satisfying the constraints than the original mapping results. If the constraints
are well chosen, this may imply that the result of constraint solving is a better solution than the
result of the mapping heuristics.
[0468] One exemplary application may comprise fixing known points within a tracking path.
For example, a series of points along a path with increasing z positions might be determined to
comprise movement on stairs. If the final phase of the heuristics is to move these points to lie on
top of stairs in a building floor plan display, the rest of the path must somehow transform as well.
One solution may be to translate, rotate, and scale the entire path such that those points will lie
on top of those stairs. However, this strategy may fail whenever there is more than one staircase
traveled within the path. If the mapping results contain any error whatsoever, transforming the
path to allow one set of points to lie along stairs may cancel the other while transforming the
path to allow the second set of points to lie along stairs. Instead, reformulating the idea of lying
on stairs as a constraint would enable the constraint solver to generate a compromise solution in
which all points determined to be on stairs correctly lie on stairs.
[0469] Several of the mapping tools of the invention may analyze a subset of the points and/or
lines such as the longest lines of the tracking path, and determine where their location estimates
could be. The effect of these matches may then be tested, and applied to all of the other points in
the tracking data. Scenarios like these, especially when the locations of two or more separate
points affect the location of another point, can be solved by the constraint solver.
[0470] According to an aspect of the invention, the constraint solver may comprise a
customized iterative constraint solver that may receive as input specific points along a mapping
result path, and may constrain any features of the path. The constraint solver may allow fixed
points and a variety of constraints including, but not limited to, those described in the
aforementioned examples. The constraint solver provides advantages to the application of

correcting mapping results in real time.
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[0484] Resolving Constraints [0485] According to an aspect of the invention, the
Particle-System-Constraint Solver may implement resolution methods (whether user-defined, default,
or otherwise) for resolving each constraint type. These methods may be used when constraints
described above are found to be violated and need to be satisfied. Non-limiting examples of resolution
constraints may include: [0486] Length Constraint Resolver. This resolution method may move the two
particles equally towards or away from each other to restore the desired length. 10487 Fixed Point
Constraint Resolver. This resolution method may move the particle to jts fixed position, [0488]

Boundin/B6Y EShstiant B v TR SRITEAMSHST MAY FRove i Darink ¢t Watr8st point
along thebowridpng dox 1§0488t Relygen LenstrairtaResdlvendldisaesohtionemetbock maytimade the

particle to the nearest ppint along the polygon. O490i‘]‘n[An le Constraint Resolver. This resolution
Prethod S TEE e e B e B e O SrIE Aot A B Shat T store the
desired angtel[0491] Segmentatdrixed SlopenCansinpint Redgivertidhhidaeselistion methad niay rotate

s PO UL AL A9 e ol e ATl e oo

along théreaviggontions throughout the path in order to satisfy those constraints that the original mapping
results violated. This means that the iterative constraint solver is not likely to eliminate the
results of the mapping heuristics. It is expected that the mapping heuristics and other methods
used can be very reliable and accurate in a majority of cases and that only minor corrections
could be required. In this case, the iterative constraint solver is an effective way by which to
guarantee that it does not ignore the original guess, and that the result of constraint solving is as
good as or better than the input guess.
[0472] In addition, in one implementation, a cap on the number of iterations may be
implemented so as to create a cap on the time taken by the constraint solver to come up with its
compromise solution. Creating perfect constraints is difficult with errors present in the tracking
data. Therefore, if the constraints overly constrain the system, there may be no perfect solution.
Yet a solution still needs to be made in a reasonable amount of time. Since the mapping results
may need to be created in nearly real time, a cap on the number of iterations is one possible way
to ensure that the constraint solver comes up with a solution, even if it is not the optimal one.
With a particle based constraint solver and a ranking function for determining the satisfaction
level with a set of constraints, it can also be ensured that end result of the constraint solving
ranks no lower than the input guess, simply by ensuring at each iteration that the result is no
lower than the result of the previous iteration. Even with a limited number of iterations, the
result is ensured to be as good as the input guess.
[0473] One advantage of the constraint solver is that particle systems are common in animation
and modeling, and most of the implementation details for a particle system capable of enforcing
most types of geometric constraints between points have been developed. Because ragdoll
animation often uses physics-constrained particle systems, particle system implementations
capable of running in real time already exist. Finally, since tracking data in its most basic form

consists of a list of points and most constraints required are geometric and local, a particle
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[0493] Rigid Body Constraint Resolver. The rigid body constraint may be enforced using length
constraints between each point, and angle constraints between each set of three particles. The rigid
body constraint, therefore, may be resolved by resolving these length and angle constraints. [0494]
Several more constraints may be implemented depending on the desired functionality of the Constraint
Solver. Additionally, the constraint solving methods may be tailored to the characteristic errors found in
each type of tracking data. [0495] Solve Orders [0496] According to an aspect of the invention, the
Particle-System-Constraint Solver may implement various solving orders. A first exemplary solving
order may LOM AL IBBRIHGTHASIGHAN GF d4ee 3 Consharasirl bralya i nda Briar @Y n the
order theyowgraeaddedy paatishdngdachionebindividualy: Repeatingrhisiprosass:enayeqitericlead to a
valid solyjj wever, certain orderings of the constraints may cause the solver to ignore certain
constai T L e R0 SN LD O B T ey i aive, the-second
constraifWili/alweytd b tkeaorie Ahbtngtprésesuect Randomizing theidrddep dkthetlist sfrconstraints

after eac(%)lg thrpugh the list of constraints may cure this problem. One implementation of the
invention enables allows both randomized and non-randomized solving by this method. [0497] An
additiondPéxéhipted, Raoniicgustdantimiyf cohpPrse amsysinesaivipgdhepetnserainethan appdarsito lead
to the grg@ggﬁr{ating increase, and to only resolve constraints that actually do lead to rating increases.
The rating increase implies that the rating/ranking described above indicates that the constraints are
more satiéfiéd i I -ognB&F@@lﬁtﬁ@bt‘é%%l%ﬁi‘ﬁofﬂr%@@@r%ﬂi‘ﬁé% BARBW well
the set of,canstiaints igisatisfied.may force the solver to come up with a solution no worse (and
generally at least somewhat better) than its inggy}confi uration. [0498] K.CONFINING THE TRACKING

PATH WIS Beleegutianpians U IHRESR Fﬁr@éﬁ&ﬁ?irf%f%@e??’fﬂ%l?ré%ﬁﬁ‘&%‘éﬂ%]?ié tfickee

may exteisibaygiadauilding outline. This may be due to accumulated or local scaling errors, or other
errors. In instances, the trackin atgma be considerably outside the building outline. This may
be ce, 100 UL AR Aol Ml QG e sCah BT B Bt B RPEFEA, danshy indoor
tracking #iiquie.the wrong building exit), and/or initializing tracking with an incorrect initial heading for

nertal L RENIP SR Ao en Snlimate aRpeaing quisdeabulding uine ek be.found
for signal-ba ; oregm%g mstances,dbe ore peﬁormlng map-matching
or map attiey ddnacking pathnenaip e fvroed:toxed skgtricted to the building outline. This may be

achieve j ticles raint-solv, ribed ' ' i the
consua R R, B S T
constrairfftscagathiclepmiotraintesnnat ikehstes athapoladalresiriction pushes the points inside the
building a/@ﬂﬁz}hﬁiﬁiﬂli%lé’ﬁ’@%ﬁaﬁfﬂ%ﬁ Tedine chiapeint the E@E@i%@/ﬁlg‘z‘ﬁ’r%%cﬁ@ﬂo%%ebeen

distorted by the method that pushes points into the building. [0500] L.
as one.

[0483] According to an aspect of the invention, mapping application 130 may enable a user to
create (or define), edit, and/or save a number of constraints via the GUIL

[0484] Resolving Constraints

[0485] According to an aspect of the invention, the Particle-System-Constraint Solver may
implement resolution methods (whether user-defined, default, or otherwise) for resolving each
constraint type. These methods may be used when constraints described above are found to be
violated and need to be satisfied. Non-limiting examples of resolution constraints may include:

[0486] Length Constraint Resolver. This resolution method may move the two particles equally

towards or away from each other to restore the desired length.

[0487] Fixed Point Constraint Resolver. This resolution method may move the particle to its

fixed position.
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[0501] Navigation may generally comprise the process of determining routes from one location to
another. Navigation may be used in the map matching and map building methods (and other methods)
disclosed herein to provide routes within a building. Navigation may be used, for example, to display
search and rescue paths to get to a trackee when used by emergency personnel, to display paths to
exits of the building, to find stairwells, etc. In certain instances, for example, when a tracking path has
for some reason not been matched to hallways of a building, the route from the last matched point to
the approximate current location may be found to determine the hallways that could have been
traversed8 | y DR RN B TSP RIS STREH QS B AROX Ry tRAR & BB Used for
determinigrébiepmontal JO50R] bbypitiakreate finding algorithms operate between nodes of a graph.
Navigati challenging when a complete description (e.g., a complete CAD drawing) of a floor
pians s R R o B RS B R g i B e e
nodes amdacenmtpectea imeamegadezodditionally, hallway intersections may be added as nodes and
CO””eCtzﬁz}&@ﬂ“ﬁn”?d%% Qlsem ero‘?v"e'U‘?ﬁ?‘se%é's%%ﬁaﬂwngéﬁ&%nhgr [SAIIER SUGEh a5 Rtarwelig and
elevators ma , unconnected nodes may be connected i the closest node to

connect m@igkagﬁhmﬂﬂ@emmmin@trdd@ﬁ@@%ﬁf@t@sefthﬁtﬁ@mwhg@:pqth, the tracking estimates
may alsqhg pded A5NAIeR CPIEGICE IR IPERTRYQHS ANEHRIIRMANG; HAGKING ASHRA R, L ig.enables

route determination using locations that are not marked as features in the floor plan, but that have
been traPerdelgsip o cReEsIOF0E] MSDE TERMININENCOCRAT FORNESING SIGNATURE MAPPING

AND MWM&M&%@%WJ&@&@pﬁ%ﬁfttﬁ@sm@ntms readings FRMMRHRYSIRARSArS may

be included in the tracking data. Some sensors may have the same or similar readings every time a
trackee &l eMaihIdeatioh PSR &N FRIPEMNg these readings may enable a tracking point at a
later time29w/itRim@RAcAUsAHALRH REEOIVQ. bt nateheddp dhe traskingyastisnatector aipenvious

tracking point at time ti. Signature mapping oyer short-term path history may yield unique sigpatures in
= bl I s BBt i S B SR B oRSFG: AohAShahy Mek K rr e from

independgyid sedgotsiain e 07550 Sivig gi alfand daghtiomaraatea in the
d deid & Hehenekgedniayfo bamh prefres gignditigana daght th
building. /WEQI? ]Slézﬂvae%lerggr‘?Igcl)’]nasglrjgl%t'g/l%aelBg implemented depending on the desired functionality of

the Constraint Solver. Additionally, the constraint solving methods may be tailored to the

characteristic errors found in each type of tracking data.

[0495] Solve Orders

[0496] According to an aspect of the invention, the Particle-System-Constraint Solver may
implement various solving orders. A first exemplary solving order may comprise looping
through all of a set of constraints in a pre-determined order (e.g., in the order they were added),
satisfying each one individually. Repeating this process may often lead to a valid solution,
however, certain orderings of the constraints may cause the solver to ignore certain constraints.
In this scheme, if two consecutive constraints are mutually exclusive, the second constraint will
always be the one that is preserved. Randomizing the order of the list of constraints after each
loop through the list of constraints may cure this problem. One implementation of the invention
enables allows both randomized and non-randomized solving by this method.

[0497] An additional exemplary solving order may comprise always resolving the constraint that
appears to lead to the greatest rating increase, and to only resolve constraints that actually do
lead to rating increases. The rating increase implies that the rating/ranking described above

indicates that the constraints are more satisfied in a current solution as compared to the previous
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[0506] According to an aspect of the invention, experiments may be performed in various buildings to
show that each region in a building can yield a unique magnetic signature. FIG. 20A, for example,
depicts unique magnetic signatures of three hallways in a building. Recording the magnetic signature
for a region may help correct a trackee's position to this region when a signature match is detected.
10507 FIG. 20B is an illustrative example of results from one of a sequence of magnetic signature
experiments conducted using data from an INU. Each hallway was found to display the same values of
total magnetic field when the hallway was traversed at different times. These signatures were recorded
for the 3 TPAINAYs S Q8T RSB A TR <dgfBHIWHS Ranked Fe<uiml i d1hagheticpath
map whicbnwasiesiad againsbihedatarsolleategdoeths thrdedalbvayshandéher seganend Wwasicorrectly
identified in fthe gtart of the hallway it was recorded (as shown in the figure). [0508] Magnetic signature
matchingc%la{%e '38ed by, for example, the map-matching and/or map building methods. When
mapping/épiicktion 1G0¥yrakas aniealicnNG BaTallWayHoy tine Brstiiime; Ocigstes a new hallway, it
may use netic data tg create the magnetic signature,map. of the hallway. The INLJ report may
conaim e e e SRR
be recordéd imagdictifne wyainsnkidwrolocatibscaintherraep ForHigherediability ooiatsisRacts fihare
correctio,{q.fhe fiallway mawRadastnd frsrRnsistanmip fgimegnrtinsianaiierand maangtc data
for newly traversed regions may be continuously recorded. Once the sighature is known and a future
path fronfassytridkestigetoseths alegreniosdwigHatieehgsehdsiithiapseddacedrmpdnsdiPMay be
made fora MagneticRignature mateh i varivdf ihedacaiansmayde s 2aMmeairO9%AndHugtrative

example of this concept is shown in FIG. 21. Hallway B has a signature shown created by two

trackees!fHHENG AR elP BV tRe TR ARRSAENR Gidistee P HHRIEIR SRV AT AoRas 3T
signaturgigraatedday §ainglediackesuilieughithentvehatvay mate &osediyrtaperRasaliel iapne
another), they may have diiftti.n uishahly different si%engturg%g because a séi;urcg of neticl.
ntorforoMEACHHES ST PRI A4 HAMDAL) P 3 Qe 4B o A s hs il he il e itterent
directionsHor igsectah leadivays.gl tiibgméapenrcatchirigtantl/ar dasgpibedlding en@thodschinds @ fowrth
trackee traversing between these twq hallways. and wants to figur: t which hallway the trackee
houli e T O b B B e
against the rec@iddo djgratsireiat bathtlof theseanalbvbys. ks seethérptipdigumsiribeosignsiiasetor the

unmatcfzéz(grﬁg eatmaehen e dpaed aegmentatQins ey %ﬂ'%%g%m wjiéﬁggg%%fure

ambiguity in hallway correction"can be resolved using the signature matching. [0510] Te
Profile MekéttingafoBavelbwwhitestated britey locshishthaformigiape fols éaiethrdukbbng a building, mapping

applicatizggw may alspNSe tRiRperature readings acquired from a tracking system (e.g., system
110ain IG.y) to create a temperature profile map. A floor plan or auto-generated map may be
t

displaye A&/ thie Gt Haeshedstr Witkoa fsHhhH Blafifrs o 16F gridmariiig indieaieomheaiecanBbient
temperaggrenefiihe rxegiondsdikey s profileis expResiadia chanae.p\Ritime fsprrianin aifire. In
addition to providing visual information about static and/or changing temperature conditions, the

temperaflife AT IiNG et HEDTs vy e den quikiti AHERy AU H R p PiAY RAEER AR P AKTEI Sy in the
short-tergximpletersniie whethetia tiackeg' sdemmperaiuge: nay beacseelated withi the tempeasatyre

