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AND OUTDOORS CROSS-REFERENCE TO RELATED APPLICATIONS 10011 This Application
claims priorlaau¥®2Pr8visional Patent Application Serial No. 60/954,112 Pil#d)8a9g8/6f 572007, and
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S Sve i & accuracy of such systems.
[001] This Apphca’uon claims prlorlty 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 systerns.



PATENT Attorney Docket No.: 053216-0373130 [5] For example, although UPS has proved to be a
useful navigation and tracking tool for outdoor tracking applications, a number of limitations exist when
applying UPBQgtptistdtstavigation and tracking. UPS relies primarily on a liR€ GUSAYP$/813AH
acquisition. In indoor environments and in close proximity of most complex buildings, however, the line
of sight of UPS satellites may be substantially obscured and UPS signals may be highly attenuated. As
a result, UPS signals are typically several orders of magnitude weaker in indoor environments than
outdoors. With such weakened signals, UPS receivers have difficulty receiving UPS signals and
calculating aggwtate position information. [6] As another example, inertial tracking systems typically
use readings ficomy S0P sUSRLAS PIFOscopes and accelerometers to estimate the relative path of
personnel and/or assets. Inertial systems, however, maé accumulate large errors over time due to

factors suche/drifiom Samels alfdgh @ﬁsﬂﬁiﬁ?ﬁﬁd% SasHERDIRARARE GrEkiRs&NdrE, as well
as limitationswd dtie tackitignepgiediomting methadst (EmitaatgeritkimsyimplepientedpPy suchdsystems.

Additionally. the sizs and gostreavismants in rack persppnshangior smaller, agssts maypecessitate
I

the use of less éxpensive and rébust inertial sensors, potentially ihcreasing drift in the system. While
some man-rAEtEHEgRkS0cR S9BAYHYCHOR iSORASWREHSH Pabaets (baltarrfiashtelcking, the

apparent lackrf acompralensivemetalthat captuies el desw ihes thezamplexityed hugan
locomotion can fugpgr adglto inertial cirors V\{hi| tra(%kingn?tgcrlsonn I [gl]iscignal ana%slé%tmgthods that
i

use sipals ofetﬁét’sames r 5@?&%8 }éaﬁ\gﬁ%igrs from rent rvé?%r%rncenpo?ﬁt%n%r %ompute he location

of personnebeiddéor. A8sdtsuaaycbkcurifemsidie iereociererd difastalreceivmbeP dkiefdsemde devices

at a particulartagking location {phe¢eeal.and may further have large instantaneous errors, and
outliers, due to the multi-path effects of signals traveling through various building materials. [8] As yet

another exdffSle, WhABYAE GEE B AgHatEAKRE SEHETrI e Lo fip sl hERPhiavifIe Whdicurate
detection of gheadiagadgle dritheabsencdmitnagndticvia terfesé pes pttadiceadqr rad fromettidse

devices may qfiefl i InASEUALE N uiogn dus- . erarenae. TomAe Buling s plectric
oc lid PATENT

lines, and other local magnetic’sources. As such, valid compass Attorney Docket No.:
053216-0373 S8 ab GRSV iipio titth fATHEBIS AL EBIACBEIRdity 18BN aS Sfdhacdifabttivasdeb®sded on at
each point inotsRenQiesradalg edeatielimedaieRpinSbhbase Bnd athakdiawhacksRuistidth Imown
tracking Sysg?zryghd cost requirements to track personnel and/or smaller assets may necessitate the use of

less expensive and robust inertial sensors, potentially increasing drift in the system. While some

man-made assets such as cars and robots use known motion models to aid in their tracking, the

apparent lack of a comprehensive model that captures and describes the complexity 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 personne! 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 héading 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



SUMNIARY 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 indoor3VAh&Peedsess. "Personnel,” as used herein, may refer broadly PATAUAAMSHX Adifation) 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 inventiopsmay be adapted to locate, track, and/or monitor the status of personnel and/or assets in
various indoettemel Seitko Bp.188RHEGAS BEENVIrONMents, in any number of various scenarios or
applications, without limitation. For example, the features and functionality of the invention as
described hefslisniagrse valehip abions bildRe Lrarsrimeliitorie datsa b ehos Aty R5&sBnnel or
first respondets: (@.4.2 fire-figihtaisy policaeermiergency services technicians, etc.) during an emergency
incident (e.gm@]buillgggga%eg ?%L@bhgkvsi@%s\/ "%t%%%%gdkjgg%%%%fsstate, dignitaries, celebrities,
etc.) at a particular event, individuals (or assets) on University and/or corporate campuses, senior
citizens at an assisted living center, and military and para-military personnel and/or law enforcement
officials in vgtigws P vFeRMBRISGWNG any number of scenarios. The 'invention may be configured for
additional applications.as well. Agcordingly, it should be understood that any descrjptions provided
herein of pi&”&larﬂ%ﬁ%ﬁnﬁ% aangfgsfsg eessefnarba#%ﬁIcagra%%%%%ﬁes%ersetﬂ\ﬁrs tr%%nafisd(%lf;’ég?ﬁréﬁghters or
first respondexstfightirgkinbuieliry firenftorndobatitrsshdtivdrrsidelaand/outsises obettb tithiorg )sare
exemplary in,natdre orber3psehauldaptheewsd arimiing . (R TENJ.ALREREYH eckriNo-:

053216-0373130 [12] In one implementation of the inyention, one or more persons (or other
personnel) i 468 Rot8 BB Ttoréd: at U pattiei a PR cEig P Or AR Y BE B Hitted with
a tracking systens Thektiagkifog systgrie, maycdripgiseofal exampiellah byeptiabhiayigatiodn] Usit (INU), a
Com_m““'_ca%lff RonfolS OhMacdus, (G R ang ers%H‘ﬁ% %‘8&2@19‘8}’&%??0%%}) %?dyag%gé‘g{%ay
physiological data from & user, environmental data from the location or environment, or other
information. F1S3]eFHeb ANefeHRA) R BRffIRI SO SrAsdhHBACE IREERR DEB"RRIN By Bng$8PIeAGHEY include
inertial navigatiepsensors and signal processing components to determine the location, motion and
orientation er..The CSM may comprise a small device carried by the user and may be in wired
or wireless %%)}r?jranﬂ%}galﬁ‘éer? %ﬁhn%ﬁye %KI ff?fgr?al%)r fg)t ateer’ l|0Tﬁ§/E§io (?é?(r:a{? e 13e/é.‘\?’l r%%rﬁe%tgfggﬁé%?rs or
devices) to rexséivassetnsoratins inenaihpitdnearinetvensior (nstententhen NY mizpoorhratiavsate with
the CSM using-BlustapincAgheq@bathefiwiraless transcrivaE ehviatinghthenesehier wiigs. The INU
and CSM may establish i% wireless personal area network (WPAN) on each trackee, allowing for the

addition of othEP LRSS INFRISSE Do RS LB HHE Balial alafbetRUCTOTAT A oIS B RENtation,
the CSM mayreggregaterdatecfram fhetvmsipmsl_aenms tlﬁm—ﬁg!utqmjsedhefiraniﬁr@rsystemvim-bo_ard"
the trackee. The,GSM maya{ahSXAmRIe. SeMRlRSeNser daidinig a sPortyhichimayipedigosmitted

to a computer of a user that is monitoring the trackees (e.g., an incident commander at an emergency
scene). Repbiés MfagSud HalfsHebd i Pretbterfinst Tamist Y arsrtomplidrkt préssterfiined
intervals, onueneesy; atdadraihgbtirmeanfikt], Thecempiiermansampliseng generahpuipose computer
programmed i, 2 mapping.sofiwere Apnlicatin-andiorehersoftasrel at enablss the yarious
features and functions of the invention, as escribed in greater detail’heréin. The computer may
comprise a porap{esnaapiop) o mpEWhRhbmagn Tenek dmpladisensé apkcabare astatidn or
“command cgpiediieVidingJakthe menitasng and MmanagepestiobRersanneland assetsuiand
infonnation associa}ed t(De_reWitftQ at %rti ulir location or environment. Th%c %%)uter mg& also
comprise a ¢&IFBREhE SMaA o8, BIK"BHcREYBE, 8F STREPEHBHEE, &8y 5‘% TeRidEF within the

PATENT  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.