profile Ofpre?gci)(r)nqgl,i ?otgl%pqallj}i/l %Qﬁs to exits of the building, to find stairwells, efc. In certain instances, for
example, when a tracking path has for some reason not been matched to hallways of a building,
the route from the last matched point to the approximate current location may be found to
determine the hallways that could have been traversed between the two locations. Well known
algorithms such as the A* algorithm may be used for determining the route.
[0502] Typical route finding algorithms operate between nodes of a graph. Navigation can be

challenging when a complete description (e.g., a complete CAD drawing) of a floor plans is not

available. In such cases, the start and end points of hallway rectangles may be added as nodes
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[0512] Similar matching techniques may be used for other signature types such as RSSI signatures
from reference points, pressure sensor data, and other sensor readings that may be similar at
locations in a building. Signature matching can also be used to match features such as stairwells, and
elevators, and different floors. [0513] Additionally, signatures from multiple different sensors may be
combined into a comprehensive signature and used to match locations. [0514] N.ELECTRONIC
WAYPOINT OR FIXED POINT CORRECTIONS [0515] In one implementation, the absence of a global
correction mechanism (such as GPS) indoors may be aided by location correction using fixed
electroniﬁr\ﬂ/a%ﬁ%(}ngé'uﬁHiﬁ&%?'Tﬁ 98%}%1/\@{0ih?ﬁ?{?&f&&%ﬁﬁ?&%d‘ﬁ‘&dﬂ%ﬁ 90 thARHSH 2B%erform
high relialbitity catrectiens deher dostaledlinmcdndinghi05he) Kxke Veaypeiniuichrestidnyaibdasiat

locations 1nabui|din ﬂorogéagwmed o transmit GPS I%titu e, lon Eude an foorﬂunfber (ampng other
d £ evaﬁors may-be added as no ea an unca,r]mec ed.no may be coémec ed to the ¢ orsest no cl .
ata) using short-range low power radios (or other devices) may provide mapping application 130 with

fixed point conrections gldpbsé\thalastsrersmayraitier esmtintes Usly ttransilitrith eiatlgoatiomikiopmation if
line powered ar transmit location,information only when.they ;hear' another similar deyi me into
range. (0T e T e R g
these fixetlimalgpoihbsswitkbéetimets tiateprimatientraskinky datens hheye fixednbebesdretdenselhepread

outin th@@@lﬁiﬂg}g,@g@g{%@% from a,set.of fixed, nodes may also be used to determine location. [0518]

Extending the Waypoint Correction to Node Cluster Corrections 105101 In addition to correcting
location {8t ¥F-fixe P REERYINAGRCATHOM SN BV AR Gt BV FEEe time-stamped

pfOXimitYMWKQ@o‘P&iﬂggW%ﬁ arkees indhe tackingdataBih theilixed-noint covections,ang node
cluster corrections may be enforced by the mappingﬂ'[)echnology as constraints between points in the

particle dBAREr ARSI sOI0BIE AASRESMAN M MR A YN AT FHSE tHHRRiA Y ¥tihates,
and two tragkeescrepenedtoh s aithe samedgaationappeanaidifferenhioeatigns:theymaxdoth be

CorreCte?aEQrttrllglelotga\E\i/RQ gfotr%ea&ali(r:rll(glgtg\gtgr%rhti fﬂ)%rrggl[&kéﬁit% the tracking estimate for a previous
tracking point at time tl. Signature mapping over short-term path history may yield unique
signatures in a building which may be matched with a high degree of reliability. Additionally,
the signatures from independent sensors may be merged to form a comprehensive signature for a
location or area in the building.

[0505] Magnetic Signature Mapping

[0506] According to an aspect of the invention, experiments may be performed in various
buildings to show that each region in a building can yield a unique magnetic signature. FIG.
20A, for example, depicts unique magnetic signatures of three hallways in a building. Recording
the magnetic signature for a region may help correct a trackee’s position to this region when a
signature match is detected.

[0507] FIG. 20B is an illustrative example of results from one of a sequence of magnetic
signature experiments conducted using data from an INU. Each hallway was found to display
the same values of total magnetic field when the hallway was traversed at different times. These
signatures were recorded for the 3 hallways as shown in FIG. 20B. A small segment was walked
resulting in a magnetic path map which was tested against the data collected for the three
hallways, and the segment was correctly identified in the part of the hallway it was recorded (as
shown in the figure).

[0508] Magnetic signature matching may be used by, for example, the map-matching and/or map
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105201 V. INDOOR TRACKING METHODS [0521] According to an aspect of the invention, indoor
tracking methods may be utilized to take tracking data from one or more trackees and compute a more
accurate tracking estimate for each trackee. Examples of indoor tracking methods enabled by mapping
application 130 including, but not limited to, sensor fusion methods, map building methods, and map
matching methods will now be explored. [0522] A.TRANSITION METHODS [0523] In one
implementation, indoor tracking methods may be re-set each time a transition is made from outdoors
to indoors. Hence, some O\%ﬁ” indoor. tracking methods may use variqus transitjon methaods to detect

that an otHHOSEiAEES ran RSh YOS PEG MY Ay a8t LAt arSsEt Khts Mt h¥dihy Tinitialize
indoor tragkingr (8524 Detediinpvay tdeatyl nsoon diamnsdnnso 0R2h] huocesshiutlyigeiactngap of
outdoor-indqor. transition be important since tracking algorithms may.n to be adjusted for
st Tk ey NIk e R R e s e e
infrastructune;tel&striclirnmsothahéavall S tend maginetic indefenarek tiroemgthst bivjectd dnathen lbuilding.
For initia)ization, 0 path may be rotated tg the last known outdogr,rotation, and tracking may be
ot e B e B SRR A R
switchingtosthiergyra the owgisticipigosiutransidionaarayibdaisdar tocodrdutvitiecgatsona magkee closest

to the exit,in;& RUUAING. i aedding daia ig avallaliedind i 108 FIRRERE St oMt aRiedstermiped
allowable correction distance. Correcting only within allowable correction distances enables personnel
and/or aédetst8ipe trhekedi@milaredtatingea Budiae tAretighadiieBriventisharsistriphainteanelifding, but

not Iimit%dﬁ;%tyym% BruRmarked 1@@&%15@/%9 buildinggxit information is available, a trackee's
at

indoor path may then be reset to the nearest exit point to the last outdoor trackinghpoint_for increased
accuracy'.0509] An illustrative example of this concept is shown in FIG. 21. Hallway B has a signature

shown created by two trackees. The signature created by the first trackee is indicated on the
figure. Hallway A has a signature created by a single trackee. Though the two hallways are close
by (and parallel to one another), they may have distinguishably different signatures because a
source of magnetic interference may be different (in each hallway) or the same source may
create interference in different directions for these two hallways. If the map matching and/or
map building methods finds a fourth trackee traversing between these two hallways and wants to
figure out which hallway the trackee should be corrected to, it can compare the magnetic
signature of the current segment and check it against the recorded signature of both of these
hallways. As seen in the figure, the signature for the unmatched segment matches the dashed
segment 2110 in Hallway A uniquely. In this case the ambiguity in hallway correction can be
resolved using the signature matching.

[0510] Temperature Profile Matching

[0511] While calculating location information for each trackee in a building, mapping
application 130 may also use temperature readings acquired from a tracking system (e.g., system
110a in FIG. 1) to create a temperature profile map. A floor plan or auto-generated map may be
displayed (via the GUI) and shaded with a temperature color gradient to indicate what the
ambient temperature of the region is like. This profile is expected to change over time especially
in a fire. In addition to providing visual information about static and/or changing temperature
conditions, the temperature mapping may also serve as an auxiliary signature mapping

mechanism particularly in the short-term to determine whether a trackee’s temperature may be
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[0527] Manual Detection of Outdoor-Indoor Transitions [0528] In an implementation of the system
configured to track persons, a person outfitted with a tracking system (e.g., tracking system 100a in
FIG. 1) may press (or otherwise activate) an indoor button (or other control) to indicate (e.g., via a
transmission to computer 120, or via a tag appended to the tracking data and time-stamped for later
processing) that an outdoor-indoor transition is occurring (or has occurred). This information may be
used to obtain the exact (or nearly exact) transition point to be used in the following methods, as well
as for comparison against automated outdoor-indoor detection algorithms (e.g., to detect the
effectiveﬁ%@gl%fﬁﬁfﬁlg%&%m%?t&[ﬁé’mﬁgd’%ﬂ@%}ﬂﬂ?rﬁhsl?"’[ |"&utomatic Detection of Outdoor-Indoor
Transitiofts [0p 30hThangehand tealidgaees inmaneber ede fsensbevaligesataring thesotidaomingbor
transitions m?a/ be guantified and combined to producg an ac&urﬁ}e outdoor-indoor %L%?sitio detector

utilizing aIFfelEVant information-im the ricking data. [0531] Slitdoorindosr detettion Hghs 0532

Various mdidaterd (ortsigns) mtaylbendeshabenmattiackeeouitfitted with ta trackirfgasystemaneves from

an outdoS 51'1%&%05]&% n indgognlg%;f\ttf'g%hfﬁ(r) er>§_ample, the GPS horizontal dilution of precision

(HDOP) may increase, g‘é%teqlflt’e strength may be drastically reduced, the number of satellites may
decreaséladd] évisntnaiilly GRSahaypshdramavailbibll, dspiesiatllyinsiengenduiltingsninmeddition, ¢he total

magnetic, field ghserved tﬁ}é\gﬁﬁﬂgef&eé&rﬁ%ﬁ%%a{@éﬁ@e tracking system) may vary from that

observed ou}l%loors, and the magnetic field variance may increase. Further, an outdoor trajectory of a
trackee My G\Arlap EBERARGNECRiGHPQINE QB HINHYPARISEPRRISEIIADIE). Received Signal Strength

from outdporsieferancenpainte (Qribase statins) may dewsass-Qier Artectaksigns:ofaaps)
outdoor-indoor transition may be noted. Additionally, a device comprising a short-range radio (e.g.,

zighee) 492 BHERSH T thel QAT MRty A reiie X B dRG Bgn4 StAdH thLHT RS etéfshice point
measure@Ryairasking Sypienn Mmayibiedsediekisiermingdiata askegilnasigrassedithe vafefence

point anqnggﬁ?gggntgﬁu?ﬂfgg]g. Similar detection may be used while leaving the building.
[0516] Fixed waypoint correction nodes at locations in a building programmed to transmit GPS
latitude, longitude, and floor number (among other data) using short-range low power radios (or
other devices) may provide mapping application 130 with fixed point corrections. These
transceivers may either continuously transmit their location information if line powered or
transmit location information only when they ‘hear’ another similar device come into range.
[0517] Tracking devices such as INU-CSM pairs may include proximity information regarding
these fixed waypoints with a time-stamp in the tracking data. If these fixed nodes are densely
spread out in the building, signatures from a set of fixed nodes may also be used to determine
location.
[0518] Extending the Waypoint Correction to Node Cluster Corrections
[0519] In addition to correcting location to that of fixed nodes, devices with inter-device ranging
information may include time-stamped proximity detection with other trackees in the tracking
data. Both the fixed point corrections and node cluster corrections may be enforced by the
mapping technology as constraints between points in the particle constraint system solver.
Additionally, if reliabilities are generated for the tracking estimates, and two trackees reported to
be at the same location appear at different locations, they may both be corrected to the location
of the trackee with a higher reliability.
[0520] V. INDOOR TRACKING METHODS
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[0533] Each of the foregoing observed phenomenon may be combined into an Outdoor/Indoor
detection function in those instances when the appropriate sensors are included on a trackee's
tracking system. In regular building traversal, there are a limited number of entry and exit points into
and out of a building. These are referred to as the Exits of the building. For systems that track both
outdoors and indoors, transition methods may be used to pinpoint the location of personnel and/or
assets accurately when a transition from outdoors to indoors, or vice-versa, is detected. These
methods may help remove the accumulated positional error in case of inertial systems, and local
errors fof GigHaf ELE Sy SBREAE A1 BRETH RS fatibrk i gras BRYLEHANRLIAGEAFe known
and recorideking the: itildingedataondrencbeeoutdaoirpaiodoaoitansition isadeiectsdnadsdokeacmay be

matched to the closest Exit. 'I;h clrotsr,g tigxit otrhcl se&%ﬂ@a&dm&rk to filica rrenlt 8(:1%“10 igstimate
StAnce 8. Wher 1"HEPEA IR i) 2+ -C‘;‘g; and

may be ére (érerﬁ’lneéaﬁns?negs t%fe istance tormula, where: ,
105361 Winenet(k2)ii2) @ndepdor i)sawe thehwd, pomtdwihbse natdtivis, distance isitengedetehmined.
10537 The frao%lv(eog'gxlﬁ/f:% i(ci')n estimate may then be made to be the same as the location of the closest
exit. [05\’:’,\%]]1 éllmllarly, en an indoor to outdoor transition is detected, the same method may be used
to find thé&ldde’st exitTaAN ST ISIACH ERE @Rfckee outdoors. In instances where all of the exits of the

building 25, 3pt kR, FIAIRAGIEIMI AR eSO Mk bs YHlized o imitibe maximpn.alignable exit

correction distance. If the closest exit is within this predeterminied threshold, the correction may be
made. If fHElTIBEBSPBIAP PSSOt WHPRFS thid e sHeng, 9 hydeissifhad thahark Miokes i¥aENiEring the

building thraughserme.domaikediaxi: Ihisurisdeiemineditieshold mayrisc.ageamtienayants such
as, for exar}?lEJIe, emeé%?néy personnel entering the building through windows etc. For indoors, the
b

initial floBP Y ANSERH 5% 1 etz dRAROGEAEHEG on the floor location of the exit used to enter
the build)pg2 759 BiEN 245 AN &2 Atk §ikiON METHODS

[0525] Successfully detecting outdoor-indoor transitions may be important since tracking
algorithms may need to be adjusted for indoor tracking. Tests reveal that compasses can be
inaccurate in buildings due to building infrastructure, electric lines in the walls, and magnetic
interference from other objects in the building. For initialization, the gyro path may be rotated to
the last known outdoor rotation, and tracking may be continued based on the gyro direction until
compass accuracy can be verified.

[0526] In addition to switching to the gyro, the outdoor-indoor transition may be used to correct
the path of a trackee closest to the exit in a building if building data is available and if the closest
exit is within a predetermined allowable correction distance. Correcting only within allowable
correction distances enables personnel and/or assets to be tracked while entering a building
through unconventional entry points including, but not limited to, windows or unmarked exits.
When building exit information is available, a trackee’s indoor path may then be reset to the
nearest exit point to the last outdoor tracking point for increased accuracy.

[0527] Manual Detection of Outdoor-Indoor Transitions

[0528] In an implementation of the system configured to track persons, a person outfitted with a
tracking system (e.g., tracking system 100a in FIG. 1) may press (or otherwise activate) an
indoor button (or other control) to indicate (e.g., via a transmission to computer 120, or via a tag
appended to the tracking data and time-stamped for later processing) that an outdoor-indoor

transition is occurring (or has occurred). This information may be used to obtain the exact (or
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[0540] According to an aspect of the invention, sensor and data fusion methods may produce tracking
estimates by fusing tracking data from different tracking methods, and by applying some logical
limitations of a building when building data is available. [0541] An illustrative example of the Sensor
and Data Fusion method will now be explained with reference back to FIG 13. Particularly, an
exemplary sensor and data fusion method may comprise breaking a path into segments using
polygonal (rectangular) path segmentation. Tracking error analysis tools may then be used to
determine error and correction bounds on the segments. Consecutive orthogonal grids or shapes may
then be G6REREAARAHTRING X Bolhas, \Ad Bb?P@ {RHS B BITHOYonAT. Hloff pRES YARA s Wailable,
compassigdigie aunayabel \alidesedntaroe alehe stiap al gamndheacte shajpedean thd coffeatechtasthadompass
angle. [0542] If th bu[ildin C?ultlineﬂils vailable, the building may be divided into partitions associated
with expgccz‘flelofl fed |Hg°§].[1 e ‘otitline 0F the building may then be used to constrain the tracking path
within thgoa#ifimgroutinielpabygon of s mrocdssing dpenatidmsmay be achieved using the particle
constrai, sgjye iseussed . detal abqve, The.shanss max then e eraied rowah andiesied for
rotation Correttions Within their correction bounds to the bui ing grids based on the partitions crossed
by the shape bEhigaesiitd imd weokingdestimetdufsr tine aeaekitvg dddaconfined torthie uildingend
fused wimiﬁgﬁgé)gﬁ%&qﬂ%ﬂg%@ﬂ%@]ﬂﬁgg(jmIementation wherein an inertial tracking path, a
signal-based tracking path that uses reference points, and compass data and building data, are
provided/ &&3iHpQrgdase-Ladner lesstiorayiBlsperformed to obtain building grid corrected shapes. For
each segpgny indheunentinl.data sheispsresponaling.timeserielatedicignakhased Hackingcreipts may

be grouped. Using the width of the rectangular inertial segment, the outliers in the signal-_based

tracking POTSTE AV BaRIRHITHE LFHAR HR8BAREpEXHY- tHOR BE el EoriosBeREYo each
inertial shapgoT Be shapas AP ENhe tasirdtoratshapstrsaiah alowagupRalghakiecsggments in

the shape. If a shape match is found, the ipertial shape may be corrected to the matching points in the
Sional DA e G T BB T BURAIEE B BT SH A e Hof St Ll I B7G

short-terbuilduighe signatibasedhshapd mayeemidek] globalydhoguraiemsineditldasebesufiechéo outlier

points aqgl/ci(rise ms[al%g1 but not dr'%ft. Tf}ﬁaﬁe%ﬂt of the sensor ancfictﬁata fusion @ggmds may comprise a

tracking estimate for a r{al{lé'lifinvé1 r%’ysnt%nr}\, &r an Sl?lrﬁ)/tej into r%oartf)’ Ma an;n%%n(f or map %ﬂlﬁ}ﬁ% .%%44]

C.MAP-MaEaeINBivET HO DS (054 5hkcooydifg toakaspest of ¢Hepirvéntldmgniammeatchimg

methodeyMinigeAAiariaan st ne eualabiluy.of (and mawiedas, oyder i e for plae of 2

)l
building. As etall above, the hallways o e represented as lines and/or

rectangletitiphe) lorigedtstasichdstofrtidtkatigpoiats iof thie erddRing el aysi@tested fornigtthes to

these hallwaynang careriedonherimaiched-{ARaahROWmIL, Bassha e cHatHMER oS xits
marking a reference point. Signal strengths of this reference point measured by a tracking system
may be used to determine that a trackee has crossed the reference point and entered the building.
Similar detection may be used while leaving the building.
[0533] Each of the foregoing observed phenomenon may be combined into an Outdoor/Indoor
detection function in those instances when the appropriate sensors are included on a trackee’s
tracking system. In regular building traversal, there are a limited number of entry and exit points
into and out of a building. These are referred to as the Exits of the building. For systems that
track both outdoors and indoors, transition methods may be used to pinpoint the location of
personnel and/or assets accurately when a transition from outdoors to indoors, or vice-versa, is
detected. These methods may help remove the accumulated positional error in case of inertial
systems, and local errors for signal based systems.

[0534] In one implementation, if all of the exits of a building are known and recorded in the
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[0547] In one implementation of the invention, tracking data may be processed by iterating over points,
or iterating over segments. These implementations may rely on proximity-based correction methods
which navigate through the floor plan, finding corrections for groups of points, and/or segments based
on proximity to local features. These implementations may be used for tracking data characterized by
significant rotational errors where global methods such as shape alignment and matching are rendered
less effective due to inaccuracies while detecting shapes. The following correction methods may be
used for the on the fly corrections. [0548] Landmark Correction Methods. [0549] While traversing a
building, THETE 3 b e BEMAT MO APK L HARE GBS LA J5AER Sth &/ BR TS Y e TE &R P hese
path andcroatiokiypahdysoe defined dssesenimtaaadenerkechfonmdnid @andtyzingitinectiaakibg data. If
a given Event occurs, it may,be matched to the corresponding landmarks in the building, and the path
%e?er (l,J ;‘EFl&dzst ne néc)r[ﬁglgofv

may be correc edi gin i$'f60nd’ ?rraelight Path (Hallway) Event. [0551] A Straight Path or

Hallway 485} %gyygggmg 26!%9?'[—‘3%5“1 a.lpng straight path in the tracking data. For indoor paths,
there are limited areas in the building where such long straight paths are feasible. These include, for
example/Fablaysriakge. rodimspdnc bpeh) spacelse Ifwe pongsstrdigiet patitiocalirsina halbwayg,
matchingigtgp he gorrect hallway may reduce and/or eliminate both angular drift in inertial systems,
and positional error in any tracking data. This may be accomplished using a Straight Path (Hallway)
CorrectidAI ¥ Hid eorrectionsniegpiatfsestthutg aeking patls oate tmbechedhadwayhlpsdiee endikor
eliminate, positiopal error. It also aligns (rotates) the path to the matched direction on the hallway to
reduce and/or eliminate angular drift. The Straight Path Event Detection may be tailored to the building

data and/ {81k SEnding ThatcH nBdefstodd dpos 52 SRS HfitE e rbstom et S dighY Psthsedent may

be deteC{@Qﬁﬁ@meacldéésl—éihﬁ&ﬁd%%ﬁ@é&l?edﬂm%@%df@&i@gIﬁa@tﬁm ahirertipbdeyics:ils shis case,
the inertial tracking device sets a flag, HALL FLAG 'gghﬁiwhenever it detects that it has been going
i

hi d [
straight WIthBUHSRERTI I kPed@tetrAiEei SHRESHb T aTEelA B2 Y08 4l SthitHEPihiBfe EHAGN, the
Hallway Husmiirakhe detectadibyaihe. mappingoieehaalogywiyieomipyiingi@dine Otlegtdit, tae recent

tracking points, The "line of hest fit" is computed as previously discu sﬁ in the sections relating to
SequentFSSUMERELBHF e il Hir Aotk o b AR VARG HETH: 1 R8s R AL Hid, and
the lengthofithéding isgréateh¢tarldithrésbodt, dhedHalwayed vent Mays pecitiggeradd Thisslendth
threshold may,be 2et10, ariNimym. Pestse ' naif A MEIAY Gk SMSRE S S RS to a0
through windows efc. For indoors, the initial floor number may be set for the trackee depending

on the floor location of the exit used to enter the building.

[0539] B. SENSOR AND DATA FUSION METHODS

[0540] According to an aspect of the invention, sensor and data fusion methods may produce
tracking estimates by fusing tracking data from different tracking methods, and by applying
some logical limitations of a building when building data is available.

[0541] An illustrative example of the Sensor and Data Fusion method will now be explained
with reference back to FIG 13. Particularly, an exemplary sensor and data fusion method may
comprise breaking a path into segments using polygonal (rectangular) path segmentation.
Tracking error analysis tools may then be used to determine error and correction bounds on the
segments. Consecutive orthogonal grids or shapes may then be detected within the error bounds,
and corrected to be orthogonal. If compass data is available, compass angles may be validated
for each shape, and each shape can be corrected to the compass angle.

[0542] 1f the building outline is available, the building may be divided into partitions associated
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[0554] In one implementation, some or all of the tracking points may be grouped into Polygonal Path
Segments (PPSs) as previously discussed in the sections relating to Sequential Segmentation, and
the Hallway Event may be triggered whenever a rectangular polygon of length greater than a threshold
is being processed. Since, while breaking the tracking points into PPSs, the maximum width of a
rectangle is restricted to the hallway width with error bounds, the points are ensured to lie within the
width of a hallway. [0555] Alternatively, instead of preprocessing the points, a set of tracking points
may be tested for lying in a PPS of a width |less than the hallway width, and a length greater than the
MIN HALTIATPEERIG i PR PHE ARy SULRE A D Reat CAh AHRRE UG kg data
that inclydés weadings troildisgReolse Suthcas. SOhar ptbatsay meastse distahcechetwdanithetackee
and obstructigns such.as walls.. These can help the Hallyay. Event to disti uis%) tween long, paths in
maliwaye SO FAIH o R Ao (oA Ear b R T e
implemettatiofooncetithe StraigohPatithor Haliwayréeventisunidgered; huldiepgndtibaspdaynbibenade as
o wnemnglis e ANDaT et B Anenelng palvay e oo Rlan. arbe iachihin  arge
room, or open space. The aﬁwa)})Correctlons may be implemented using geom&try of points and
lines, by todhegon! thegchicdy ssd avobrabimatie angf midietidatfo558] In one implementation, the Hallway
Event maystrigggradify e Hakb-REAGflom ardngrialiiacking deviee (Sa.Pickinavmenart of
tracking system 110a in FIG. 1). In this implementation, the inertial tracking device may also include a
segmentUSEmipSFcat Altr ABKiAgBUIH dalicMaEnwEy R skt sy EIsBlebaitgeredle SEgisesce
betweenfhe tagkingRainbGHEeRiyRaINoProcsssadand e firstuacking,paint indhespgment (same

segment number) is greater than a predetermined threshold. Additionally, the Hallway Event may also
be trigge By HROMIRE SRRSO HEIHRA R SR HBRSTISRF B RO EEB8Y IPEURTvA Bt ithlgered,

mappin%ﬂr?BBC??ﬁ@Jhé@?rmﬂtﬁéfI%%i(héﬂ@&lﬁJfﬁﬂiﬁﬂ@ ﬁ%ﬁ%ﬁ%ﬁfﬁﬁ@ﬁfﬁeﬁhﬁeb?ﬁﬂoiﬂb%/ﬂB@;
triggered the Hallway Flag to all. the known hallways in the floor plan of the current flogr using the
o e I S, A LB B TS it RSP e GG b e Wioction o

the slopeleipthenhigliay bestricieddo180 cegreds {Hlopemadd3Qhdhdsepméntthia dppdsipe.difection.
The heading for t ojnts being.matc to the hallway may be determined from the average current
direction B AR B e A e e ARl ) T AT Ty RS
segmentbasgvibsbafrorithenag rbialpreokingl devicec [0560ktfial "limpofibestrfitianetiodnishesgdyrthe
heading ined : lope of the line o it, F I ' be
compared to’'t %?\%%%%s%%%%%\%ﬁaﬁﬁ}gg%@% é%%géféggagegﬁﬁgf%{rg%g‘?%;llwa%&%%“%{/ be
achieved pyfindid@tresmglitabwifferetict. bditvemiuteoturcepiriendivig dandieaeh wmalhesahtivection

on the h%ﬂ‘ﬁﬂg}’lsér QQrgaylW@ésq{-ﬁ%g%rv‘éjt{}a@]ﬁﬂ%éfﬁ@ﬁgwainqmﬁf@ﬁﬁg f%étl;ly REGNRSEN AS e matched

direction and the angular difference may be noted as the Correction Rotation. The points may then be
rotated H%iltWéI@orrection Rotation about the first point by applying a rotation matrix yielding a new set

of points/gkgped to thahalwavcHieGawestipy Offset may then be calculated as the distance of the
first poin}(}g the hallway line. The offset may then be added to all thetgoints.

'/ According to an aspect of the invention, map matching methods may take advantage of
the availability of (and knowledge provided by) the floor plans of a building. As described in
detail above, the hallways of buildings may be represented as lines and/or rectangles. The longest
stretches of tracking points in the tracking data may be tested for matches to these hallways, and
corrected when matched.

[0546] Proximity Based Correction Methods

[0547] In one implementation of the invention, tracking data may be processed by iterating over
points, or iterating over segments. These implementations may rely on proximity-based
correction methods which navigate through the floor plan, finding corrections for groups of

points, and/or segments based on proximity to local features. These implementations may be
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[0561] This rotation and offset may, however, correct some or all of the points out of the bounds of the
hallway. Checks may then be made using the corrected points to determine whether the hallway
should be considered for correction or not. If the first corrected point is out of bounds of the hallway
line and a trackee is moving away from the hallway bounds, the hallway may be flagged as DO NOT
CORRECT to indicate that it has been disqualified from being a potential match for the tracking points.
If the first corrected point is out of bounds of the hallway line but within a predetermined threshold
distance, and the points are headed towards the_hallway, it may be considered as a potential match.
The Cort&&iidA" S b PG {0t SH e R SR E SR HE RFS Bt R RSB AF pdint of the
hallway lihepelasigaiienthenfirstapaifite lithectitst@biletdscrianethancadhiesiotdetst whikedoalbovay line,
the hallw%1 mayﬁ% ﬁ;ﬁrked with the DO I\hOESCOR ECT. %Slglgg)%ﬂ ce the corrections to all the
TA

hallwayssargea‘etermme%l‘?’{ﬁ% e Conectioh Tota o1 ON/ SEIFHE%orrections may be

found. THhe5¢8frbatidmnaikiGnrachiiosdtdiofisIN ROTATION, and correction distance less than a

threshol RRECTION DISTANCE may be chosen he matched hallway. If no hallway
o AR RGN, RIAIGR TR PEENARN Ahiinmelad Maar JLiohalney
triggerednhioE Alrle FLRG bhayHiest retbhedkedtfor baiegiathe gebiieditys rogion ohd deiked foxs

previouslyHSCHSHOM NG R AXITIRY JeGIRN Moy beRAtaned by inflating e rectangiiairegiondy an
Inflation Size (Inflation Width, Inflation Length). [0564] Room Event. [0565] In one implementation, a

Room Evereraydietiggersksiftibetpaciding dathtae gybstara treartickide matdvieritgdor has

traversega spp83ndhermildirgmihe Bagm Event may be enhanced using tracking data which has
readings from one or more sensors that can sense the approximate distance of obstructions. In the

absence/ B HdaitioR 4 LEHBROHESHEE & S FISRTRREREIR HPHRR Rt heiraie BfthE B6m
covered pyaithgackingndatr. 19866hReems inia:-pulleingnale typicaly ¢haracterizeddoyaigalygon,

often rectangular, with a (length:;width) ratio less thap that of regular hallways. In addition, most
oguiar S8 FSBRENRo PR ey IR c. L odr e Rt e R Ereard dbestrcted
area or rnuilgipieaiestrictédareas byanhitivihemaaminpay heteateradcomheNitag. Accaedinglynthiertypical

taversal o oD (ESule 1 & path it ages fhrauoh an ity point, overs a cefain atea. g fhe

room, and then re e entry poin Used 6 enter tHe room previously,or {0 a new entry point,

and thenmaxitsethecoopdreddremyg a Straight Path (Hallway) Correction. This correction may offset the
tracking path to the matched hallway to reduce and/or eliminate positional error. It also aligns
(rotates) the path to the matched direction on the hallway to reduce and/or eliminate angular
drift. The Straight Path Event Detection may be tailored to the building data and to the following
matching methods.
[0552] In one implementation, the straight path event may be detected from a HALL FLAG
incorporated into the tracking data from an inertial device. In this case, the inertial tracking
device sets a flag, HALL FLAG, high whenever it detects that it has been going straight without
a turn for a predetermined threshold distance.
[0553] In another implementation, the Hallway Event may be detected by the mapping
technology by computing “a line of best fit” for recent tracking points. The “line of best fif” is
computed as previously discussed in the sections relating to Sequential Segmentation. If the
maximum deviation of any tracking point is less than a threshold, and the length of the line is
greater than a threshold, the Hallway Event may be triggered. This length threshold may be set to
a minimum expected length of a hallway (e.g., 6 meters), and is referred to as