Attorney Docket No.: 053216-0373130 WPAN described above. The computer may also be
incorporated into one or more of the components (e.g., the INU) of a tracicing system. [016] According
to an aspechd? #eiRRsion, the mapping application may enable position BSHAWAES484T7B&ESonnel
and/or assets (including, but not limited to, estimates based on 1NU, GPS, or fused sensor data) to be
displayed (e.g., overlayed) on maps (or other displays) of various kinds. Position estimates may also
be referred to herein, for example, as "location estimates" or "tracking estimates." A "track" or "path" or
"trajectory" may comprise a collection of position estimates. Identification and status information of
personnel apg{gEassets as determined by one or more sensors of a tracking system may also be
displayed. [OdibindyDenatie:ti3e2fo1ganeg (and other) functionality, the mapping application may
receive building data, tracking data, and/or other data as input. [018J Information about specific
buildings (of?ef|dify e aniaEy 11 ath T ORI B & (56TC RSSO ekampreomreiberf Sfuational
awareness fasQMnergeneyisaadices, fatinavigadianmndemissionplanring danvawing navigaiion and
tracking data, and far improving the location estimates in the trackin a obtained fr ne or more
tracking sysfg%esn.l ‘Mog%%??a?ﬁgg %?ren Sharacienized %ryec):{grr?ﬁ%bﬁnfeg{g rags?\} 36151%&%1 %1% %Eggz’saalong the
building's orferaioncatiatio&ysscand possithy M tpiéoficdher (Wbostairwiersces| dieitoray dngiascalators
being the prijnanyigethads.techange:flarsdniicaddiion soyildinas-may beshasaaisiizede s example,
by construction type, and layout type. The Imowledge of building data may be used to improve the
accuracy of B Arétitdoor and, in particular, indoor tracking data by matching the tracking data to
Icnown builgiingy fe atur &S Byayoemiipriing infmethalivicdhedtmay bbsemebyfromsaerial imagerindsite
surveying, uger, contribion .IYArigYs aiher, sourges B-comarehensive database.abhullding data may

be created for use in several applications. [019] Tracking data may be obtained from any number of
sources utiliZPERgmMBERoRFackigTHEtHBa S pERfistrietial HisVieftrsH gy &§1ar 28t ethods).
In one implespentatiaad the tracking clatamaycampiise HataNACquit@drinoteal- Hmeifd gcabnadr more

tracking points may b provided,with eyery, new undate) while personnel andi aspe's, aje qurited

with trackindﬁé‘g}g?ems and are being monitore .Aternatlvg ef/',t eo?rea]éﬁr]%mc‘fata may comprisé
previously- A TEN oty DiReketNG. : b6 32806-08r81 30Bhetire d Zigbsthat ridy b iptié¥ided to the

mapri)i ng apgﬁﬁ@éé@m%ﬂeﬁﬁgons&ﬁ&?q% Whackingedata %g\d@@ﬂlﬁ@ie@mtgltasvm@%@r'g@sa}mlication
may be used to generate a position (qr location) estimate for one or more trackees. This position

estimate ma%faﬁélﬁwm\ﬁgﬁté’@h?ﬁ Egcgﬁ%t 1286 18 &gﬁ&%ehtfoﬁlﬁéoé%F {rgféﬁ%‘ét%la%f Kdtitional
information measoelso the prchedechteddte mapping application to increase the accuracy of the position
estimate. [29] Accarding g an.aseeat ohthedryention the mappingappicatinnRay.generaie more

accurate position estimates for trackees using a suite of mapping tools to make corrections to the
tracking datSCRIdRShaIAekRE mafEineabpRchtbh FRslfurthar ARGEM RToHHIRIF LIRS data,
when availabigsdodenhancertheposition ssiiatesifs] disclosedtn ditaitdieheins vardusghpping
methocs employed @ 1he, MaReing. appiical'ena¥ e road ferspiialed pedafannliagldng
methods or outdoor tracking methods. Some methods, however, may be used for both indoor and
outdoor tracRipgptermined format to the computer at predetermined intervals, on request, or at other times.
[015] 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



[21] 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 oMAdge/¢2dekéng methods may include sensor fusion methods, ®fap'wraesitigitfethods,
and map building methods. [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 impasecbbykie stasetsieef:a building. [23] Map matching methods may include methods
that correlate the tracking data to known features in the building. For example, building data and
tracking datiVRyay ldesreibeivebbus ihpetsompiichuiieling fedtuiascamnirtaraictonstivis A e thfilized to
improve the 3caAGY of thenprauided fiacking Jalam In particular, the trajectory of personnel and/or

assets in a building may be limited and characterized Qy features in Ehe buildin Such agsﬂlallllways,
stainvells, dEAtorac SR/ IBTARRM G hErs SRR Hhd7S AELE BTNy th&efackiRg Tata input
may be matehishte kifipevsonRA TR Attorieyh dockétNot: 1058216687818 bheet e BNiH. tHBYuilding to

increase the pesitio e%%u(fﬁg?/t%% radice.apdior removethe fIEsInBeient:iBithe methosls used to
ng

obtain the tracki ata. [24] In the absence of building data, map building methods may he

implementelfipdsgiosiine seinesTOIEP Riafrarkd %eﬁhifaﬁ'r?ﬁaﬁ%ﬁ}fg?egﬂm‘b?% fhd’Yata, and
then use thesg Jaatirasiadarateh-asckcorraeiiothersgetions afdyackipgsdatacMeajpbuiigingiomay include
generation andmaiching innclionaifies.asmieh,agnerncligpli of seosal sl meiiods, 1251 In
the presenc%scl)?%g%r quah y?oor plans or partla"i ffoor plans of a uﬂldlng, the mapping application may
simultaneousiynimgrlensenpfdpaaghigrandmip gty shethods, thus matching tracking data to

existing feagyes, and-generalingdeatiyres dnatayeunctionow d2elpeeerdingdaianmspeactatthe
invention, when tracking personnel an(g/or(ﬁ?ﬁts outdoqrs, it may be useful to utilize UPS data along
with inertial FERSSYAH2ADE G SRS ARERERSH, the mapping application may enhance
outdoor trackingj datiinyeGomiionn greeickihgi stan dte deilibhgadainemial racksenitmyiagnbreland/or

compass daja.jf apg.when auailablseand witbddRS.if Aodwhsnavailable. Addiiopalivigmay further

enhance an outdoor tracking estimate if buildin%ooutlines are available fusi,ng cor,re(é#jgg methods such

as methods trhFpTER RIAFEREs D HCH R BBPHALBIIIHGEHGITAE: P27 BRESHMERSSRAESh, an
inertial-GP Scfusionsalg arithm el ermadbaineddiomeiber e AlghiithnySanay fdee bephngieninertial and
UPS data for,a tracking.path into a.single estim ince 8 LIRS dataols farthg most part,
generally on‘f&%ﬁ%&ﬁ%@uﬁ?&%ﬂ tﬁaem?&s‘xsgﬁg&%ﬁ %%%%ir%ffhﬁr%%{c{)%iﬁﬁ; ggn%utdoér alwgﬁhm,

although it cand pomilrtientrsiekifly GeaoBrs BPirosle HrthehusrawsPepsthe primary methods

to change floors). In addition, buildings may be characterized, for example, by construction type,
and layout type. The knowledge of building data may be used to improve the accuracy of both
outdoor and, in particular, indoor tracking data by matching the tracking data to known building
features. By combining information that may observed from aerial imagery, site surveying, user
contribution, or various other sources, a comprehensive database of building data may be created
for use in several applications.

[019] Tracking data may be obtained from any number of sources utilizing any number of
tracking methods (e.g., inertial navigation and signal-based methods). 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 and are being monitored. Alternatively, the tracking data may comprise previously-

5



[28] 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 YA 2B XHeForegoing general description and the following deb&ilEHB8SEHXIGH are
exemplary and not restrictive of the scope of the invention. BRIEF DESCRIPTION OF THE
DRAWINGS [0291 FIG. 1 depicts an exemplary system architecture, according to an aspect of the
invention. PATENT Attorney Docket No.: 053216-0373130 [0301 FIG. 2 is an exemplary illustration of
firefighter outfitted with components of a tracking system, according to an aspect of the invention.
[0311 FIG. 3 is an exemplary illustration of a display of an overhead aerial image of a building,

according toiﬁ%ép&%}(g&to%gg\{%mﬁo [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 isaniexemplant iistationeia dspenwiereipaibuitding-quiinedasibgeTregiatered on
an aerial imzﬁ%e of the b&Jialtsjin . ?%cq%ir%to,an as egttiof the inventi%nt.0 [%eféfJthG. 6 is ;i).réne emplary
[ ui ndm

screenshot i u@tr%ﬁﬁlgd% prep 1 Of & Fﬁén filooy 6fanoé1ftrél?¥hkéep%ecess maﬁ<iar11(5) f8ndmarks has

occurred, acoorting mt@nﬁ@sfyeopm thanipigefitidiges.  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
indoor and outdoor tracking.

[021] 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 may include sensor fusion methods, map
matching methods, and 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
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[35] FIG. 7 is an exemplary screenshot illustrating a preplan of a building floor plan after the process of
marlcing landmarks has occurred, according to an aspect of the invention. [36] FIG. 8 is an exemplary
illustration oWV& 28824RdUEr region on the floor plan marked as four points (PGPS ®/E23 74 ccording
to an aspect of the invention. [37] 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 sipatures, 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),m@wmgk@ﬂg ASPeGkof the invention. [41] FIG. 12 is an exemplary flowchart broadly
differentiating various mapping methods as indoor tracking methods or outdoor tracicing methods,

according torauasnechobinRiny entiQneH48d fokGichdiswaexemplane: flpwehashetpmeessivg
operations of senSO{hfusiQQ %th qb ggcomrﬂiiggl;mt an eﬁgect of the invention. [043] FIG. 14 is an
udin

. rent 1m m S€ . . . .
exemplary il Ustration of a bui Ing tloor plan 1inc g landmarks and indoor trajectories, according to

an aspect off ¢/ inrethtighsemA PENTIdtetnieyrDpdkeldNg me%8gds 80373 1a@emented 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
available, and with GPS, if and when available. Additionally, it may further enhance an outdoor
tracking estimate if building outlines are available using correction methods such as methods that
prevent tracks from overlapping building outlines.