MIN HALLWAY LENGTH THRESH.
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10567 In addition, in buildings with hallways, most rooms are built along the hallway, resulting in a
tracking path that transitions from the hallway, through an entry point into a room, traverses the room,
and then exits through an entry point. Often the exit is made into the same or another hallway. In
addition, since most rooms are constructed along the hallways, the entry point of a room often
necessitates a turn to enter the room, often causing a general heading change between, for example,
45 and 135. In one implementation, therefore, the Room Event may be defined as a series of tracking

points (room tracking points) where the first room tracking point follows a tracking point matched to a
certain ARV RABCHHBAS S FYBHY B0 S b%ﬁn?ﬁéhﬁ)ﬁéﬁ}ﬂﬂgﬁﬁpﬁlﬁéﬁﬂnﬁe &Wﬁ%&tﬂepoo léﬁgﬁ{@?same
hallway. Iddit®nabiynthe AHEQ BB opthdradm tackisgipointsiis caltivadedslanagecheclSsaynbelmade to
ensure that the letng[}h ar}ld ﬁlid& 21: the box are grgat?r than C{esgective gred termined hreshol%ds. As
one non- ﬁﬁﬁ}ﬁ%ae&am%?e,% @ thesibias erﬁaf/nﬁ ‘meters and 4 heters, Fg(éﬁré%ﬁ\?élw Eﬁ%]on one
implemehtatibryrtheRbona Evesitoiday bertgiggeradeldy Siserjeshdt PRSsngHercimkhefirsthBRSdollows a
PPS ma d allway, the last PPS is followed. matched to,the same hall nd the
minoBs i T A S 6 e R R G A e
implemepeationr {0869 R0 Tkt dtion {05703 Adbwrding to an aspect of the invention, if the location

of each reeEyisauajlailel ,“i'ﬁs'iQ&H‘b?_BP%B@H&E&%Qh’e%‘?ﬁ}s',OQQQP%t&mﬁg‘ﬁ&dﬁ%ﬁit@éﬂQ&E‘a match
the Room Event and the Room tracklng? points to the closest room. [05711 ape Maitching Methods.
for lying in a PPS of a width less than the hallway width, and a length greater than the

MIN HALLWAY LENGTH THRESH. The hallway event may be greatly enhanced using
tracking data that includes readings from sensors, such as sonar, that can measure distance
between the trackee and obstructions such as walls. These can help the Hallway Event to
distinguish between long paths in hallways, and long paths in rooms.

[0556] Straight Path (Hallway) Corrections.

[0557] In one implementation, once the Straight Path or Hallway Event is triggered, a
determination may be made as to whether this event can be matched to an existing hallway in the
floor plan, or be matched to a large room, or open space. The Hallway Corrections may be
implemented using geometry of points and lines, by polygon matching, or a combination of
methods.

[0558] In one implementation, the Hallway Event may triggered by the HALL FLAG from an
inertial tracking device (e.g., which may be part of tracking system 110a in FIG. 1). In this
implementation, the inertial tracking device may also include a segment number for each
tracking point, and Hallway Event may also be triggered if the distance between the tracking
point currently being processed and the first tracking point in the segment (same segment
number) is greater than a predetermined threshold. Additionally, the Hallway Event may also be
triggered by the “/ine of best fit” analysis described above.

[0559] 1f the Hallway Event is triggered, mapping application 130 may attempt to calculate the
correction of the current set of points that triggered the Hallway Flag to all the known hallways
in the floor plan of the current floor using the building data. Each hallway may be traversed
walking in two general directions - one in the direction of the slope of the hallway restricted to

180 degrees (slopemod80), and one in the opposite direction. The heading for the points being
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[0572] In one implementation, the landmark correction methods may make corrections based on, for
example, proximity and local path matching. The shape matching methods may perform path matching
on a more global level, by matching paths over longer periods of time, and checking the feasibility of
multiple corrections within the correction limits of the tracking data (e.g., two successive corrections
may be feasible separately but not together). Unique shapes in the building may be matched quite
quickly when a tracking path with a similar shape is encountered. Building shapes may be obtained by
combining or taking the union of the building landmarks represented as polygons such as rectangles.
Tracking SHESS Tl 0B OBt B GSHg e PBEs S fidtor Hethdd A cBhiBhiyPiess.
[0573] Inpofigsimpdamentation; thecapproactraf fitingieombinatiunsodRREsmibio ©antkindtionsof
Proximit¥nl§l%glotps 1£t11ne{1%ny3eigetiIized. This may be used for large buildings with hallways since the
hallways prowdeaﬁwe wFJing' connectivity. Shape matching may be attempted for the entire tracking
path, a sféetah of aH@itrackingt pathnethfe ia calle chio heofl this connectédasiceteh s cfdpe @atie. litve latter
may be used.papticularly when a,complete description of th (ﬁg”di is;not available, In gne

mpreme sl D L S e AR pos,
list of hathvesi®(feabiblal¢tatiovagplist) thathmdypltoarainliie PRSHs ednmyatety Thidingathpengular

accompligheeL Ry deiGrmiNRayRethaLios lenain alithe RS /& iNanGIRa ahihgafialiyay

proximity region. [0574] Next, if reliable heading is available for any of the PPSs ffom sources such as

the compasstithe i ihsr iotation 9t th«l etiemies Headiby tBosaehamvairishadedeedipie HallWay list

may be comiptackdbiz BS Ui TWOIROBSIR & AN WG FRIAtIANS JeRresenting:Peth siavarsal
headings on the hallway. If the angular rotations required to correct to the hallway are greater than a

predeternee tRFESHJTA WARRRYTIRS (RS PONRS P 2RBIKASARAPURE FERYEYSUCH SRS e PPE Ofeasible

hallway lgtinfQ27shNeaxstiHonakstyoTRE 8 selasied fo-bpapatehed talballways, Bcasdivatomef
hallways,.one of the ezsi le h?llw for each PPS, (i%chos n toﬁeﬁt a fit. The same hallway may be
chosen ngSrtrRﬂHBlg’ IR WIS PYSSITRY R saﬂ‘liga Betirte8%8 form a single polygon that

represen’siig malbvaysiohhaditgtdePBamay thenrbevcetecied 0 il halbyaynselectedtiobibuAdsof the

following PPS's may be transformed by the transformation required for the correction..[0576] Next, if
al the PO e bRt T BT L gy BOIS o, T S B ey
is a possiblevmatbhuld hot;,diredesxt Tombiration @fvalWays fivsiychedesteghiin therabsénceiobreliable

headi t t ' ' b
a1 To NI e e DG iy B bttt T8 Saue e S e AR e Ry anl

still be cohepedsiPRe\HallwayRE&verdp sofieashaithiha tasshiinspaeingoared testetp {0877 D.MAP

BU"—D'N@é&%ﬁ‘ﬁ%&@ﬁ%\R@%ﬂ@tﬂﬁk@é%&%@ﬁﬁ%‘#s%u‘(&E&&EE%%?W&%W INGMAPS
USING TRACKING DATA, AND MATCHING TRACKING DATA TO THE GENERATED BUILDING

DATA. [05 78] AP ssironsns hoteahoth iy thenpaks BeiEckedsIeereiiredsitha nliramigi cayreatly

assist in pnpsavingdhearplitynaind ageHragy efdhediasking estimates:pincasesivhgrebyildiashdata is
unavailable, building landmarks may first be detected, and then created bz combining the tracking data

of one of SIS RARE R ReELEST 8P it BLG BoHestRiodha BdHaRkl MretHsdmnt

is more than a threshold out of the hallway line, the hallway may be marked with the
DO _NOT CORRECT flag.

[0562] Once the corrections to all the hallways are determined, the lowest correction rotation,
MIN ROTATION, of all the corrections may be found. The correction within a threshold of
MIN ROTATION, and correction distance less than a threshold,
MAX CORRECTION DISTANCE may be chosen as the matched hallway. If no hallway
matches the criterion, the correction is not made.

[0563] In another implementation, the points that triggered the HALL FLAG may first be

checked for being in the proximity region of a hallway. As previously discussed, the proximity
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105801 According to an aspect of the invention, tracking path data may be analyzed iterating over
points and/or segments, and features may be matched-to, and/or generated based on proximity.
Events can be detected, and matched to existing landmarks as in the disclosed map matching
methods, or new landmarks may be created if they are not matched to any existing landmark. The
location of each landmark may be refined over time using the tracking data of different trackees
traversing the same landmark. [0581] Generating Floor Plans of Buildings. [0582] According to an
aspect of the invention, floor plans of most buildings may be characterized by hallways and rooms,
and aredSERRENRSARSHP b§d8ﬂ%@%t%%@@%ﬁ&?&ﬁ%@?é%%%@é%&i%?%fé‘.”,&ag&?ré’i’é etecting
and genenatirignhiadivgalys and rooms from tracking data may provide an excellent representation of the
floor pla ‘g‘ﬁ b}FJ(i)Iinn vﬁﬁ, such, building features may be detected using the tracking path of one or
more trackees. Tl Addition, some tracking systems may produce sensor data, such as ultrasonic or
laser randing easureméntsnidiese ratging-measure rentggnay Hehesed kingstimatestiwetpdsition of
obstructigns gehan valls, ik, £, [0883] Petseing AudGesratng Hallyays, J0SGd g severa
buildings, espe(:laeflyslarger %uﬁdlngs,shaﬁways often provide connectﬁnty etween different parts of
buildings:nhanaidingestrasstue dyioicaiiy rdstyicteding swiagna erecke e oraversesstitfebealtlisrg sentimost
buildings, Jong stralaht Ratbs Arediahivdkely b nplraysiEnes RoRMRINALUSHRLRIRGRS where
they are possible is in very large rooms, or in open spaces. Also, rooms usually contain obstructions
making iﬂré%féeﬁrawamwowiéb(&@m@@ eBfgiopathEas bbYcHhthfEs nghé- Hallways are created
when theyg 3 erghPrebakilityitbala (acking aatdeena baliwvary sbiuturepaths.camirmytheareais a

large room or open space rather than a hallway, it may then be removed from the floor plan. For each
group of (AL At Jalr pPessibrPpEX P 5 1ETaRaH Wit rih AHEH a8y AsHE S I4ed SPSRY of the
currentlyrknevsadaliways gifisCilyiie]udedtlyodeetd Thebddenityf pxtendadawithincplieeetennined

threshold limits. If so, the hallway may be updated to include the new tracking points after correction to
the haw BTIPGE ) HAvay A0 S EIRAAL SERBSEH SHention (CSEBT Vo Boal
implementation) tife: traaking poainisanpa lleggoupeddnid RolygonadiRaity GegmentsiiRRSS) alse
describedogrtrxloved éjntP‘? Haslly\ola%eEgrtlat?t may b% et(ﬁi %B%gr\{\flhenever arecte nggla,[r papll}/gé)rén f length
greater than a thres oldellsmt}eing procegsga. blﬁcet e current HBgltPlgéer% e a(flway venIP,' the
hallway mpaytbetestadefotsiticlwsiomedh @ of the known hallways. This may be accomplished by first

i“f'ati_”g\}\'i)ﬁ 'iW%Xcﬁ%SR?’%QQ'&@ﬂiﬁg&‘%ﬁﬁﬁ‘ﬂﬁ% t %%IQE“E?&‘BHilY"J%tHeg {Rdata, ,r}gﬂ?ﬂﬁn@e
InflationWidth accounts for tracking inaccuracies, and the minimum allowed spacing between hallways
on a floompldricineresl thet tritationisdrythtaebaliney fohrthehrackirgy paintbeing reen. trdigeevered

portion of,enERf heknerehalthays ANl Anembahya:d Rk AL EXaN R Wnon: ITiHng

implementation usm%q;_jata from an inertial system), the Inflation Width may be 3 meters, and the

Inflation D&RYH- By B& N niEtes SNPOEBBINERE fOPERTEMARIE thralithy2 s de e R AT /i be

made 1o @40 wihetheicanwatihe irekinepRintsdndignhaliway saament ighuithindhgdpflatadHallway

rectangle. If an affirmative determination is made, the hallway may be noted as a possible match. The
between, for example, 45° and 135°. In one implementation, therefore, the Room Event may be

defined as a series of tracking points (room tracking points) where the first room tracking point
follows a tracking point matched to a certain hallway, and the last room tracking point is
followed by a tracking point matched to the same hallway. Additionally, the minOBB of the
room tracking points is calculated, and check may be made to ensure that the length and width of
the box are greater than respective predetermined thresholds. As one non-limiting example, the
thresholds may be 6 meters and 4 meters, respectively.