[027] In one implementation, an inertial-GPS fusion algorithm (referred to 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.
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[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. [0451
FIG. 16 depWs220%Ma8tp8tive example of building partitioning, according to BATASPRE8/07 IR invention.
[46] FIG, 17 depicts an illustrative example of results of sequential polygonal path segmentation,
according to an aspect of the invention. [47] 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 fﬁﬁﬁﬁ@gﬁ%%@gg@%g%g@n aspect of the invention. [50] FIG. 20A is an exemplary
depiction of unique magnetic signatures for three hallways in a building, according to an aspect of the

invention. [98}47|G1G0Biisaan:ilugtraiiviesexaimple afdegutisdrginonatbtanseauanos Dirmagpetic
signature ex %{ég}ents,r qu?rdingstgcglgf%éji%gter%gge invention. [52] FIG. 21 is an exemplary

illustration of & mdgfﬁcthlc s‘fgﬂg?uréjcomparlson, according to an aspcct of the invention. 10531 FIG. 22

is an exemplédy/illddtratisrrotiemowohdisorine oésslitglopeatiorsiondasnapbeainhg PHadnsd
augmented with,shane fespaatry @pchpanallel solution computation, according to an aspect of the

invention. /_0541 Fﬁ. 23 is an exemplary illustration of Yari us processing. gperations of an algorithm
that fuses inGrrl dnd %%%8%8&2‘5@%8%5’%8 ; B %Yé%@g‘ﬁé?fﬁa §ﬁ%ﬂ” {51382 SO PdIRY tB%n aspect
of the inventidswed 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.
[037] FIG. 9 is an exemplary illustration of steps to inflate a rectangle region, according to an
aspect of the invention.
[038] FIGS. 10A-10B are exemplary illustrations of z-acceleration 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.
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[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. PATENT Attorney Docket No.: 053216-0373130 [56] FIG, 25 is an
exemplary iNV@t28#R#R HT%good" GPS data in the same path while inertial pab¢ ais2p0@mFTed away,
according to an aspect of the invention. [57] 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 is 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. 2%‘:@:%&1 ﬁ%?@ﬁ!}a%ﬂﬂ%?ﬂ?@ of a fused path, according to an aspect of the invention. [61]

FIG. 30Ais an exémr‘): ary Iflustration of a trackee's path through an urban canyon. [62] FIG. 30B

depicts satefjigstigagthsimneasurss fornsiaus sRamantsohhetiackeainRALT thfeugh thedrban

canyon Sho%nvi/gjc'::hl %ag ané’tc ch E%T%S gﬂlgﬁgerggtﬁgég?ngr}‘lv‘beengger&; 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.
J048] 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.
J051] FIG. 20B is an illustrative example of results from one of a sequence of magnetic
signature experiments, according to an aspect of the invention.
[052] FIG. 21 is an exemplary illustration of a magnetic signature comparison, according to an
aspect of the invention.
[053] 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.
[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.



[63] FIG. 31 is an exemplary illustration of an NU 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
INVENTIONV{®290PMélipdention described herein is directed to a system antiCrh@t9asfer2&@ating,
tracking, and/or monitoring the status of personnel and/or assets, both indoors and outdoors. [65] As a
general overview, an exemplary system architecture will rust be provided, followed by a discussion of
the various types of input that may be provided to the mapping software application disclosed herein.
In some instances, the mapping software application may be referred to interchangeably herein as
"mapping software" or "mapping technology." An overview of the features and functionality enabled by
the m_appingi%%af%ec&pﬁy_p@gg%m%mpn be Qescribed, fo_IIowed by a discussion of variqus mapping
techniques and tools. A description of various indoor tracking methods and outdoor tracking methods

will also be ppeyidets [66]i EXEMBIARYSYa0E M ARGQHTIEGRI REL P Akl tAlBIBeY-Backet NO.:
053216-03731 LO 7! lgt;. d(?icts an exem Iargcaéﬂ m architecture 100, according to an aspect

of the invent]i’(%ﬁ%%aor?e |r1111p ementation, Gi%e DT MaTs trac eiﬁréves%?lé'ms (110a, 110b, ... 110n) may be

provided for/86d oFfioké frmisbris (rotiay pegsonneirandivinasisersto becenbnitéred aipacparticular
location or egvifgnmgat. 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

physiologicaﬁodgﬁalﬂeG.g%7Hé§?teF§f€?]f‘é§ﬂﬁ%ﬁB?Pr%qg? SREFRIN HSBICCRUPSAR SRl aHIBHAtoN (e.g.,
temperaturefratiniSphericjoréiagunenbapkgraitheinaeliation, etc.), or other information. 10681 The INU

may comprishsd STRY deviee Al ma PO Y ASCL. AN D B NS Inalal Aayloalipn sensors

and signal processing components termine the location, motion and orientatio the user. The
CSM may cérapiasesamspiamdersde drmiétibphuhsitiser BAGahseeiRwddsiwradss @ifhunication

with the INUifaggigt, other physiological and environmental sensors or devices) to receive sensor data.

In one imple tation, for.instance, the IR communicate with the, CSM using a Bl eté)oth,

. f(lf' . i :
Zigbee, or o[é]g&wa#re ’eszfsg t%%ﬁ%c%ﬁ%réi?qémg ?ﬁg&?ﬁg need osre%\i/v raeté\’{ the" E%atcr)]cf c8 ?Eé% establish a
wireless pergonaiieirea network (WPAN) on each trackee, allowing for the addition of other distributed

Wirﬁless Sen/%? ofdhediackee anpreredsFiendis arexempalaniilsirationafanfefighter outfitted
with an INU an [

a CSM. [69] In one implementation, the CSM may include a radio transceiver for
communicatiRffthd arCRifERLs SAEBR TSP r@??é?ﬁ%%?ﬁ& Bdé\‘)%%%%@ﬁeﬁ 8@%%‘5@3&%@?&
computer 12@rwvigicthanahesesvgoastainds & Ktation, ordidompmandsperitef thatitivenganticular location or
envifonmen?o@e M&%Mﬁ&@éﬁg@t}t}%l&&mwsmﬁ GRTRTiEINg &stveRirackingysysiemdnay each

be powered (individually or collectively) by one or more batteries (or other power source(s)). In one
implementatfSReraRd IRV, Tedwe srithor SRR B IR ARSI AE (BF BiFf8H8ensors or devices may be

integrated into a single device.
DETAILED DESCRIPTION OF THE INVENTION

[064] The invention described herein is directed to a system and method for locating, tracking,
and/or monitoring the status of personnel and/or assets, both indoors and outdoors.

[065] As a general overview, an exemplary system architecture will first be provided, followed
by a discussion of the various types of input that may be provided to the mapping software
application disclosed herein. In some instances, the mapping software application may be
referred to interchangeably herein as “mapping 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
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[70] Inertial Navigation Unit (INU) [71] According to an aspect of the invention, the 1INU may use
inertial sensors and magnetic or electro-magnetic field sensors to generate data that can be used to
determine |O¥GtR9AY/MdiEn PATENT Attorney Docket No.: 053216-0373138GHYBeHiaESIE of a
trackee. This may be accomplished by combining a variety of motion sensing components with a
microprocessor or microcontroller which provides both 1/0 support for the peripheral sensors and
computational capabilities for signal processing ftmctions. 1072.1 In one implementation, motion
detecting microelectronic sensors can be utilized, which may include Micro-Electrical-Mechanical
System (N1EMS) technology. The INU can include a combination of digital or analog accelerometers,
gyroscopes,P@ﬁ@%gc efi¢ fisld sepsers, In one configuration, for example, the INU may include a
MEMS three-axis accelerometer, a one and two axis MEMS gyroscope, and a MEMS 3-axis magnetic

field sensor/fgthermgenfiguegtionsimavhgsnpiampeniadbidén10ne ppieme MatioaseReBrheore

tracking algarithms may be implemented on an INU by way of a si r sing,microcontroller. The
one or moreLBY?)‘&}%?hme%nﬁér@ #ﬁlaegfa%% hims funni fﬁé%%sﬁgﬁg&ﬂ%ﬁgsgf 'thel rﬁiﬂJ mmagr}jereceive
sensor data aeviedt femdieutpunors yp sy (ocathon posvdinhtesdithesgiersotmenoritssétabaing

tracked relatiye;q,its)snvianment-o-RGation &stimatesypasition sstimates. candidrackisgigstimates”
may be used interchan e-ab%ﬂerein. [74] Communications and Sensor Module $CSM) 10751
[