[0568] In one implementation, the Room Event may be triggered by a series of PPSs, wherein
the first PPS follows a PPS matched to a hallway, the last PPS is followed by a PPS matched to
the same hallway, and the minOBB for all the tracking points contained in the series of PPSs
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Correction Rotation for the match may be computed as the angular difference between the heading of
the hallway segment and the matched hallway direction. The Correction Distance for an inertial system
is noted as the distance of the first tracking point of the hallway segment from the hallway line
segment. If multiple possible hallway matches are found, the one with the lowest Correction Rotation
may be chosen. If there are multiple matches with the same Correction Rotation, the one with the
smallest Correction Distance may be chosen. If there are no possible matches, or the Correction
Rotation for all the matches is_greater than a threshold, MAX HALLWAY ROTATION, the hallway may
be assurfeli 65 BT HEW HARR GHE HIMIE 5 ePeated. In one exemplary, non-limiting
implemeyassighR bdxX(dAkdAdY ROTATION may be defined as 200, though other values may be

used. 10 dditionally, in one implementation,.the tracki ointsmay be preprocessed a
arouped g RS Ko o U EPUSt r HER e FOta e B S8 PRS
triggeredthe kalhwapevént. tadche typicainkallweyhaddtinyH&BW AW TRt Rotypicabivadivdahavidth
may, for gxample, be define 3.meters (approximately 10 feet), or as any other pre-determined
width. Tkﬁg% {ﬁdécénrg @%’? goﬁnﬁg&%e %g?égtfi)ﬂe detections. The required Inflation Size required to
achieve 1A’ haSTuwentatidrivgidiatbddhe difference between the width of the PPS minOBB, and
HALLWAYSWIOT b et At aflaionteoamalo One i hrlliay shans.s caated,ibs.closgst grid

angle to the current slope of the new hallway may be determined. If a grid angle is found within a

thresholdoasgrandifePence v A ot ATTORRIEN G Ede Ripp e HatsBinhamibay sy berfetaddtio the
grid directigpratouh thenfirstdracking point iﬂé&ﬁiﬂglﬁy@é seamesitelfRa@rid.angle syt s

correction angle, the hallway may be left unaltered and the slope of the new hallway may be added to

the list of SrichARdiREo] eI eI fiIRG MptERTel AT MAXSRETEAABN ANBCE2GRID
may be dgfingdias 2@rdhaughmipesyalues maypetsebui0a88L&renking omMeatginggdaliwals. [0589]
In one implementation, while matching the detected hallway segments tq existing.hallways, the
inflation EHBCIR{AGOE LIPS B IATION S50 TTHIEND Ba S W B AT hoRe Pk ALt Sebral
buildingsHuidéngepapateshatwapsiiinat Byechnednigevithabne: aheotheannbel thet lnahting dus]samitar to
line segments %pgline.lTherefor if thetsarrlle hflr”WI?.l IS etectnqd tr%?kliﬁ‘ Tjath §§£I9mea%ﬁs
separated by more than flation Length, they may be tetected as separate hallways. in addition,
though uswigedydfinacieesitravkesenbitangBom in straight trajectories with different headings, this

. ki g T .. g ; d
may resyfjdagmyl b‘fldé’sggr}'l‘é’r%é’ﬁtB%RQtfl%r%}% 0acﬂ_eo%efﬁ{m%%??oﬁgg%&gé;ggr /8 g!‘%‘?g#%ﬁ;%%ﬁ@% ?hgn

merging hallways. Detecting and Generating Roo COr ! _
inventiorfrBomeiéaribedeterte dusing e Rovmambsntsa/henlargs RodsimmverhiSalliggeretesy a

series of fagiiRa,nolais RcinANRB AT Aalched SalbuayAnMieHEDiBg dndhm same hala, the

Room Tracking Points may be first rotated clockwise around the rstgomt by the slope of the hallway

they are E6HESTHENATER T rothe REwRINE 28k §TPSIsCAREg AR P beivarigaieh sErahese the minBB
may be rotatedrabamdhenfiyshpaigiicpatmiarmaigcknisenyoths sloresefigue hatway vlfithie MinBR

calculated for the points does not touch the hallway rectangle, it may be extended to do so. This can

be accormFIENY b Rte MR RIRABIRYY iRtetsabayh dPISEcHEuME dGesipERgR U t8%he
hallway asiddiae. raliwayedgs closer 60 taawaoim(a582] Nextaa theakanayw pedade dor BRy ather
rooms detected al the same hallway, qn the same side of the hallway. If e other hallway
oome hUBTRE oLA: B Pe P RS EOh CTeA HTHEABECHBER e nth B o5 Do
to be at the kame distarée/awaywoimithedgalay as the room with the furthest edge. Additionally, if
the Buildj ine data | ailable, a determination may be ma s to whether the closest edge of
the Bl e I T e A P, O B e R s e e
assumedthatapo tthendahdmézkcantfihbetliden tbhel Byildingeckdgé amndithibedetsdibdhrdomy dind the

outer edge ohIhg RGP TROM MAK A i‘r‘ﬁ‘i%%%gd&éhﬁl HOIR. SIS e %ﬂtﬂ{%eb@f?'?}a@e%ﬁe”ded

the other rooms along the same hallway, on the same side, can also be expanded.
headings on the hallway. If the angular rotations required to correct to the hallway are greater

than a predetermined threshold, MAX ROTATION ANGLE, hallway may be removed from the
PPS’s feasible hallway list.
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[0593] E.MAP BUILDING AUGMENTED WITH SHAPE GEOMETRY [0594] In one implementation,
proximity based matching may be augmented with the detection of large shapes in a tracking path that
may be aligned to shapes in the tracking path of other trackees, and/or the generated building floor
plans. Inertial tracking methods may become more inaccurate over time due to accumulated errors.
The formulation of map building as a geometry problem by comparing shapes can counter this
shortcoming. In most tracking scenarios, a larger area of the building is traversed (e.g., discovered) by
each trackee, increasing the carrelations in the shapes in their tracking paths. This may increase the
acouracy OV e Vs BEACELEH AR R B PR A IFACK Y EHateo WRTEHAE AhAAURER of
building digcovehy. {525 RiBwaZsis@ncHlsiranyésexasypleofatfloweHbiit chprotatsing operations for
a map buijlding meth u nted with shape geometry and parallel. oéuti n computation. The
vatious SIS R T A  derENIE 3 haSFe aC TSN g SO Al the
system cbanpepresistelgschidédays dEbailfakioRSamdy ithso recimpleedentdtioing | wayietisctdpkefations may
be perfor dfk'ﬁ de rent seauences. Intpth%r img(leom%yt%ti%n ag%jitional %Srtati ns.may. pe
performe a?ongevflt Y Sorte o$ all'o tﬁg o?)nesrglflrgns s)ﬁov?/nrailnslf?g.1 2. Inyet othgﬁtrlr?p %rr%ecr%?a?ﬁons, one

or more GEiESAstmEy bépeeiomidtesimuitardousiiondsordihglyhthenspératiory @9 iigetrdted (and
described,ingreatsr sieiail Pa/ow AR EXaMRIAM INPae RN RS SHER-SBRWE NRLRS vigwed.as

limiting. [0596] According to an aspect of the invention, parallel solutions may be utilized by mapping

applicatiéittegonhsisrierfaE iR gP I ARedi erlgice DBNEBAYREIERI oM prsticly pde s e tigtates in a

particulapsteR o theimethedniiehexamme ,tégtéhef&efbﬁgfbﬁﬂg. datpfusiop Hasesin e
building, when a shape that is not aligned to the building grid is processed, the building grid correction

method A5 BT SPAGRE 6T LB oS, e tvitAnthetidhRpeoadietdn thethelige-aityreaaitianetner

without. FhisimayRendseshespecirlysdaen two choices are close in rotational, scaling and/or
translation corrections re%uired between the two choices. 10597 As illustrated in FIG. 22, thegrid

correcteéossgéﬁ%hts ?Wé?&feﬁ%vﬁ%‘ﬁ%&o% OB YIS H A R e SEN NG, This
may reswuinmnudtipiégkd Oeivected sexgmeniB Aok cach tratkeen [0698 RN exinor Pach comhination of

grid corrﬁégd&a}gs rsome g, %u trackees, the shape alignment tool may be utilized to find the
greatest oveFlap Within the' &rror bounds of each line in the shape of the grid corrected segments. This

shape méd bY dbtaimetinhgrotgingaiiting degpaenty aboveca tihfestuodd lergbhitiatdieanlgnytiie
buildi ids..[0 llowi i t : fli tect -
within T B B e e e g

maximurfaéstinatediwiden twildinallevaynaksamuaiief by desséchathvarctidtpeindybecsrbared Blong the
center ofthese.lings «aBHtheHBRSWIRG PAigide the hallway can be corrected to lie within the

generated hallway. Hallways bounding the lines may be created for other sets of lines whose

separatidPVifdtReresd Rarethearissiiotrid SerarerigrMabedhallway.
[0580] According to an aspect of the invention, tracking path data may be analyzed iterating

over points and/or segments, and features may be matched-to, and/or generated based on
proximity. Events can be detected, and matched to existing landmarks as in the disclosed map
matching methods, or new landmarks may be created if they are not matched to any existing
landmark. The location of each landmark may be refined over time using the tracking data of
different trackees traversing the same landmark.

[0581] Generating Floor Plans of Buildings.

[0582] According to an aspect of the invention, floor plans of most buildings may be
characterized by hallways and rooms, and areas to exit the floor plan such as stairwells,
elevators, escalators, exits, efc. Accurately detecting and generating hallways and rooms from

tracking data may provide an excellent representation of the floor plan of a building. As such,
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[0600] If a single hallway has been generated for lines with an undiscovered gap of more than a
predetermined threshold, the hallway may be broken into two separate hallways to account for aligned
hallways in buildings that are not connected. These hallways may be merged into a single hallway
when more area in between them is traversed in successive time steps. [0601] After a hallway
detection and generation, areas lying along the hallways may be scanned for overlapping segments
that may be bounded in a box with restrictions as discussed with regard to the proximity-based map
building method. [0602] The particle canstraint solver, and the constraints violated by each solution
may be COPaFALERJBEE ﬁ&ﬁ&%ﬁegdﬁﬂ?@rﬁ‘i\ﬁ@ﬁ#&%ﬁ/é’ﬁ}}’éﬁe‘?néa‘&rf%‘?éep%? FScab&iiy eration)
in the meathed, theliopstraiaissvialaiephyleachcolutiatumayded chieokedsdmulipldsetutionsgre

propagategas%%)lr%teigps,I.tﬂ:élgev}olatlt;:1 cgggsilqrg%nﬁgainatstp uryec%ir tehS n a gr deter@ineg tEﬁeshtold may be
removed Trom the Solution et el g propaga ed 1 the next s ep. [B%t é%z%ﬁ RIS PRE
ELEVATIGN ORAITRAGKEE ANSIDE OF A BUILDING [0604] Determining the elevation of a trackee

inside of{gﬁég%]e%gﬁults W@ethﬁ%Sitﬁrz‘l wsatirpate. Elevation may be determined as a measure of

an ner . . . .
feet, me er Units above a groun level. However, it may be more intuitive to view and report

elevatior&tithiessiviridboiEngirormmaint adseivoniidmperiwhenveasilepTholighaderstivining a
floor numbgr canihe-marscRallenging landgiggmiping abspluie height ik reRraRents a fackes's 3D

location in a more interpretable format."Almost all buildings thatallow elevation change are comprised

of multipleTieoes, teh BrsldstaedTotied ] eldisgdir e by aehd mrabr 18 Ay ifebyeran prehatairwrells,

elevatorg;aRdRsealIk e NE/MYPIARFesRARIZE ORSIRINTEISiL|g VAR . ARA6SERIAIPNS MEshalso be
used to help track the floor changes and the elevation. Additionally, for emergency personnel, or in

other extreIfE siRCAEMYIY, N, SDSHRSHIERMBMY R Y SCBIRERST S vatisReM s Abor
change. ja6R5Mapgingapplicatiomnl 30 may deatectelevatianchanges in paraliebtaheymag matching

and map bujlding methods. The change in elevation may be tracked by first detecting events that
igger GISUANER BUEnSE bAIRU 1 thl (EBORGA TR ABOTS: Lot bita AETol 5y fereLRBah the
tracking daltarahgior lchbnge innihe dlevatomhweighirtepditedoinr fhiertratkirget ai@up e phdevaticat change

type (stairsl%gglevat%lis, beéc(.))nrgaﬁ/aﬁgv resol%e)td by the trackeet;% tra%léirjeg system and ir}{:Iuded inlthe

tracking data. B\?tsesmé/tively, vandud eleva oﬁrclléaﬁlgoél trr?éléers Eﬁ%mber of stairs : 8re§/aeti81ﬁ egfgfﬁt, etc.)

may be dowrelated withisthbrether tnabkdagidaia sockl asdndgx,ily)iEstiteatedowabolverthietetenatibn
change ce the elgvatian ¢ t [ ined,: P t tures
o elovan b A Toae s MY, B SO, Srer
correctiopptigtpee) Hiederaatedlbnerwvisay patloey manbercrzpdr redoivesdousigivie elevation

change Ifjegs QFOJJ%O{QHHM&H?&%C&%EH%FQM%QQ% GRANGE RS BIAYRS BSRAdQ hrlRsesolve

elevation changes. [0606] Stairwell Characteristics.
(PPSs) as described above, and the Hallway Event may be triggered whenever a rectangular
polygon of length greater than a threshold is being processed. Once the current PPS triggers the
Hallway Event, the hallway may be tested for inclusion in any of the known hallways. This may
be accomplished by first inflating the hallway rectangle by a threshold Inflation Size (Inflation
Width, Inflation Length). The InflationWidth accounts for tracking inaccuracies, and the
minimum allowed spacing between hallways on a floor plan, whereas the InflationLength
accounts for the tracking path being in an undiscovered portion of one of the known hallways
rather than a new hallway. In one exemplary, non-limiting implementation (using data from an
inertial system), the Inflation Width may be 3 meters, and the Inflation Length may be 10 meters.
[0586] Next, for each Inflated Hallway, a determination may be made to as to whether any of the

tracking points in the hallway segment lie within the Inflated Hallway rectangle. If an

affirmative determination is made, the hallway may be noted as a possible match. The
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10607 Almost all buildings have flights of stairwells connecting different floors. In most buildings that
are not high-rises, stairwells are the primary means of changing floors. A stairwell may be connected
to each floor in the building, or connect only a subset of floors. The number of stairs between two
consecutive floors in a building is often similar (e.g., within a couple of stairs), especially for the same
stairwell. However, the number of stairs between the 1St floor and the ri floor is often found to be
different due to the tendency of 1St floors in many buildings to have a higher ceiling than the other
floors. In these instances, the number of stairs between the 1st floor and ri floor is greater than the
number SP&HATLBElRERR bt BerBaI e < CEmuidr %?pﬁﬁn?@ﬁ?‘ﬁbrﬂ‘ége“c?ﬂéﬁ RefVe S
Iandmgs}bem%e@ffdmrﬁl\mﬁy agasnexample napprakimebely Jistaits tcrlgsmmz&wsmec,e for
approxmat T% 14 stalrs to tto th ntext flog rI;d ?P Larger bui have been éurveyed to
often have 12'sthir or muttiy es o aaillrrlgf Be weélrws i Ié%p Qren appro %’iré?y XStairs
betweentkadhlfloay. Ifnnemtgnfaur siﬁmulwnh @nmlﬂca@élmgrmmqmmrarprmMedmfﬁ With7theches,
correspon n av fl rhe roximately 12-14 feet, [0608 irwel e alsq often
characteolrlze %y?ﬁ’fgcrﬁ?ergj?gtg ?éonndlng %?élwde ﬁe Stairs b ertlg\?}\l/g[ r? flglc??stl?ﬁsfo“&&%&és The number
of landings/betiveeR i fiochs @lof’s’elrfhtti@ samitesivithresdeptibhgacommpnbisetesen 1$ttherd aidloors,

and bas%'%‘g@&%ﬁfé%t%hg?o&ﬁ S MRS HEGRING Fack OhlanpingsUseilior ARIeIHIRggors.

Landings often result in walking straight up a flight of stairs, reaching a Iandln%';nd then either

continuinytrditHtlupAhelstdifd 16/ héhsial ot H&Yt@mﬁﬁﬂlﬁleﬂl@lhﬁéiﬁﬁ"aﬁﬂl Mglp teedidht in a
heading giffeceptiframdhe heading bedargthenandinemIisiman bereiaires o agdhe MUNDING of the

stairwell. Most stairwells wind in the same direction from one floor to another. For convention

WINDINESHTFHASHtin Bl A& UBFH Bt TStAFESHith this convention, WINDINGS may be
Categori;tosis750rAemmab@],yasn(lmm@pléaimﬁl@wis&éoakakﬂlgpp&ahmwyeb@lw&@smkm up; or

(4) both. Other categ defined/us 0609] "None mayr resent stra ells that
o ot TR BT e 1R TS SR 1o 1 OB ORAET e DA R BB Lo ABilos that
while goinggipstaits; Mm@a@reemadet@iﬂher@plthb Bﬁamllwmmt the/landing&io e rightt{PeAl |

"Counter- C{PCKWIS ookln% f% 5%%%‘3‘%@ e goi m% ups éieursr Ot)tglrrplgte 1'6]‘? elthgsr on th[ﬁ stairwell,

or at the tandin 1618 IS a 1658 0CCUrTing Jcenano co mpr|5| a, VTr éx mp
stalrwellsutd:}dt@umtraighfudlp tohlandididy connleste ddonwd fdiffdrg nuflightdetfcstairs ifhgcrefqmtf@r up -

one to thl?x‘ﬁkw %?é"ﬁe(% ifog {ngl‘ineW@?I% HAVEISARYBR R, Jﬂi&ﬁﬂ'eé{ﬁﬁ%é@'ﬂgﬂ& Wiﬁﬁqor

counter Ise. For e two cases of unique WINDING looking up, it is implied t at while going

downstairs thhd rackeBistndri i AHEOp gorErtiraction o ltismhsegddotolyoQir 081 By betecting
the EIeV@H%QQ%@ﬁe@Y%ﬂ@ CIsYIS] Eﬂ?ﬁ angle to the current slope of the new hallway may be

determined. If a grid angle 1is found within a threshold angle difference,
MAX ROTATION ANGLE2GRID, the new hallway may be rotated to the grid direction about
the first tracking point in the hallway segment. If no grid angle is within this correction angle,
the hallway may be left unaltered and the slope of the new hallway may be added to the list of
Grid Angles. In one exemplary, non-limiting implementation, MAX ROTATION ANGLE2GRID
may be defined as 20°, though other values may be used.