According td S5 SEHRECOf th BNV eh o TiE e8RS ey 0B AR Eh Et¥k ot At A Yr 5565 Hom the

var'ious sensm&&d&snﬂqoara:ji' atbrglimapkﬁéolagigaﬁﬁbdl (mg.yh&aﬁex&mptehﬂ@npﬁe,sens;(ﬁroda@imo a report
which may b&%@o’%%@h@ﬁ%&%:&%%“&%}?e%b’%r@nﬁfe?Q%%EHNQﬁ_%Q{m%? gither alaredstenmined

intervals, on request, or at another tinte. The CSM may also include a panic button (or control) to
enable a tracket¥pieBmpatitiicate distress to computer 120, along with one or more general purpose

controls (or fpysonghwhosenstatisimay heseamasuiicaigdieycanvutesil 20ifef, prAcessingluliv76] In
one implementation, .erforminll_gosrisgg]n%l groaclessicnegsof the sensor? at the iates tQOenneed to

at U, oby
stream data lfber(tzlgmnﬁuf%?t]f?df’ n operation, o%rl‘i/ g remtive Orsl%nél %ﬁegeunf oef%z?ltlzgcr%}gof be sent by the

LEVU to thea@$MicatntidnyofibeGsM Thesifduter toopReduehal theraount oY degasseardanesmputer
120 may redyice the prebabilityREWIESIRSSHANSMISHONIRITORS) ARAIRHCRHENHARIS Rl and
CommunicatL%QiPO%%v&?g ggr?sgr:ss c|>\1/'I (%erxlfgcgs?r‘gprlélg:%irvl'zsgnts%rgciggj[ e&dgigapn?ﬁgmentation, 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
may serve as a “base station” or “command center” at the particular location or environment.
The INU, CSM, and/or other components comprising a given tracking system may each be
powered (individually or collectively) by one or more batteries (or other power source(s)). In
one implementation, the INU, CSM, and/or other physiological (or other) sensors or devices may
be integrated into a single device.

[070]  Inertial Navigation Unit (INU)

[071] According to an aspect of the invention, the INU may use inertial sensors and magnetic

or electro-magnetic field sensors to generate data that can be used to determine location, motion
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PATENT Attorney Docket No.: 053216-0373130 such as, for example, several miles. In addition, this
feature also provides for reliable communication of data from deep within the confines of multi-story
buildings an¥ Q0I2a468f the type that are found in urban and university cBERUS28M/IYBRA%ents. [77]
In an alternative implementation, signal processing of the sensor data may occur after the sensor data
is received at computer 120. [78] Computer 120 [79] Computer 120 may comprise a general purpose
computer programmed with a mapping software application 130 (and/or other software) that enables
the various features and functions of the invention, as described in greater detail below. [80] Those
having skill in the art will recognize that computer 120 may comprise a processor, one or more

interfaces (t(ﬁﬁ@ﬂg% heriphera,deyicgg or components), memory, one or more storage devices,
and/or other components coupled via a bus. The memory may comprise random access memory

(RAM), readamly-memmenyfROMIkes. othar meyieyacddie IRBEIGY Rabsiate COMmpYierexarutable
instructions to be executed by the processor as well as data which.may be manipulated by the
racessor TR G A A R R S A TSN e
storage devifseshfaresigirg somputed-exeittibleliprrbibtioh Sasiefel atassDaduoripeste applications,
including mappingRQfiWate BRRHGAHRNInmaY-Re-laadedipte memanyand tn.em.an QRRIAtng

system of computer 120. Mapping application 130 may comprise software module(s) which may
enable the fERFEHRATIHE %ﬁ%ﬁ?ﬁ R AR @ﬁ?%@@ﬂ Eihsiosds & ﬁﬁ?f‘f‘f’;}“{%&ribed in

detaill hereincdﬁm.it’me'nnasc dofed abnm&;gr_raaq:qlﬁma@mi@atmnoﬂz&o m;xxbgleéﬁeﬁl_@@l soipterchargeably
herein as " %Rﬁg%%ﬁeﬁtw@;a gi@c‘%l?%om%tﬁ%mfegx-; Wsaegimplemenialions, anAppliggtion

Program Interface (API) may be provided to, for example, enable third-party developers to create
complimentdiip &5l EHdR D EAMIRNE G BhaDEMBhieht e ieEarifel Tl 1995 O e @RenspgRrations

implementatigny, ompleteinisdD may comprise a portable (e.g., laptop) computer which may serve as a

"base statiop® or "command center.’ providing for the monitoring and management of persopnel and
? i{;llilﬁ b 1n§

assets (and}%}ngrm?gt%ﬁ g%@gr&%tteaé%ﬁe%ev\ﬂﬂ%%? gaﬁar ﬁqléorqocastlrcr)lﬁyoreen %%?#éiﬁt?%agmputer 120

may also cohiprisecd aciinshpesssimaiprsprerpy AThp@IEPNTore programmed tracking algorithms

running on the microcontroller of the INU may receive sensor data as input, and output X, y, and
z location coordinates of the 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,
along with one or more general purpose controls (or buttons) whose status may be communicated
to computer 120 for processing.

[076] In one implementation, performing signal processing of the sensor data at the INU
obviates the need to stream data to computer 120. In operation, only a relatively small amount of
data may be sent by the INU to the CSM, and by the CSM to computer 120. Reducing the
amount of data sent to computer 120 may reduce the probability of wireless transmission errors,

and extend the range of communication between the CSM and computer 120 to greater distances
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Attorney Docket No.: 053216-0373130 pocket PC, or other device, and may be included within the
WPAN described above. Computer 120 may also be incorporated into one or more of the components
(e.g., the INWPRAHPALKIBg system. In one implementation, computer 120 R&Y/HE206#AESEd to a radio
transceiver to enable a supervisory user, an administrator, or other user to receive data from

personnel and assets via the CSMs of their respective tracking systems, and to transmit individual or
broadcast messages to personnel (and assets) such as warnings (e.g., to evacuate an area).
According to one implementation, data may be received via a wireless network at computer 120 using
any of a var{i}ety of network protocols including, for example, TDMA, CDMA or other self-forming mesh
communicatiof¥Hetwork pro | J Mapping application 130 may provide a Graphical User
Interface (Gﬁsrf@r’qgl?ﬁ%?ﬁt’g}?t%%gg%%?,?%mong other things, providing graphical displays of position (or
tracking) estimates ofpessipel andiar assatsiingdudiog, bl nefdimitadoto,restisiates hassd on INU,
GPS, or fiised sensor data) on maps gor other d'splaggs of ;fariqtustkin%sj cllgding thosgugen]{erated
based on cSREUEG AR r@a&aa%ﬁ. ee%‘mhﬂ'ﬁa{éefﬁ? SR SR CARBIF ST SRS Rfdrmation of
personnel amned/fypagsetscasuwietermbnednidysersorseopnestedtaontiies CSM, including the INU. In this
regard, a ugprof comptter 120 (6:6- AR RCiH e CORRARAR AL SIS ARNE% SCERE L faNIIONItOT,
among other things, the location and status information of personnel and/or assets that have been
outfitted witheBSHERHG Sy AR 1d%ne exemplary application of the invention, a First
Responder/gafetydeppwnunmations Network is created that links all emergency personnel and/or
assets outfi with tracking, systems with one or mare Incide ) ing to an
aspect of tlféglg‘(verylft]%nr{ufﬁ §s%agsg?%gﬁsfnaj%n§{er de g%gbgerg %?nrgg p%)?rc%%g}?rg %alrlﬁiég r%rlcial

intelligence tsdsederapipisiymiay radisedther cofrakate Hee b anibriativn (s BthBrsétisor data),
for exampley e aps:ebd givenMiiding Qrdogatiopelsvone implementation of the invention, for

example, position estimates of a trackee may be displayed by overlaying the position estimates on to
one or mor&’ Wag&‘?%?r%fﬁ%% ?@]pﬁfﬁe) %Bafgftirﬁéognﬁ%gg%tqug uurtreér#? gérr%é’ré?‘%)cnasﬁc? or environment.
Examples ofimages(oimthecsdisplayspwmayinbhidediniagesrofombuikding owtineg, @tsuildimg floor plan,
an overhead imaggof RAREN LAt URaeReckekNes 323516-08/ 3138.9N8.aHildings:or

structures (e.g., a corporate or university campus), or of other locations aor environments, without

limitation. [(BASATEBH R DleEtah T IBPEX . o RSO N rreSBERYN BRI A8
(displayed inciapktima}caaneintalitha tsackeesipathy(tr pajestoryjsasdl is generatddmmiréal-time
(¢.9. by displaying.same of 20,01 he,pasiion esurmates Opneraled.for e iadkae hased gpracicing

data acquired f e trackee uring a current tracking session), various position estimates that have
been generarsgaldliFiigtrresr ProbessiRTgrnReF OOV BEGUFE KIS THaEaTO P Mackee,

and/or previgus natbs(Rlsegmentbibareniliot airckes hased PlqRYiqus|yagqueitedddanking data
for a trackee. [0851 In those instances when an im?%%rﬁoﬁtgrthl%diﬁpl of a tra kee'ﬁgurrlgent location

a
or environm y B T 8iHb i@ 8L EoH S2hn Ate Ay be dispfg)%}logq??@#é%nas it is Deing
created usingmpaischuiiciag metklods dask rivedinbietzd| frvein a0 SeTTaTsHE itAplerPe ARG, if multiple
trackees are Reing, maniiored .ihspsilianesitnatesfanslinnirackel of sachidtankse, mayphg identified

by a unique visual indicator (e.g., color, shape, etc.) to facilitate the rocess of differentiating one
trackee frordBRYGRAER. ]Iﬁos?}?ﬁ’ebﬁﬁﬁf@?ﬁ%ﬁ?dﬂ%ﬁ@aa Ak SEERES O, gﬁlvﬁ?fé‘f'?ﬁ%i@éton?ar%%l{}%diﬁer
depending aeciviogipet thin traoke énglimemorsoos, cautddppicFon ckagiple, Iattréoke 64Maynye depicted on
a display as, g blye,Girclg whilg indagrs aad A hlkie aquRiRwhile otdonrssQIbervaratians,gay be
|mplemente8. 087] Map information (including, for example, floor plans and other building data or
location daté} W%éﬁ’i’é‘“ﬂ“ﬂ"éﬁk}a&%riety of sources without limitation, or else generated as
described hesein. In enedpRlgmme Hiplion€ampWantla NEmynascasspane atpsneliwelesiteptap) intranet
site, or other site or appljcation hosted.by one or more servers (170a. 10.... 17 0 %{-E%Eﬁ mputers
over a netwg?l%ni%%r(\&/%gcg Wired or Wi?e%xssg f:tsun%)?n Unications ﬁsnc&f?t% Jﬁ?gliir? lﬁ?atg%o%nmation. ap

information mdyrbessbrzdricef, fers@xahaib 2from(Mit teonatiovirsed Bedt TRV Y G R AN,
GeographiciipfermationSysiems (Slahimans00hioMO i SRUICESH phone, smart phone, PDA,
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1088J 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 Netwo¥kP, HMANAMNIetropolitan Area Network), or other network. PATENTUR#6%4E33Focket No.:
053216-0373130 0891 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, 1801), ... 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 example, INU data, physiological data (e.g., heart rate,
respiration r%@”‘éﬁcﬁot@{g(@ 1ssfs.gyjsgnmental information (e.g., temperature, atmospheric pressure,

background rac |Iéet¥on, etc.), or other status, situational, or other information may likewise be stored

locally on cospruterd 20 offeiione:Oind aif daiabiages B0and 806, N.dL&ON:oEBsher Staipger devices
operatively cgtalnect%isgq)ecorrlgguter 1 O.tLOQOl It shoultdtﬁ)e recogni e? tha%h% toafbaase enerally

referenced il’ll & g/pecmcahon 8?6?? a%ui?&ﬁard%?gb%se)e MY co?%ps)r &€ bne or more of databases

(180a, 180b,s186m) dr othémptoragetteyivewnddifdmallybaryrektaldp infedinatiorrdesciitadbiss being

stored in a datghasIRAYkaIse ResiAtesdeca iR COMBYLEEI2@Mil Hh 8 R¥eRlian asdesqibed
herein, may utilize and_ integrate different methodoloes and system components to determine the

location of triEKketMpetsBREF Tt JEEERS THEL A/ I8 FRwD SRESHRE Al iR T bEPe and
software, to mipemizedrgetdngssnr ftdmaanyasingle Gata seteotcserson. ke systemdiagdanethod of the

e IS RIAIR. N E N asla g eI IR G L ARRATISR YIS IMEMS).
Global Positioning Systerns (GPS) when available, and signal processing and control algorithms
incorporated’ #HAfRETECHher Sl it Brofa s RS ’ﬁ%@éﬁat@%@%@éf’@‘é{é%ﬁ’%ﬁﬁfﬁ%, among
other things cHagdegatie, taeiigh paisteisientation of personnel andlor assets inside complex structures
(or at other tions or.environments). [092] The faregoj escription of the various components
comprising @gé‘?em a?lp%lﬁ%c?ﬁﬁelc%%iis% :é§<enPn Igfff%%ﬁy? anr(?ps (baﬁlé%\eétr}gqee{/%\?ve@@g Iﬁit%%?rThe
invention desttifrsd hisreintmay Wek WithesarousByesteapidenifigispdaisns! Aesddingly, trediagor less of

the aforemepdipned systemnaempobens @ haikisar andiohcrabingshinyaiusiMIteraertations.
Moreover, additional descrjption of the CSM IN%'1 and of other cop one&ts of system 100 may be
o@%‘z@ HBE

found in Unif’é%?ﬂté@lw&t%ﬂf)A%mﬁéﬂrﬁf}Wc IR SLB081S e Btblished
PATENT AtterréyobDackiet®tb rH5384,648@873T8O GUI may further display identification and status

information of personnel and/or assets as determined by sensors connected to the CSM,
including the INU. In this regard, a user of computer 120 (e.g., an incident commander at an
emergency scene) can monitor, among other things, the location and status information of
personnel and/or assets that have been outfitted with a tracking system. As such, in one
exemplary application of the invention, a First Responder Safety Communications Network is
created that links all emergency personnel and/or assets outfitted with tracking systems with one
or more Incident Commanders.

[083]  According to an aspect of the invention, and as described in greater detail below, image
processing and artificial intelligence based mapping may be used to correlate the INU
information (and/or other sensor data), for example, to maps of a given building or location. In
one implementation of the invention, for example, position estimates of a trackee may be
displayed by overlaying the position estimates on to one or more images (or other displays)
depicting a trackee’s current general location or environment. Examples of images (or other

displays) may include images of a building outline, a building floor plan, an overhead image of
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March 27, 2008, and entitled "METHOD AND SYSTEM FOR LOCATING AND MONITORING FIRST
RESPONDERS" (U.S. Application Serial Na. 11/756,412, filed May 31, 2007), which is hereby
incorporate V92084268 herein in its entirety. [0931 Having provided a noRUFAIRAYHIEVI8w of
exemplary system architecture 100, the various features and functions enabled by mapping application
130 (vis-a-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, Whi(ﬂf&ﬁé e%gmgwsgilrg@mg%omese views should therefore not be viewed as limiting.

Additionally, u§%"r6¥n6ﬁ may occur via any input device associated with computer 120 including, but not

limited to, a keyhQArtERRPBLRHRANHSEIIN stylds:1sk UMeni:AHRGEE)HAIDMERSUARAS or
implementation, or other device, While user inputs may be referred to herein as occurring via

"clicking,” foF XA S STt e BtGhs are exemplary in nature and should not be viewed as
limiting. 109482/H. AMMABRIAG ARPLIGAT,| ONHIRLIT S [00ieAcanrdingaatan alpett ditieindention,

building datg, Haeking daiz. andlor elnetdala mAYRRRIBAYE #a BpuRMRRAINGRRPLCaon 150.
1096,1 A.BUILDING DATA [0971 Information about specific_buildin si%gr building data) organized in a

building datalaSe 86 st RigaTReEHAN I EEh BRI ey VbR fgbﬁl.'aﬁ\%\’(%n Bther
things, it candyelpinfsitiuatipnat awaiene ssrfoitemaige Reyiseyvieespigronaivigationagndhmission
planning, for viewing navigation and tracking.da ) iRrovi ion.estimates.in the
tracking dat%eggl%ﬁ%%é}ef%mu%nﬁel %errr%rgrcgsfo’rlglﬁl(%ﬁé%gég ?%Qgﬁ%go%ﬁ%&bﬁ%m : I\}I%st buildings are
characterizeddyraueniaesrprsetre sestentasrseR detigesasksagare BRIRIRE s Bridifisht HkiRvays, and
possibly mulfiplefloars.padth stairwells, elevators, and escalators being the primary methods to change

floors). In addition, buildings may be characterized, fqr example, hy construction t nd layout type.
PATENT A{Meyjﬁglé?f&Wéﬁ?ﬁ%é@fé‘-ﬁ%ﬁi%eo?fﬁﬁqje ﬁ‘é@%v@?eég’é% %ﬁilﬁﬁrﬁayapaf%%ﬁgyoge used to
improve the asturasyofbptie ontdebrbin dontipartitmatssimtydre diskmngdatsebyamatchindehe tracking

data to knowp building fGalues: REXSIRIEERRUIEES MY RTQYise aerial imagery comprising the location
and images of buildings. In addition, there is Geographic Information Systems (GIS) mapping which

includes bullfifly f&bRRSrTERISTReRIFRED.THSMARIS JBFEEE 715, BREIPERHY thda 8 SHPATBIIRg data.
By combiningdafarmationikaiicanke ebser el it dgralhimagesyqGlSdapers csitelsurseyng, and

user contriby %19 a Cﬁmﬁg%hﬁﬁ i\é)er Hatabasegthuilding data mayhe cregted fonuserin sgyeral

applications. In"one iImplementation, mapping ap ‘I'fcatlon 130 may enable users to, among other
things, markiapksregierspailaakeeiatastasiagd aigels Roisrsrate diffyr 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.
[088] 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.
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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 featur®s0PHE/RNGhay enable a user to, among other things, "create P& HEW2BIGTAL #n 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(r) Virtual EarthTM) may be displayed. This information can aid

a variety of Li%";%:iyrbgc}{eq@g%gﬁggy%gons. As one illustrative example, this information can assist
Emergency Incident Commanders in planning roof operations, such as venting, for firefighting

operations. [@294] Mnpddiion: sereraceessibienagsialdnagery, selVaighnaltides magasroéa building

from four or more different views such.as, for.example rth tSoutp East, %ndW I FIl . 4 depicts a
. color atc, O{E a_person) a sei’f %{%rmatlo and/or’ other 1hforma 1%n may be sfore ocaily (161 o
display 400 according to an aspect o the invention, wherein an overhead aeria Image of"a building