[0588] Breaking or Merging Hallways.

[0589] In one implementation, while matching the detected hallway segments to existing
hallways, the inflation check may be restricted to Inflation Size. This is due, for example, to the
fact that several buildings have separated hallways that are lined up with one another, but not
continuous, similar to line segments on a line. Therefore, if the same hallway is detected by

tracking path segments separated by more than Inflation Length, they may be detected as
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[0614] A Stairwell Event may be detected by a trigger associated with stairwell data in the tracking
data. If a stair count is included in the tracking data (e.g., a number that increases for every up-stair
encountered, and decreases for every down-stair), a change in the count of stairs may trigger the
Stairwell Event check. In instances where only elevation height is reported in the tracking data, the
change in elevation may be used as the trigger, and may be combined with other tracking data to
determine if the change was made on a stairwell. [0615] In one implementation of the invention, it may
be assumed that both stair count data, and/or elevation height data may contain inaccuracies. In this
case, wHERARE HaURESH éﬁa?péié“t‘?fbgt(lé‘f’k‘g.(b .‘,Hgfgﬁl%oﬁntf?ﬁﬂgfév%‘éﬁﬁsﬁe‘?g?‘?f)ggI‘F{Qﬁﬁbé‘} S'58&Mding box
may be spasvneitfromithedichepainicviers, elevation heightrand/tipsiainideunt tbangRshydnDhesthan
respective tgrtesholdts. 11061 Tra%pg?poipts mag{ be bouqld(ﬁd in a minimum oriented bounding box
until the Box redthes & certain thresholdSizesit tlﬁlgréllré%aﬁo%v@ﬁange trigger stops changing. This
ensures (W th®avetingsindiGesatvgdgitremthe trackee has stopped on the stairs. When the box is
larger th Jwesh ize and the trigger stops.changing, it ma ssumed thatthe trackee has
exited A B D B e e
than a thYéstiolisiZecand thie dhangeeindhbightsieriergé enddgh e afiematharfgenitmeaacbed
assumed,fhatthe changswasinan elevainiflso fithrdiarkeas Al FaskingRAtL SRRt EhARgIng

while elevation changes, it may be assumed the change was in an €levator. 10617 Resolving Floor

Changes Rfkplsgatiomne M e Eraint foetg]stoae ke dBenhall wise teaimie ROBE eldvatsd (bFBseslators)

to changg &JgvatieRiRY Posingleaflartn By sevarakflonrs (ldaokess Mavmalseeae iR PLuRwMafaw stairs
and then return to the same floor. The method used to track the floor chﬁges ma% be selected

dependif§'Bht let/R66n saby thse ipptel thickitly tutd ! 8 767 AE SR fan hepodrisrigss

inventiomaa flaehahangéwgyrbedetermined ibétharieuatian ehangerisiabayea givenghieshold.

Building regulations impose restrictions on the minimum, height of a floqr. A building type can be useful
o knowe 151 SBEGRABT TRl FEEF e Er TS T B EHAR. TG RORSE, 68 brmple

often havwellastais icldvetwedir eash. floor, whereas some large buildings often have approximately 24

stairs be ch flopr. Buildings such.as hospitals and hotel ve very high cejlings on the first
Toor and TR e B e B B e B o e a0
may mapaout tide ayp pheXimbteyhelfjhtpfodalch ddgicahlbvel emposhterethecanditsseedige buildinthaype to
resolve i Unon DumPar Addenain. (A ime (Rediack e @R (a9 Aanddaephearmand
station during an emergency incident or otter situation) the floor number of certain trackees may be

input intélthéalitens dhel thenflovihtdimderdiet sues: trackieeenmbyy BelkeBandiog cottestedtbased on
the input, {9620} VYinding oh 8k rﬁﬂ%u%@}ﬂé(d@'éé) Bessat iendeiouning tie, floqr BHMRGS Qfihgitackee.

For example, if a trackee winds 180 degrees and walks out of the stairwell area, it may be assumed

that mostfobidtfapisttish sty tRbtbuniagedes eBthedgieicddpan. Theustd Haykses wBsHAdBERMeen
floors withithe ghange nnhunhenofstalr BnayReysedno decide the nvsrbenafiflooisdhatdave been

traversed. o :
the detected room may be extended to the Building edge. When one room is extended, the other

rooms along the same hallway, on the same side, can also be expanded.

[0593] E. MAP BUILDING AUGMENTED WITH SHAPE GEOMETRY

[0594] In one implementation, proximity based matching may be augmented with the detection
of large shapes in a tracking path that may be aligned to shapes in the tracking path of other
trackees, and/or the generated building floor plans. Inertial tracking methods may become more
inaccurate over time due to accumulated errors. The formulation of map building as a geometry
problem by comparing shapes can counter this shortcoming. In most tracking scenarios, a larger
area of the building is traversed (e.g., discovered) by each trackee, increasing the correlations in

the shapes in their tracking paths. This may increase the accuracy of the map generated and the
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[0621] Floor Change Correction [0622] In one implementation, an elevation change may be used to
correct the location of the trackee to a landmark. In map matching where location of stairwells and
elevators may be known, upon an elevation change, a trackee may be offset to the nearest stairwell or
elevator depending on the elevation change type. In map-building, if a trackee is within a correction
distance of a previously discovered stairwell or elevator, a correction may be made, otherwise a new
stairwell or elevator may be generated. If the transition leads the trackee to a new floor, all

undiscovered floors between the start floor and the new floor may be added with stairwells or elevators
at the safAE SPPIEAE K OB I BUY aﬁéﬂ’@%ﬁ\?@%%ﬁ@f@@%] According to an aspect
of the inyesigi \ehe? tiackingpetsbrnetansiobassdiswetiadoorsyib taaynpeopsefibie tilizentaPS data

along with inertial tracking data. [06 INERTIAL-GPS FUSION ALGORITHM (IGX ALGORITHM)
oaoa) R e e R e et Gl b e PR e R
Algorithmt'hraaynfuspesgparatepnectiah a6 GR $ndata farcartnackiod) ywath sotocaosinldlef paths wstimate.
Since accurate GPS,data is, for the-most part nerally only available outdoors, the IGX Alaorithm
e R e
absencersfGP8d 10627 Varibsgdverstagbs eibhieveplthroughotiie idpleonenitivriiofisthema e

Algorithy may, ingluge, buf fe aetdimited fo, fopexamnle; genersting a single lecation estigate
obtained by the fusion of inertial and GPS tracking estimates; enabling functioning without a compass;
the detedfiiFBIBIREARD A G INSRRFEHENEMN 88 gl intiibatsreavaly indiesrelthglytHes are

"good” opacerpiabie; liminaling Shcdsta thatloekscormiestibi isoek (g flard Siraightseaugnce of
GPS data in a wrong location when a trackee is heading straight); recovering from inertial drift when
GPS dati'pcOnid Bmpe e dtgSutage; keeping a trackee's position out of a displayed

building patline Ndasriihe tsaskes isostdroisi fationingterIrestingto hsgoradiaiutignoehpRadata;

and qqntinuin tgac i?gg a trackee igé%toﬁor w(i)tho t any a%)igeg[, and gﬁé%gﬁng thatea trackel%'s path has
transitiori88 1SS EPE I Atih &% 8 rﬁa@gl?é geUptd't etareiPgolis dhges. The
term "goediinaguged phdvelamaypthereiarethediskEat tex satplelarGRSs tocatiandegtimatesnwiibiinod
predeterlrpsglf 9ndrir§2}8 %?191%%9%%’11(%%&\{)%%igt%smn(a()t‘[e 5?1)gned to the building grid is processed, the

building grid correction method may propagate two solutions, one with the shape corrected to the

grid angle, and another without. This may be used especially when two choices are close in

rotational, scaling and/or translation corrections required between the two choices.

[0597] As illustrated in FIG. 22, the grid corrected segments may be generated by the sensor and

data fusion method for each trackee. This may result in multiple grid corrected segments for

each trackee.

[0598] Next, for each combination of grid corrected paths for some or all trackees, the shape

alignment tool may be utilized to find the greatest overlap within the error bounds of each line in

the shape of the grid corrected segments. This shape may be obtained by grouping all the

segments above a threshold length that lie along the building grids.

[0599] Following the alignment of the shapes, each set of lines detected to overlap within their

error bounds may be tested for their separation in width. If the width is larger than a maximum

estimated width of a hallway, a hallway of average hallway width may be created along the

center of these lines, and the lines lying outside the hallway can be corrected to lie within the

generated hallway. Hallways bounding the lines may be created for other sets of lines whose

separation width is less than the maximum estimate width of a hallway.
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[0628] Examples of IGX Algorithm tools enabled by mapping application 130 may include, but are not
limited to, one or more of inertial track segmentation using polygons (e.g., rectangles), shape
matching, corrections to polygons (rectangles), and a particle system-based constraint solver. [0629]
FIG. 23 is an exemplary illustration of processing operations of the IGX Algorithm, according to one
implementation of the invention. The various processing operations depicted in FIG. 23 may be
accomplished using some or all of the system components described in detail above and, in some
implementations, various operations may be performed in different sequences. In other

implemefiAHHnE, LRBRB AAI 3PS AT sk BA L RS WIBhE A S S SIP F RS gEPAtons

shown inpkddate2dinadydiretheld jmpleaenigatiaons berte diemone operaiansamaiibeypesfacovadt for
simultanepusly. ordingly, the operatjons as illustrated, (and d ibed in greater detajl below) are
pemmoliec Ik e W T e Ve
[0631] Astgidimglteagrwaspecirofathe imbetrvtimn, theen G XAlgsritmswidizes agrrputpfor example, an
inertial 2 tion. estimate in,meters (ar, other units) along.with,simulta usly collected and
ey e O A R R R SRS crc.

number dirSetelitasn Ssteitatsidnaistdrdgthvadnd ayinbat) vodmpystamnglesflownssednetiacgadking
unit, andtgyﬁgﬂgglﬁﬁ g péglgf Mﬁ@ﬁ%mga as from GIS layers) may be utilized. [0632] In one

implementation, the IGX Algorithm takes as input an inertial tracking path (e.g., series of INU data

points) aftf P EhgaparssinpletrarialcRRETafdTHIZ AOATAMPE thalesdlbEoraehofehtiss INeY ditta points
have an asspsiatad GRS logatiRpwhighois ma%fﬁtm&tms-ﬁzh&&% iRgIMRYPe

represented as meter offsets from a fixed point. [0633] FIG. 24 is an illustration of an example of bad
GPS inp&%@i@%{ﬁ@o%‘%ﬁéﬁ%l‘ﬁ%%ﬂ&)’t eggbpolution may be checked if multiple solutions are

propagated. Solutions that violate certain constraints by more than a predetermined threshold
may be removed from the solution set being propagated to the next step.

[0603] F. DETERMINING THE ELEVATION OF A TRACKEE INSIDE OF A BUILDING

[0604] Determining the elevation of a trackee inside of a building results in a 3D position
estimate. Elevation may be determined as a measure of feet, meters, or other units above a
ground level. However, it may be more intuitive to view and report elevation estimates in indoor
environments as a floor number when feasible. Though determining a floor number can be more
challenging than determining absolute height, it represents a trackee’s 3D location in a more
interpretable format. Almost all buildings that allow elevation change are comprised of multiple
floors, and/or other logical levels joined by landmarks including, for example, stairwells,
elevators, and escalators. The motion recognized on stairwells, elevators, and escalators may also
be used to help track the floor changes and the elevation. Additionally, for emergency personnel,
or in other extreme situations, ladders, freefall, and/or climbing may account for elevation and/or
floor change.

[0605] Mapping application 130 may detect elevation changes in parallel to the map matching
and map building methods. The change in elevation may be tracked by first detecting events that
trigger elevation such as change in the reported number of stairs encountered by the trackee in
the tracking data and/or change in the elevation height reported in the tracking data. The
elevation change type (stairs, elevators, etc.) may be resolved by the trackee’s tracking system

and included in the tracking data. Alternatively, various elevation change triggers (number of
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[0634] FIG. 25 is an exemplary illustration of "good" GPS data 2510 in the same path while inertial
path data 2520 has drifted away. It may be observed that the inertial and GPS paths match in shape.
Stretches of GPS data in cases similar to 2510 can be termed "good" when the accuracy of GPS
location estimates stabilize to within an average distance accuracy (e.g., within 3 meters). GPS may
be deemed "good" in certain instances even if there are outliers since the mapping technology is
capable of matching the general shape of paths rather than being dependant on each individual point.
[0635] Initializatjon [0636].In one implementation, when the first INU data with GPS is reported, the
inertial pH n&yF R 8RS 3B tHEHHPRPYS SO RiHi TS BssUhrdd s % 6¥a ﬁ“@ﬁ%s Gttty Yhdicators
are goodistAdiaenativelyy thirdrertial gathamaythecinitatzad ¢o:eatantahgtatpointercothiesdoiat such
as, for examPlehatl)ocation of an emerge cylveE}icIet&%g.mtrp%k)dat an emergency scene for
emergeneelyerbe@sgnnee O(Iél%a.r,eﬁlre(ﬁgeﬁ%rr%. 80%%5’5% d g)‘?r(% Jatd &f&availanie; Eﬁér}ﬁgﬁlaﬁnﬁgth may
be rotatdehidyimn wiitied pofetiore egjusd to theracigle diffienencendetweten atfiestygood compassvaiue and a
first gyro yalug, In.1g absence ﬁlfe‘:%{‘é'&a%%% a&%’ggofd?&% i p %8‘1’?6‘0%.#5 fasabeiore 8
segment of"at least a few metérs in length is avai able wit good GPS, and t fused estimate is the
GPS repdrediqoeBaignemianrzathe Segshte htdpiors (0638 NErn thengrsrtial path may be broken into

segmentﬁ)yggygﬁ%gg@ﬁ%&ﬁgg@entation (which has been described in detail above). FIG. 26
depicts an exemplary segmentation of an inertial path.
[0607] Almost all buildings have flights of stairwells connecting different floors. In most

buildings that are not high-rises, stairwells are the primary means of changing floors. A stairwell
may be connected to each floor in the building, or connect only a subset of floors. The number of
stairs between two consecutive floors in a building is often similar (e.g., within a couple of
stairs), especially for the same stairwell. However, the number of stairs between the 1* floor and
the 2™ floor is often found to be different due to the tendency of 1* floors in many buildings to
have a higher ceiling than the other floors. In these instances, the number of stairs between the
1* floor and 2™ floor is greater than the number of stairs between other consecutive floors.
Smaller apartment homes often have small landings between floors with, as an example,
approximately 7 stairs to get to the first floor, approximately 13-14 stairs to get to the next floor,
and so on. Larger buildings have been surveyed to often have 12 stairs (or multiples of 12 stairs)
between landings, and often approximately 24 stairs between each floor. Twenty-four stairs, with
an average riser height of approximately 6.5 — 7 inches, corresponds to an average floor height of
approximately 12-14 feet.

[0608] Stairwells are also often characterized by intermediate landings which divide the stairs
between floors into groups. The number of landings between the floors is often the same, with
exceptions common between 1% and 2™ floors, and basements and 1% floors. This makes keeping
track of landings useful for determining floors. Landings often result in walking straight up a
flight of stairs, reaching a landing, and then either continuing straight up the stairs to the next
floor, or turning at the landing and going up the flight in a heading different from the heading
before the landing. This may be referred to as the WINDING of the stairwell. Most stairwells
wind in the same direction from one floor to another. For convention WINDINGs may be

defined as seen going upstairs. With this convention, WINDINGS may be categorized, for
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[0639] GPS for Inertial Segments [0640] For each inertial segment, a corresponding GPS segment
may be created by including the GPS data that was collected during the same time interval as the
inertial data for that segment. [0641] In addition, outliers may be removed. For example, if the distance
between two consecutive GPS points is greater than a threshold times (e.g., 3x) the inertial distance,
both of the outliers may be removed. Indicators such as HDOP, number of satellites, and satellites
strengths may be used to determine if a GPS point may be ignored. [0642] Following outlier removal, a
minimum oriented bounding box (minOBB) (which as heen described in detail above) may be

calculated 1Be e diRfg G PS BEIME ﬂ%‘iﬂ%ﬁ?éghtcwgt?éﬂ%}ﬁ@ég%ﬁH]éiH%PEéaﬁ{é‘g&oﬁhd a

sequencetcairespnding RSEegeants. These segments may comprise polygonal path segments
in that they, j Igége a.group of points, and the minOBB of the pojnts. [0 4% G. 27 is an exemplary
deptction ML e R e S T ST b e e T R g

Matchingd@iEBHhrebtialssegments Pairs [0645] In one implementation, a list may be generated of the

longer GRS/INS ent pairs where. GRS and INS.match in length, and the GPS heading is close to
the ol el e SR A8 bz S, M LSOt B D B e
selectedinevel ke iINGeskegivegit imdtehed(in length) the corresponding GPS segments. The INS

seg me”tﬁ)m‘i?t"%M@ﬁ@&éﬂ%élh@ﬂ&%’mﬁﬁé%Q%W@%B%%\%Qm THRERHWRICE i palf the

maximum width the inertial sgjfaments are confined to. The W RESH may be relaxed for
longer se§iisritaifyyallbercéforibngtheitie segment (e.g., 20%). Considering only this level of

matchingyppyyevigsmay Dednsufficiadlcenario comprising, for example, stairwells that go straight up
to a landing connected to two different flights of stairs to go further up - one to the left and one
to the right - where traversal up may be achieved by winding clockwise or counter-clockwise.
For the two cases of unique WINDING looking up, it is implied that while going downstairs, the
trackee must turn in the opposite direction to that needed to go up.
[0613] Detecting the Elevation Change Event and its Type
[0614] A Stairwell Event may be detected by a trigger associated with stairwell data in the
tracking data. If a stair count is included in the tracking data (e.g., a number that increases for
every up-stair encountered, and decreases for every down-stair), a change in the count of stairs
may trigger the Stairwell Event check. In instances where only elevation height is reported in the
tracking data, the change in elevation may be used as the trigger, and may be combined with
other tracking data to determine if the change was made on a stairwell.
[0615] In one implementation of the invention, it may be assumed that both stair count data,
and/or elevation height data may contain inaccuracies. In this case, when the elevation change
trigger (e.g., stair count or elevation height) changes, a bounding box may be spawned from each
point where elevation height and/or stair count changes by more than respective thresholds.
[0616] Tracking points may be bounded in a minimum oriented bounding box until the box
reaches a certain threshold size and the elevation change trigger stops changing. This ensures
that the event is not resolved when the trackee has stopped on the stairs. When the box is larger
than a threshold size and the trigger stops changing, it may be assumed that the trackee has
exited the elevation change area (e.g., stairwell or elevator). If the elevation change area is

smaller than a threshold size and the change in height is large enough to be a floor change, it may
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10647 Next, a confirmation may be made that the GPS segment heading is close to the compass
heading. If not, the GPS/INS segment pair may be removed from the list. On each segment, good
compass data may also be considered. If there is no good compass data, GPS heading and location
may be accepted as correct. The compass data may be confirmed to be good/reliable, for example, by
considering the variance of the compass heading versus the gyro heading over the segment, the
magnitude and inclination of the compass data, etc. [0648] GPS data can sometimes be misleading in
the shadow of builéjings, with GPS location estimates being offset from the true location depending on
the satelfife&EHBSERTSr T FRHE HEWH FPFIEY 8T PEMClI AN, RS k8 pictBd ARk S P8 By Rhts
match uplexigernelyiwelowitivtheingawasporythogdneanidltseghaptsinslangitelangtovidth, but do not
match in 0649] Shape Matching [0 gO! According tg.an aspect of the invention, shape
matchinéarggf’féeelgst? %o gagotreyn'fﬁ’ W ?(:th ’g'ég?rrﬁg 'r’lgf %rvee"rteally accurate. [0651] Thus far, a list of
GPS/INFa@nentpair haasebesmorediedr Thesearéthedohges segrhemts thatamatdby upsindleidually
in size apd/or COMRASS %%Qs'ﬂgrr%a&fés?%%m%[[‘s%m%yuth%‘ o %ha??gvevdstfé’&saa“’éioﬂlse%gr%g%”t thape match
by comparing the previous and current inertial se ments to the previous and current PS segments,

and simikarhe aflwws SEymeathsHagrediatdrrik dheciedr withngns cuarehe anlidsitoddnegndagnmmenthif either
of the prg}g%{ﬁ)grdgqy%iggﬁgggh%m%mg{gh in the two-segment shape matching check, the current

segment may be chosen for correction. The inertial shape may be translated and rotated as the shape
match is/@Aé&kEgcroeing] trnit segrserftisHisp@satiting riag behpesforRigdisy $HspEErminke

individualjsegmgntcrRIPRMRNE. HEFRIN (H&IRIM “$harRendnay PR bSEthipJRIeEdRia i8I UWh ahe
segments (e.g., the two segments chosen in the inertial path). As shown in FIG 28, the two segments

in the firSPYHAPE (Rt ShAPRY A& HRRIRE S8 e PEETUHG tHI HWE SegPhEREsS (HYSBEBRE shape
are refertagtonasdvit, MAGRS Xodhe Ishapermatciing roethachprayase thedastangleiline:afeach
segment for its operations. The rectangle line, as djscussed previously, may be defined as_ the line
oo SR R A S PO L B e DR ERA e e DS LIt PRD are
referred Ruliénein agline Hodisiell? afidéikandiine? hiedpedtivgdyodinel fimayide finst tersecied (e.g.,
rotated and translated) to the center of lineMl. linelL2 ma djusted by the s transformation. The
et A T R g TRt e S SR B 12 PRl TG 2. At
transformiatigmrthendistangghof theck e pointy dfdimeli2i¢e thencorse shohdiligne rigpbp dintssofviirted2 may
be calcu . eqiSion. e 1 tc : puted b ini ether
the i s (e o o
the basesstimpediiniag fhrrenrzaney lineili2y, ahetbercoidtrotationlvichit ey XNGICRIMHRESS andl the

distancegOf {hi¢ &id RUNRIGHhE FacondeampRlare sgainwibin RERGENT THRE S elthe length
of lineM2. PERCENT THRESH of 30% and ANGLE THRESH of 20 degfees are used in one

implemehtatbArdhei@iRvention, although other thresholds may be utilized. As seen in FIG 28, Li and
L2 can maichMEiandM2 sesregtiveby inssipgleslangthcehasks tonRyelwhancompaiad dising the

above two segment shape match, the second rotation needed is approximately 70 degrees, resulting

in no sh&p@PhdtcH. JOBSSFCBIREEHSH (e rFRSEH Bl stairwell area, it may be assumed

that most floor transitions in the building are 180 degrees apart. The total degrees wound
between floors with the change in number of stairs may be used to decide the number of floors
that have been traversed.

[0621] Floor Change Correction

[0622] In one implementation, an elevation change may be used to correct the location of the
trackee to a landmark. In map matching where location of stairwells and elevators may be
known, upon an elevation change, a trackee may be offset to the nearest stairwell or elevator
depending on the elevation change type. In map-building, if a trackee is within a correction

distance of a previously discovered stairwell or elevator, a correction may be made, otherwise a
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[0654] In one implementation, the chosen segment pairs (inertial segment and GPS segment) may
then be used to perform corrections. The inertial segment of a chosen segment pair may be translated,
rotated, and scaled to fit in the GPS segment. This does not fix points to one another, but ensures that
the inertial segment goes through the region (fits) of good GPS points. FIG. 29 is an exemplary
illustration of a fused path after corrections (depicted by the lighter-colored squares), GPS (depicted by
the darker colored squares), and discontinuity 2910. [0655] Restoring Inertial Shape Using Particle
Solver. [0656] The corrections made may introduce discontinuities in the fused tracking path. These
discontintile¥ ey be @R BY E&ﬁ@“&rﬁtﬁﬁric@ B danT HaR T SO S LR Soi0er ?%Y}fcfif‘))él% fHat
describednimidetailcdbbver The particlessalividsds providestwitiothenibgad tradkingipathsiwitiifixed

segmente é/ylgt%rrg\éﬂ corrections 0toatCISI;’IS have been made, and constraints from the inertial segments
(relative distance, re afive anglesc) which may have been violated by the corrections. The constraints

are mad@ib2ivddn cotdEEDNYO RagraetisIdSyIIEIEH®W® Soints that are closer to one another,
providing Aptance gROSTANLAN aRADSICSPRSIRi, INRRATIER seleLIp sAReon Altembts
hat Sembles t {'sh

to satisfy constraints that are violated resulting in & path that re he input shape withodit the
discontindities bt06sM Mhetoinp GRS dae KBX g dritkariiphapdongphide a fused GPS/INS path. [0658]

B.USINCM%%}._QI_NG PO AR APMCAEE &%BQQ%&@@Q%M%%S wherein an outdoor to

indoor transition has not been detected (a trackee is known to be outdoors), the IGX Algorithm may

use builditfty tlata, A ERRGATEIEO R0 FuriHEHHrEFoVE o SlEAB B SRR € &iffaEE ButtfoolS Xor

exampleA@%ErﬁﬁMﬁg aRimate Mavher assHmeship aekcass ALHildiRgiRYting and inteiRnu Tﬁé&lag )
able, the

polygon. When building outlines from sources such as GIS databases for the area are avai

list of all PRGNS IRthacsrEd AT eusvider i oBram Be-set B Pbiyyins i AR raciiAg artE. In
addition 1o restnibnghiieinakial shapesthaparticleiseivaparetharnmeaitod) mayhenie vidadnyith the
constraint to push segments out of the building polygons. Solving this constraint last may enhance the
tracking &9 (gfeoﬁylgﬂ%ﬁﬂﬂﬁﬁ%ﬁ%ﬂ?ﬁ@gré%ghs do not appear to be indoors, and can override
correctiof fat\havedeevmmade duiedocGRbodata hlosepiebeilditigs beihg éGinadysiterg. npassing
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be used fnsihe fufsioprméthot. 0660} GBS INGNRES AlldDng | BINALOISTR ENIBTH DATAFR OM

SATELLHE:%&ion of erroneous GPS measurements whose quality indicators may indicate that they are
“good” or acceptable; eliminating GPS data that looks correct but is not (e.g., a straight sequence
of GPS data in a wrong location when a trackee is heading straight); recovering from inertial
drift when GPS data becomes available after a long outage; keeping a trackee’s position out of a
displayed building outline when the trackee is outdoors; following (correcting to) sporadic but
good GPS data; and continuing tracking a trackee indoors without any mapping, and detecting
that a trackee’s path has transitioned indoors. GPS location estimate errors may range up to tens
of meters in some cases. The term “good,” as used above, may therefore be used to refer to GPS
location estimates within a predetermined distance accuracy (e.g., within 3 meters).
[0628] Examples of IGX Algorithm tools enabled by mapping application 130 may include, but
are not limited to, one or more of inertial track segmentation using polygons (e.g., rectangles),
shape matching, corrections to polygons (rectangles), and a particle system-based constraint
solver.
[0629] F1G. 23 is an exemplary illustration of processing operations of the IGX Algorithm,

according to one implementation of the invention. The various processing operations depicted in
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[0661] Analyzing Satellite Signal Strengths [0662] In addition to analyzing the GPS and INU paths
using mapping techniques, signal strengths from individual satellites may be analyzed and mapped to
determine whether or not a GPS prediction is accurate. The analysis may also be used to interpret on
which side of a building a trackee may be located, especially in areas close to building edges that
obstruct satellite view. [0663] FIG. 30A depicts a trackee's path broken out by sections (indicated by
arrows A, B, C, D) through an urban canyon (e.g., spaces defined by one or more of Building A,
Building B, and Building C). [0664] FIG. 30B depicts satellite strengths measured for the sections (A,
B, C, and D) 6f &Y SEREEL AT FOHT B8 &S AH BLUASHYSICRMAC TR 968 H0WR i the
trajectoryboseciidn B andhsedhipic@didarery owsignarstiengthiromes atelliiescdith edisteveast
azimuths since they ar hbIo.ckeld b %hte buildér%l%sg?il'hesetindicate hat t GPdS Ilocatior%ﬁ can be
unreliablsee%%%lcrﬁ%y even be Ignored evenif the sa elﬁpeesraglé)g%rgﬁﬂf/ BBOBYIS g%c())cri‘.géwrllces 1&trackee
comes intodhe Dpervirsectionlopvtherdiffial strengthstimpropanctERS . may denused ferdocation
estimation, [Q66 nother implementation of.the 1GX algorithm, the locatio redicted by the INU
ey be P L e e B e
GPS magreftendotaicbmipierely iraouliraten cohtinaodsrferdhadiontdyppdientiaiid dedradmghe tracking.