(viewed fromameuséortRY.obtdinedefranmars slarde(es. gL SRict8gbit(r) VitmaPEafhTHI reRfidyectiewed,

Viewing images.af apuiigingdion fepnpeemore difersnt vViews-masnreveah-anent alher infaemation,
the exits of the building, and infoimation lrt}eégé{i\rdi gjk&building's P@ ENT. Attornecy [glock(et No.:
053216-037314Er8FHOtRuIN G ViRing HBee AP0, BBYIaRle R, frfarfacing

With Qxistinghaﬁfiahﬁma%i;aﬁmﬁmefe,emr)b@m&ﬁoaingeimag&ésma@gexﬂ toferieiidinG: i, atdaiabase,. [0105]
Bullding RefgeNgrAOING ANchagalasaliank HHAS Llpe.oullig arfpaiptinalg.ulding may be

useful in tracking systems. According to one implementation of the invention, a building outline, for
example, M PR UEEIEYd&FEt B At duihates YRR URAGTHEIRUBOR PAtHE R EPdE RERS) remain
within the outling.. Thseps be&uiassliahies ispsignalbasedcsysieospdiareoutliers are common, and
even in inertjg} tracki tems to. carrect scaling errors. In addition, several building features have
been obser\}eaé}éio (é)kes aﬁ}lg?%lgalteg(iﬁnelzgui{h E]Eéni/)%ﬁ{l;ngea.s eigegaglgerre\?%?gﬁéﬁgﬁﬁae% egle%%}(%élﬁ'é'r’aate floor

plans of builbiiginackieasy raydeeomaes for sngukie difdarhaeatial &pstéhes, .. 180n) or other

storage devices. Additionally, any data or information described as being stored in a database
may also be stored locally on computer 120.

[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
United States Patent Application Publication No. 2008/0077326 Al to Funk et al., published
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[0107] 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 u®BeD 29MRRA0a8polygon to represent the building outline. The buil B GRS RS 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 clielcing (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 _neﬁ?;érﬁlq%aelt 3:?]9&11;9 ?ﬁl@uilding_ExitS. [0170] Most of the exits of a building may be
visible using aerial imagery from diiferent directions. The exits may be rejatered using a GUI tool that

tehne_lbles a umrga Qﬂgg&i%,(@i%gptéﬂa]{rgaswﬁgﬁ exisaneher é@fz@rgﬁdm,ﬂ@g@ﬁﬁf #y: puilding, using
eir corresponding Geolocation. These exits may.t u r insta or.matchin
outdoor-inddorh ﬁ%n@ng ‘t%ﬁfﬁﬂl%éegﬂi(ﬁotréngg’g%n?ﬁﬁ?\é%?'ga}i’tigé ’ i%cgﬁslﬁhg‘\g/%bé/ high
prc_)bz_;lbility oﬁﬂmiprgascdwmfghrmdl@@m@ntmau.ilding exits. [0111] Building Name. [0112] Each
building ma}/obgglﬁggzgggpowmaam.mtm@%@é@@mjfi&r (8B BRI PFAIRY 20N RATENT Mtorney

Docket No.: 05 130 number of text or numeric characters) in a building database for
purposes of eHedearkETD P Bis FIAS RIS 1HPASA Al B RIBEfAPREF ALY (ésts o ¥Mith Y0P buildings,
and for navigatian cirgeiiens) (Gl k3lBidildipgifdevatioardatao 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 associated with computer 120 including,
but not limited to, a keyboard, computer 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] 1L 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.
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10114] 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 dire®i@3UpPgRIBGEE units (e.g., feet, meters, etc.), it may not be very RE8i{ISEOPH8SEchal
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
differences in the height of each floor in different buildings, and the differences in the number of stairs
in-between ggb%’ 9&%@5‘9@32 9-65'%'1‘?6 a floor assignment process more feasible, it may be useful to

include buil |n(émeef’evat|on data (e.g., number of floors, basement data, elevation of each floor, or other

building eleyabign dadannthkewidingddatadhahls tngaed to (@passaiadeshmith) abbtilding 40115]
Number of FIo(P[s. In on(f implementation, of %he invglntiotgé ¥he nun&ber ofkgoor Lnl ug,utileg'ngsr_nay be

determined Bl% SREIEHFr o SAE G e BiHIRHE Sid8 Tiews” ransn UIlding types. it may be

noted as theSenembesofrrewvsof mindweriat different atevistierbe [DraBpBademeast Dakaildissrveyed,
S

of a basement level is visible from aerial imagery, it may be noted. [0117 .Eleva,lg n of each floor,
Knowledge STREWetafiolt 5 ealhosr RIS héiBYin thd Bidte &t tﬁs‘é’ié‘ﬁﬁ]igb fi %P%Lﬂ’?%e g'to 3D
po_sition egimaﬂasm@&mhfﬂmﬁgemmﬂWarﬁgaﬂ&d ﬁmim&eisalrimlﬂwm Glﬁéatmin&id@&bancﬁsﬁoe@een
points. This 1ay. hetxed (o, ud e anpipyimale. distanah PSR e gLaund@nd.aprioYipate start

j

of the first floor, and so on, for a Po the floors. The total elevation of the building can also be recorded
in the buildingréiatEore118] Importing, Marking, and Storing Building Floor Plait Data Wizen Physical
PATENT Atioumey 1D eskelohNtmenddt-23ss8i 3 hpiepteessings)piioblis Availahlamang disociating

Buildings W‘Icmn-gsr: ?rilgrlf{lgr?ci Elg?sr%esr' building data using various tools of the GUL
[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 Imnages.
[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,

amono other information, the exits of the building, and information regarding the building’s
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[0110] 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 prévdeoEBmeekt for viewing tracking of personnel and/or assets, MaiHi3g80840E38Ghs and
rescue operations, and performing other functions that may be aided by an indoor view. Further, and
with regard to tracicing, the Imowledge of a building's shape, its floor 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 floorBiENs tagged by flonr pumber and/or global reference may facilitate automated use by

{1 911534

mapping application 130. [0121] Building Features and Landmarks, [0122] Indoor location based
features andslandmaiks thatwnightehevsefukior vewinganeirackipn, masntaghde, bt atrmet limited
to, structural landmarks, g%gal an refterergyce datat, u(;ilic{ Iandﬂg%(s, agdtq;edia. [0123] Examples of
structural larf rﬁ%alrll?ggr%rgy Tt ’e?rbﬂtsaorrénﬁcl);[nﬁﬁ?ﬁe%?‘fg:ﬁf XitsTENtrances of the building, possibly on
multiple flooréi ¢2)) Brdiing IRef¢ByEd¢Qatlins/Bot Genborytips) Hallways; (5) All Rooms and entry points to

the room; (6)¢;959&1RCRMSe OF) acesid8); Walls apd APSINMEoNs s Ad:HA9) Leenesdivity of each

of the foregoing with one another. [01241 Exampf’es of glgbal and reference data rggl

) : 1S include, but are
not limited t6°Q) ERISPBIATC I JBS 54 Erob PBIR B8t aHa B FIBdr Pl I%’D%ﬂrﬁ%tferences.

[0125] Exampdlae_ﬁcmfe@tﬁii.ﬁgtdahgmatﬁsgt@ihﬂdoﬂmﬁh{bﬁmmewjmﬁeﬁhtmt(ﬂ;) fﬁgsu_miowéfﬂin%; (2)
cmergency YIIGIOGAIonR, e Hngggm;a«e%@rwﬁé?éso&ﬁ%g (- ROMIGHR./ Wil ACsesRRRiNts and

other wireless fixed devices; and (4) Cameras (e.g., security cameras). [0126] Examples of media may

include, but Erekis: fYRieaY (6: QY Phstaiasierandi(Zdiimsoseerd Piok&ifHy BURih§eBature and
Landmark Deggerl@d 28bAstgieting te-aniaspechohtheTnventiondosesydatastar dujidings may be
obtained frof 545 EeNLa AR drawings oL uiigR, TgsR gThulino floor lans in any
[0107] 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 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
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PATENT Attorney Docket No.: 053216-0373130 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 cAEPaNeEH¥8Ns) to be added or updated manually. According tB(EANRSMREE BB TRe
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 and/or edit a building in a
database, and to register all available data associated with the building from various input files.
Additional diﬁ%ﬁi@%@&e@%@&ﬁ?&@ﬂﬁ% the intended application for which the building database is
being used, such as for tracking. [0131] In one implementation, building data (e.g., building features

and their desgriptipr) regisiereehinthabuiidingidatabase may.bastreshipanivrsakiossaaisuch as,

for example, XML, orin other ormats,qT_Ep leve] of detail may be customjzed dependin on the
intondedt ua o e BHRTHY dRaBee LSRR oo A T R e o o R
characteristidgeofitracking data available from inertial methods, signal-bascd methods, or other

methods, or B fugion,hmetngda.i0832] According to an aspect of the invention, structural features on

floor plans may be marked by a user (via a GUI) as points with an ix, y) location on the floor plan, or
as po|ygonsfﬂ1yé€4é%}%§%ﬂeﬂ%énﬁawamgwwsﬂ B thgribthe A iR s B ST S HHREHAPE Affdmark
Details. [0131))((). ExitsHantrances: 35 Ekexits dndintiances toabigildinginay deastird oh ibe

situational awargness. naylgatanang idanee andlersauecting Rosiion.ssimale Wagp giransition

is detected from outdoors to indoors (or vice-versa), or for other purposes. In one implementation, the
exits may bePHARReHAVRCHTE QU ERFELP P IsEatiACShIRE o FBlabe Wb@@ﬁﬁ@mﬁ%ﬁ gf4fning the
exit area. Singavaostthslildingexitsropandoie hallwayssdobbieming st@its, fegisiatnghp closest
landmark of cach type when present mayhe Ussd i iacking and navigation sysIeMSiand te

elevation status of their personnel and/or assets, or their own location. This, however, can be