Instead, %@*Dﬁﬁ}ﬁ;}??ﬂw&@ﬂ% Vajliglated for its accuracy before being fed back to the Inertial
Navigation location. /06661 D.ILLUSTRATIVE EXAMPLE OF OUTDOOR ALGORITHM

IMPLEMERFTA TYSRI 4085 ToageoreiRg toladisedb siinintfentiont, AHaitdobrubtationsestiviatddhay be

obtainedetzx,@%faqea%siﬁ&ﬁfm@%Qﬁt@&ysﬁﬁmaﬂngd@&@@ﬂ neteadafseamenismT g siaringdppint of
tracking may be determined either by the first GPS location available in the system for a particular

mobile uftiie A ERAY MR HES iAMar SESCBRY IRl BHEapHie SniorRRtB L SYRdMs (GIS)

map of a(kangst, FBAP, erc., number of Satellites, Satellite signal strength, and azimut), compass angle
from an inertial tracking unit, and gyro angle, and building outlines (such as from GIS layers)
may be utilized.
[0632] In one implementation, the IGX Algorithm takes as input an inertial tracking path (e.g.,
series of INU data points) and GPS data sampled at a lower rate. This may imply that only some
of these INU data points have an associated GPS location which is reported at the same time.
The GPS locations may be represented as meter offsets from a fixed point.
[0633] FIG. 24 is an illustration of an example of bad GPS input 2410 with good inertial path
input 2420.
[0634] F1G. 25 is an exemplary illustration of “good” GPS data 2510 in the same path while
inertial path data 2520 has drifted away. It may be observed that the inertial and GPS paths
match in shape. Stretches of GPS data in cases similar to 2510 can be termed “good” when the
accuracy of GPS location estimates stabilize to within an average distance accuracy (e.g., within
3 meters). GPS may be deemed “good” in certain instances even if there are outliers since the
mapping technology is capable of matching the general shape of paths rather than being
dependant on each individual point.
[0635] Initialization
[0636] In one implementation, when the first INU data with GPS is reported, the inertial path
may be offset to the first GPS point (which is assumed to be good if GPS quality indicators are

good). Alternatively, the inertial path may be initialized to a manual start point or other point

98



[0668] Subsequent reports that contain inertial navigation information may be used to apply the
increments predicted by inertial navigation to the previously known location. The increment distances
are as predicted by the (X, y) location provided by the INU in meters (or other untis) using the path
based on the yaw gyro. The heading direction is rotated to the compass direction predicted by the INU
if the compass reliability is better than a threshold value (e.g., there is little or no magnetic interference
which is generally the case outdoors). If the compass angle is inaccurate, the path may be updated
using the current gyro angle rotated to the rotation of the previous point. [0669] If the report contains
both INUAHLEPE §ERe SU b BRFEI ESHARETHIS B uP Sk A VORI SE8W il o
incremenrtaciiexty the oS sersairdath@Lalityf ovehaspreysotine pernditiviepredeiatminach length
(e.g., the last 5-10 seconds, .or other time peri (? ay be t d for its,Horizontal Dilution of Precision
(HDOP) T R e e R B e R S L At e
geometrydfichadatétiteychoden. fon &hpobitiorcestimatesandd @ HDOPtoapathdicatedhat thedatellites
are well spread out in the sky, whereas high HDOP can indicate that satellit not separated well
A b e SR SRR TR s e
be highlyestiawdaratbe &ith achigtrsk number of satellites may usually indicate more reliable GPS.
Thereforﬁ)dyz%gﬁglm gxég;”tg%;[(ggetermined time period (e.g., 5-10 seconds) has a HDOP less
t

than a given threshold and theé Number of Satellites is greater than 3, the GPS may be deemed

acceptaffofdf Sbsidesdneitiih PR pesithsnbeQRpR i FFSTONSiNew gheo KA satPr i ay HashH ) Mccurate
in the sharitermaihe GRERAR PYethaIshRRHeriad i perbeampared-aithe INhpathita validate that

accuracy of the GPS location. This enables corrections to the INU track which can be correct in the
short-terfﬂe&ﬁlrﬂﬁi}'be offset from the correct global position by feeding back accurate GPS data.

[0671] FIGs 8 6rs exempansttgtmion of an INU path (illustrated as circles), a GPS path
uares),.and a GPS best fit line (depi the dashed line). To compare the INU

(illustrate icted b
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INU2-3 aniPlSGRIS 2:3, wndcsdl} eralydna gompaned ivith ionevahethier iccang ukeatliat teacie gsowithin a
threshol iation..If.the GPS.path passes these tests, a proportional feedback of the difference
N2/ e R AR e ol atiog it et
position. (@GERtAtetitatipelyiswitiginater ihentiakliradioht patés Hisgoryyhierenthveédotdnoanastard small,

a igc bofy AR, e aled AT Paipi gl nerde! RBIe e dtanss bepeen A pair of

X
points can be computed and stored). eCGP distances corresponding to the same points can also
be creatédcasthseamreduisd teddbarsisimilaCidSthelinertzbigkneisdy distances. This method may allow
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short-term, and then fed back to improve the tracking estimate. [0673] Other embodiments, uses and

advantag&&°sPide iriémidRNAl B upparentitrthbsehadne mnBEEAR RORTSedhsideratisHEfithe
specificafionae prasiieriofheciiventionsdiscasedrherain, ohagsreedicatiashoulesbeconsidered
exemplaty oy, and 1 scope ofte vention 5 accordnolyniended o e lmieg oy by e
following ¢i&ifPEIPrIse polyg p g y group oI p )
of the points.
[0643] FIG. 27 is an exemplary depiction of GPS Segments associated with each Inertial
Segment from FIG. 26.
[0644] Choosing Matching GPS/Inertial Segments Pairs
[0645] In one implementation, a list may be generated of the longer GPS/INS segment pairs
where GPS and INS match in length, and the GPS heading is close to the compass heading.
[0646] As an initial step, in one implementation, only GPS/INS pairs may be selected where the
INS segment matches (in length) the corresponding GPS segments. The INS segments must be

greater than a LENGTH_THRESH, and within a WIDTH_THRESH which is half the maximum
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CLAIMS What is claimed is: 1.A computer-implemented method for generating a position estimate of
a trackee in an indoor location, comprising: receiving tracking data for the trackee; receiving a map of
the indoor location; correlating the tracking data to known features of the indoor location based on
the received map to generate a position estimate for the trackee; and displaying the generated position
estimate on the map.

width the inertial segments are confined to. The WIDTH THRESH may be relaxed for longer
segments to a percent of the length of the segment (e.g., 20%). Considering only this level of
matching, however, may be insufficient.

[0647] Next, a confirmation may be made that the GPS segment heading is close to the compass
heading. If not, the GPS/INS segment pair may be removed from the list. On each segment,
good compass data may also be considered. If there is no good compass data, GPS heading and
location may be accepted as correct. The compass data may be confirmed to be good/reliable,
for example, by considering the variance of the compass heading versus the gyro heading over
the segment, the magnitude and inclination of the compass data, ezc.

[0648] GPS data can sometimes be misleading in the shadow of buildings, with GPS location
estimates being offset from the true location depending on the satellites chosen for the fix as
shown in FIG. 28. Particularly, as depicted, two GPS segments match up extremely well with
their corresponding inertial segments in length and width, but do not match in shape.

[0649] Shape Matching

[0650] According to an aspect of the invention, shape matching may be used to determine which
GPS segments are really accurate.

[0651] Thus far, a list of GPS/INS segment pair have been created. These are the longer
segments that match up individually in size and/or compass heading. Each segment may then be
checked for a two-segment shape match by comparing the previous and current inertial segments
to the previous and current GPS segments, and similarly a two segment shape match is checked
with the current and following segment. If either of the previous or following segments match in
the two-segment shape matching check, the current segment may be chosen for correction. The
inertial shape may be translated and rotated as the shape match is checked.

[0652] Two-segment shape matching may be performed by first performing individual segment
comparisons. Herein, the term “shape” may be used to refer to a group of segments (e.g., the two
segments chosen in the inertial path). As shown in FIG 28, the two segments in the first shape
(inertial shape) are referred to as L1, L2, and the two segments in the second shape are referred
to as M1, M2 (GPS). The shape matching method may use the rectangle line of each segment for
its operations. The rectangle line, as discussed previously, may be defined as the line segment

connecting the midpoints of the shorter edges of a rectangle. The lines of L1, L2, M1, M2 are
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referred to herein as lineLl, lineL2, lineM1, and lineM2 respectively. lineL1 may be first
corrected (e.g., rotated and translated) to the center of lineM1. lineL2 may be adjusted by the
same transformation. The acute angle to align lineL2 to lineM2 may be computed, and the
transformation is made to lineL2. After transformation, the distance of the end points of linel.2
to the corresponding end points of lineM2 may be calculated. The decision of whether the shapes
match may be computed by determining whether the individual lengths (lengths of linelL1, and
lineL2) are within a PERCENT THRESH of the length of the base shape lines (lineM1, and
lineM2), the second rotation within an ANGLE THRESH, and the distances of the end points
for the second segment are again within PERCENT THRESH of the length of lineM2.
PERCENT THRESH of 30% and ANGLE THRESH of 20 degrees are used in one
implementation of the invention, although other thresholds may be utilized. As seen in FIG 28,
L1 and L2 can match M1 and M2 respectively, in single length checks. However when
compared using the above two segment shape match, the second rotation needed is
approximately 70 degrees, resulting in no shape match.

[0653] Correction to Chosen GPS Segments

[0654] In one implementation, the chosen segment pairs (inertial segment and GPS segment)
may then be used to perform corrections. The inertial segment of a chosen segment pair may be
translated, rotated, and scaled to fit in the GPS segment. This does not fix points to one another,
but ensures that the inertial segment goes through the region (fits) of good GPS points. FIG. 29
is an exemplary illustration of a fused path after corrections (depicted by the lighter-colored
squares), GPS (depicted by the darker colored squares), and discontinuity 2910.

[0655] Restoring Inertial Shape Using Particle Solver.

[0656] The corrections made may introduce discontinuities in the fused tracking path. These
discontinuities may be removed by using a particle system based constraint solver (such as that
described in detail above). The particle solver is provided with the fused tracking path, with
fixed segments wherever corrections to GPS have been made, and constraints from the inertial
segments (relative distance, relative angles) which may have been violated by the corrections.
The constraints are made between consecutive segments using the two points that are closer to
one another, providing a distance constraint, and an angle constraint. The particle solver in each

iteration attempts to satisfy constraints that are violated resulting in a path that resembles the
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input shape without the discontinuities.

[0657] The output of the IGX Algorithm may comprise a fused GPS/INS path.

[0658] B. USING BUILDING DATA TO NAVIGATE OUTDOORS

[0659] In instances wherein an outdoor to indoor transition has not been detected (a trackee is
known to be outdoors), the IGX Algorithm may use building data, when available, to further
improve the outdoor tracking estimate. Outdoors, for example, a tracking estimate may be
assumed to not cross a building outline and into a building polygon. When building outlines
from sources such as GIS databases for the area are available, the list of all polygons in the area
may be queried to obtain the set of polygons in the tracking area. In addition to restoring the
inertial shape, the particle solver (or other method) may be provided with the constraint to push
segments out of the building polygons. Solving this constraint last may enhance the tracking
estimate by ensuring that outdoor paths do not appear to be indoors, and can override corrections
that have been made due to GPS data close to buildings being erroneous (e.g., passing through
buildings). Additionally, the method may associate GPS quality with locations of the outdoor
map. Areas close to buildings where GPS data is found to be erroneous may be marked so as not
to be used in the fusion method.

[0660] C. USING DETAILED SIGNAL STRENGTH DATA FROM SATELLITES

[0661] Analyzing Satellite Signal Strengths

[0662] In addition to analyzing the GPS and INU paths using mapping techniques, signal
strengths from individual satellites may be analyzed and mapped to determine whether or not a
GPS prediction is accurate. The analysis may also be used to interpret on which side of a
building a trackee may be located, especially in areas close to building edges that obstruct
satellite view.

[0663] FIG. 30A depicts a trackee’s path broken out by sections (indicated by arrows A, B, C,
D) through an urban canyon (e.g., spaces defined by one or more of Building A, Building B, and
Building C).

[0664] FIG. 30B depicts satellite strengths measured for the sections (A, B, C, and D) of the
trackee’s path from satellites with east-west azimuth. FIG. 30B shows that the trajectory in
section B and section C have very low signal strength from satellites with east-west azimuths

since they are blocked by the building(s). These indicate that the GPS locations can be unreliable
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and may even be ignored even if the satellites geometry (HDOP) is good. Once the trackee
comes into the open in section D, the signal strengths improve and GPS may be used for location
estimation.

[0665] In another implementation of the IGX algorithm, the locations predicted by the INU may
be further improved by feeding back accurate GPS locations when available. However, since
GPS may often be completely inaccurate, continuous feedback may potentially degrade the
tracking. Instead, each GPS location may be validated for its accuracy before being fed back to
the Inertial Navigation location.

[0666] D. ILLUSTRATIVE EXAMPLE OF OUTDOOR ALGORITHM IMPLEMENTATION

[0667] According to aspect of the invention, an outdoor location estimate may be obtained by
processing tracking data by comparing points instead of segments. The starting point of tracking
may be determined either by the first GPS location available in the system for a particular mobile
unit, or by a manual click (or other input selection) on a Geographic Information Systems (GIS)
map of a target area.

[0668] Subsequent reports that contain inertial navigation information may be used to apply the
increments predicted by inertial navigation to the previously known location. The increment
distances are as predicted by the (x, y) location provided by the INU in meters (or other untis)
using the path based on the yaw gyro. The heading direction is rotated to the compass direction
predicted by the INU if the compass reliability is better than a threshold value (e.g., there is little
or no magnetic interference which is generally the case outdoors). If the compass angle is
inaccurate, the path may be updated using the current gyro angle rotated to the rotation of the
previous point.

[0669] 1f the report contains both INU and GPS data, the previous location estimate may be
updated with the new inertial increments. Next, the GPS sensor data quality over a previous time
period of a predetermined length (e.g., the last 5-10 seconds, or other time period) may be tested
for its Horizontal Dilution of Precision (HDOP) and Number of Satellites against acceptable
thresholds. The HDOP reveals the satellite geometry of the satellites chosen for a position
estimate, and low HDOP can indicate that the satellites are well spread out in the sky, whereas
high HDOP can indicate that satellites are not separated well enough to result in accurate

triangulation. A GPS location estimate using less than four satellites may be highly inaccurate,
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and a higher number of satellites may usually indicate more reliable GPS. Therefore, if the GPS
data over the predetermined time period (e.g., 5-10 seconds) has a HDOP less than a given
threshold and the Number of Satellites is greater than 3, the GPS may be deemed acceptable for
consideration in the position estimate.

[0670] Since the INU path may be very accurate in the short term, the GPS path over the short
period is next compared to the INU path to validate that accuracy of the GPS location. This
enables corrections to the INU track which can be correct in the short-term but may be offset
from the correct global position by feeding back accurate GPS data.

[0671] FIG. 31 is an exemplary illustration of an INU path (illustrated as circles), a GPS path
(illustrated as squares), and a GPS best fit line (depicted by the dashed line). To compare the
INU path and the GPS path, the individual increments in the short-term (e.g., INU1-2 and GPS1-
2, and INU2-3 and GPS2-3, and so) may be compared with one another to ensure that each is
within a threshold deviation. If the GPS path passes these tests, a proportional feedback of the
difference between the GPS and INU locations may be used to correct the position estimate
toward the GPS position.

[0672] Alternatively, within an inertial tracking path history where the error bounds are small, a
rigid body may be created for the points in the inertial path (e.g., the distances between each pair
of points can be computed and stored). The GPS distances corresponding to the same points can
also be created and scanned for numbers similar to the inertial rigid body distances. This method
may allow for good sporadic GPS points to be located when they compare well to the inertial
path in the short-term, and then fed back to improve the tracking estimate.

[0673] Other embodiments, uses and advantages of the invention will be apparent to those
skilled in the art from consideration of the specification and practice of the invention disclosed
herein. The specification should be considered exemplary only, and the scope of the invention is

accordingly intended to be limited only by the following claims.
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CLAIMS

What is claimed is:

I. A computer-implemented method for generating a position estimate of a trackee in an
indoor location, comprising:

receiving tracking data for the trackee;

receiving a map of the indoor location;

correlating the tracking data to known features of the indoor location based on the
received map to generate a position estimate for the trackee; and

displaying the generated position estimate on the map.
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