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, Mavrking, and Storing Building Floor Plan Data When Physical
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PATENT Attorney Docket No.: 053216-0373130 [01361 (2) Stainvells. [01371 Stairwells are often
used by personnel to change floors, and marking stairwells can help reset a trackee's location
estimate to W 2¢r@i&idirwell, and update a trackee's elevation to the corP&d/HEYNIAT3HES
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, ofteﬁﬁ%OD@ﬂg ggmggﬂg_%;%glaother direction, often opposite to the previous direction. As

such, if a persgﬁnfﬂrns clockwise at a landing to get to the next set of stairs while going upstairs, he or

she must turp,gnWpieEEwIsE While: 5e)ng dewnstais BUmE A Sevatia Fayhrixsed while matching

trackees to stai eﬂlqs. 139] In.one.implementation, a stairwell's winding may be defined as clockwise,
cou nterclocl(ﬁgg//, S r%ﬁ{gﬁ't?noFougﬁggg lgﬁgtﬁ%r% Sifition 6 538\% fhggrg%o é]eegcﬁaoectl%%ﬂﬁewlﬁf%cﬁ’rns are
made while §uidggrstaidsfobcenventidnvibtiher desintiondenaplioe utitizeddng4obase-adbition, for

each stairwefl, sheHQor.tg which it copRrtds Raxhededistergd fdadhe Gldldaindicate staivells that

connect only specific floors and do not continue through every floor in the building. When available
é‘ﬁ@f‘-’a

from plans oP AEHAEHERPIS IR AFShR ORAE I BRY BF CTHESHARD SO PRATELA5H i€ be added
to the stairwelligateichiBudéta, maywlié usedito reskive theknuwibégeafffidorddorgsseabin ialgloxthms that

count Stairsr%a%&mll 25 AL ARG NS, [ e;rilstli%g9&96&éV£&Yem@eﬁm%e&éoa&any%% and.gther

4
landmarks may also be registered, [01421 (3) Elevators and Escalators. [0143] In addition to stairs,
elevators antRBduastiziacs Brikingsadlenr persbivhiel W erhe BRBOFsCiFRpinr kB tRem may help
reset the location esdinrate;ab adragkestaliharcartest Llevains oaesealaiairadymayshetisiet to update

a person's elevalion o ihe corret flogr,Inyone implementation, slevators and escalalors may be
marked (via the ?)rgs point objects, or as a polygon spannn%g e region they occupy. The

connectivity afigiegiatols derdnes sxiafaedirpiayupser RATEIN Tapping 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 limited to, structural landmarks, global and reference data,
utility landmarks, and media.

[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, etc.; (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,
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Attorney Docket No.: 053216-0373130 be added to determine the possible floor changes from each
landmark. In addition, the connectivity to hallways and other landmarks can be registered. [01441 (4)
Hallways. [OYO23RE8d#68ng to an aspect of the invention, hallways may be fediKe&08#tdXtey 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 tracicing and navigation, hallways may serve
both as a location correction landmark when long straight tracks are observed, as well as a heading
correction Igndmark since there are essentially only two possible general directions to walk straight
(along the léngth’o iyen bal 1461 In one implementation, hallways may be marked (via the
GUI) by poir?trggnre%o&% af'tﬁge%t%r é#\ end of the hallway, and at a point where hallways intersect.

Hallways may.alsa hemarked asiRogens oupicalixsectangles, that indicate both the length and width
of the hallway. Once a polygon is registered, the slope of the hallway may also be calculated by
calculating #{é%bfE B %Vfaﬁsgfg%%agf tﬁgﬂgé%fa%é?éﬂ%ﬁtﬂl( B REfodA TR eatiSh of each
room in a buieingenaytbeandaredalongoniitenrales Sintaltkd roonely factiateaccuratectracking

estimates. 1g.40d]fion, ASSeclARE RAMSMIDMNG '&ﬂ&‘l%a‘aftg‘&ﬁ%l‘%ﬂé{bﬂflgé{& REPESSORARY other

identification indicator) using the room can help in navigating ghrough a building. Inone ~
implementafiod, BigHH MR BBEaiREB 2 e S B asiBseloset peiyy orPidh Ass &g ki 4rea it
occupies onsthgafieoeiianmasial peleancfitarepe singsies ety peintsisuchoasidosnsn aapelygons with
doors markeg asdalssociated points, or in other manners. Location of entry points, as well as labels to

. ufilized, . . .
describe owner, occupant, purpose etc. of a room may be registered. Connectivity with hallways may
also be markdddbiaenthingdpsitiewsinoa e durofieaontriod 40l{gYipangd RephsuastiOperieSpaces.

10150] In caggemaaremrideem datrinnohavailableemarking.orlithedyaadoemsais.oper spaces
Ay e D T g DAY Ran, 2N DS, IR (NI RAINS Ay e, for
which the building database is being used, such as for tracking.
[0131] In one implementation, building data (e.g., building features and their description)
registered in the building database may be stored in a universal format such as, for example,
XML, or in other formats. The level of detail may be customized depending on the intended use
of the building database. For tracking, landmark data may be customized to the characteristics of
tracking data available from inertial methods, signal-based methods, or other methods, or a
fusion of methods.
[0132] According to an aspect of the invention, structural features on floor plans may be marked
by a user (via a GUI) as points with an (x, y) location on the floor plan, or as polygons that
represent the landmark region, or in another manner.
[0133] Structural Landmark Details.
[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.
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PATENT Attorney Docket No.: 053216-0373130 matched to hallways and inside large rooms and
open spaces. Marking these large rooms and open spaces (e.g., gymnasiums, warehouse floors,
exhibit hallsMOBRBIEE)24868 can help matching algorithms to fit long paths th&(@U3eEEEs dong the
building's main grid angles. 101511 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 buildir%’&“ﬂo r plan fits_into. 4] (2) Floor Plan Boundary. [0155] A polygon marking the
boundary of t gﬁ‘gc%ogfgr%?ﬁgsy ig ?ngllg?ered (via the GUI) to describe the limits of the floor. If the floor
plan is for thg epfire puildipgithe boundary may be used to confute the tracking location estimates to

within the boundary, and to correct errars. If the floor plan is a partial floor plan, crossing the boundary
can trigger th&d W&%?&??ﬁ%‘l&ﬁfﬁc@h{’%ﬁnﬁﬁﬁ Shenss Beoding bRekRgs A EsHN At B to build a
floor plan. [0£563 (BFFosldRkinGohatReféreneest [81L5FIAccbrdiag totankaspedtvafithedivention, for

each floor p'%hé&?f&ﬂgﬂh&gﬁ%?&ﬂ%i%,%tmﬁ?Fn‘arﬁrBQ%L%&%-%J\’HQ BOHER) RihTE; flgor,plan can

provide a georefercnce to determine the geolocation of each point on the floor plan. This combined
with the bouftfPy H§ay teseisdiiaaRtehtssi¥e floor plan in global co-ordinates. Alternatively, the
boundary of e fjors: plan-may, badiesebet asa pelydonicoMpHsng REIRISIVhDSE geplseaton is
known. [Olsgllaﬁ@eﬁse \@z%ntlglplg[%gtg ‘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 statrwells, 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

opposite to the previous direction. As such, if a person turns clockwise at a landing to get to the

next set of stairs while going upstairs, he or she must turn counter-clockwise while going

downstairs. This observation may be used while matching trackees to stairwells.

[0139] In one implementation, a stairwell’s winding may be defined as clockwise, counter-

clockwise, straight, or using another definition, depending on the direction in which turns are

made while going upstairs 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 only specific floors and do not continue through every

floor in the building. When available from plans or from a floor plan image, the number of stairs

and the number of winds can also be added to the stairwell data, This data may be used to resolve

the number of floors crossed in algorithms that count stairs, as well as an angle turned.

[0141] Connectivity of a stairwell to hallways and other landmarks may also be registered.

[0142] (3) Elevators and Escalators.

[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
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0159.1 For software depicting aerial imagery, the height of each floor and an estimate of the number of
floors may be noted. For buildings with windows, each row of windows may be interpreted as a new
floor, and th&@éiyatdta&ch of these rows above ground may be noted as tHETNEIGPSHTRIAS 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. PATENT Attorney Docket No.: 053216-0373130
101601 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 image%‘:t%‘%? Bac\{(gt#gyvorsg%%l 51}3550” may be blurred. As such, mapping application 130 provides

advantageous s that facilitate the extraction of useful information from available floor plans of

varying quality. Jdith regasetiaimatehipesand visvalizingdagicingResitipns.rnarkingiayen, aifew
landmarks on floor plans cap enhance tracki ccuracy. Morgﬁgetailed feature marking may also be
performed t@?ﬂ?ﬁ?&?@ﬁﬁéﬁ & ?Vé@ﬂﬁ@ﬂéfé ﬁ‘/&ﬁf &% entations, automatic feature detection
algorithms, fllewee iathansal marking of undetected features, may be used in lieu of manual
marking. [01)@;}5?9&%@1@9&9?% Q%@PBPMJ‘%%QX@JH"i’i@ll@ags%éy?%‘é b Ravided 4. £0aRle peers to

import an image for a particular floor of a building. The user may then enter (or mark or register)
landmarks bSPURE o0l dtfEssts nete sl mudiasss. cspasaivabtdrtariy tBibres mplsiet ttian,
hallways mayuhéinaaekeetyimtie Godb plicking O forl poiniado Harmaasratiangeaepalygan, or by
drawing a rectangle. In the latter case, mapping application 130 may compute the locations of the four
points. 101651° ur?\r/aevgrﬁlgﬁv%?‘sva %;ob%egggg%gg%)gﬁgt% %rb t)%’f)'n )\fftvlit%(rﬂrr%?ré’ p%llnlfrg,c%mﬁoﬁl}lgne or
combinationne? ghiiise Salbsrsi arc eevec il Ry 4 scatien sofrartire Faadmediculseltne Stojshtdfackch
hall\(/jvay b{c ogmswmabgﬁw?e ff é_.tslé@mgrcegg@ioggiﬁﬁ%]ngh@sﬁﬁémtg@mr@lagéél?ﬁiamagmg @)t;égle arc
used to refer to the positive, clockwise acute angle (O- egrees) hetween a line and the X-axis
(horizontal B GEFREA UGBS EaP S AL BRI T DAY S GO 0. 1 b2 (42, y2). the
function arc@dg@nh(yﬂeympdﬁnm;a@umdlamang& e redtiad<viEhis &lglebwhemtsonvedmditteegrees
lies betweerktﬂ@%@rbﬂdlgpthmﬁlﬁl}%g?ﬁdﬂaﬁg pisinedas Bieia Qﬁﬂéﬂé’%’c\’]’ﬁﬁr%@y@&qy'as%a& Also,
n

aretangent(y2-yl, x2- xlI) modulo 360 is referred to as headingl;rb erein. Therefore, heading between two
points, or al dirroslyenmschidiealteres tanglry Jraonshyet hefehs srase Fedaridib oy alistion without

a Once a polygon is registered, the slope of the hallway may also be calculated by calculating the
slope of the long edge of the rectangle.
[0147] (5) Rooms.

[0148] The location of each room in a building may be marked along with entrances into the

room to facilitate accurate tracking estimates. In addition, associating rooms with the name of
the 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 etc. of
aroom 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
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PATENT Attorney Docket No.: 053216-0373130 direction. For rectangles, slope may be defined as the
slope of one of the rectangle's longer edges. [0167] Alternatively, the hallways may be represented, for
example, by\iickiEesstart and end point of the line representing the hallal/dSassAhe3fope 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. [0160] Stairwells. 101691 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 Fhei?ﬁ%@tﬁi&_@f 1\'1]:) Wj%%i?g3qglggtion is @ndicated in th_e floor plan imag_e, it can be entered for
each stairwell as the winding while going upstairs for convention. The convention may be chosen to be
winding lookjngcygiap dami,Ruhanesfivastionshruldbs chaseafon ceRsisianey {94 A fginatively,
stairwells may be marked as a single point in the stairwell area. Since stairwells often open into
hallways, th& StafRies fﬁ%’r%m? t KPE LBIRORE BoUIEPRIFL A6 ¢ SAMBERBAIFHBRY plans of
the floor abmteodttipel owfiatenayaitabile; thexaornectivity tbabuildingistenegdr Fargisample, if a stairwell on
the 7th floor }519? @%&Qz}?cf‘h/e}%;l‘?e%tﬂ%aﬁ@d not 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 mé?/llgél b g auto-detection algorithms [0171] Elevators and Escalators
[0172J In onmissplRroentaiitsn elevaioss tanthescalatiaismay bemirdad (\Haildie@ld))vin gore@nner
similar to stairwell regions, while nating direction, up or down, for.escalators if avgilable on the image.
Connectiy s B e e R R e S Y B PR 1or
74J In one inenentaionireliertivanca i ail s etneficerypamanag e riafkedefia theaved

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
the floor plan is a partial floor plan, crossing the boundary can trigger the need to display the
adjacent floor plan in the building database, if available, or to build a floor plan.

[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 buildings 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.

25



GUI) as points (or otherwise), and connectivity to hallways registered as described above for PATENT
Attorney Docket No.: 053216-0373130 stairwells. Exits may also be added for applications in real-time.
[0175] LargdR38992J04¥ 6] In one implementation, large rooms may be dr8BWHUR0BS@TRABI®, 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 opcn spacc. [0177]
Global References. [0178] According to an aspect of the invention, and as mentioned above, an entire
floor plan m{;ﬁﬁﬁg %((eeﬁrerbgf;ﬂﬁl_)%,g%r%example, clicking a number of points (e.g., two) on the floor

plan, and entering their ge%iocatlon such as latitude, longitude. Geolocation information may be

obtained fropp Migrosaftly MEvALERSNEMzopaliambsith, Geographic Information Systems (GIS)
maps, or fro er sources, The two points may be chosen, in one implementation, such that they
are extremit@gO @tﬁ%%@’éfﬁﬂrgﬁﬁﬁgﬁq%és%% FeisThie YRaHE Ay S b e ITIRAhBeGEMe for easy
clicking. Forarelsblferdmeddpointslen plftocradrbtr aamgmmam@mimmmqhe@m above
ground may Regegistered o asaigndlporaumbers.afteranalyzing rackinggdaia. This glevatign may be

obtained from detailed floor plans or from satellite imagery software, or from other Sources. The
boundary of §81Hd%r SERHAS BE'EiterSEB cRABMYSHRTSHRMIAG BredewrprpsrTo PPy Storing
Building andtilofaciRian BatanfRt8Obiend infplementatiensaies gvedplaisoenierad, dhgifjoor plans
and their re tive data can be stored in a file (e.g., an LAIL file) or other fonpat with tags for each
separate dai‘??ﬁﬁ/pré%’ﬁﬁ?e%?p e .?Bﬁ_\ [garhzén t%\?gma"tgcés%? ém? ﬁ%%ﬁ?ﬁ%grgﬁggfﬁm@ﬁ%o%nd mark
type such adlpalllwiays, Smirsheaing $edinE achizayd miierty gty fsetassovidiod with wes bor its

individual dajasrebdes peits deserbingthe halways, slopsmefithedalhvavaantsaan FhahUVIL files
may t'hen bedt?g%gg Hoggt bg”@’c!?i%% a?thhe u%flon%égra d gypor'@% into t,he building database. .
Additional data Y he°HadE &'exis é g R S RHRG dAt PRASBA ] using
mapping applrcaibmatB8gor other software).

[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

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 (horizontal axis in screen coordinates). For

a line segment from point pl (x1, y1), to p2 (x2, y2), the function arctangent (y2-yl, x2-x1)

returns an angle in radians. This angle when converted to degrees lies between -180 and 180.

The slope is then defined as arctangent(y2-yl, x2-x1) modulo 180. Also, arctangent(y2-v1, x2-

| xI) modulo 360 is referred to as heading herein. Therefore, heading between two points, or

along a line, is directional (e.g., from pl to p2), whereas slope refers to its orientation without a

26



PATENT Attorney Docket No.: 053216-0373130 [0181] FIG. 6 is an exemplary screenshot illustrating
a preplan of a building floor plan after the process of marking landmarks has occurred. As shown,
hallways haWiReetodideRed with rectangles, stairs have been marked with PEGtAIRGN8/ Higkisiing
stripes, exits have been marked using flags 610, and Georeferences have been marked using flags
620. In various implementations, various landmarks may be marked using any number of colors,
shapes, patterns, textures, or other visual indicators. [0182] FIG. 7 is an exemplary screenshot
illustrating a preplan of a building floor plan after the process of marking landmarks has occurred in an
alternative manner. As shown, hallways have been marked with points. Nodes 1 and 7 form a hallway,
nodes 6-10 W’érbin e{ﬁ%?ﬁg}glpﬁ.}yyx% and so on. [0183] Representing hallways as a rectangle may

be very usefﬁﬁt%ﬁe e ?Jcsmg geometric methods in the matching methods described herein. Several of

the matching;aigRs May use £RRaTISAN-Ah rectangilar and/aLlipear e YngRtsatiacicing data with
hallways, and comparison of tracking data segment headings with the orientation of the hallway. A
rectangular $h&e may be used, for example, as shown in FIG. 8. [0184] FIG. 8 is an exemplary
depiction of fi@ Thetmeesvelfyathe ttdvgutan shapefrectany ). ckheshape kydedeacebechby four
points (P1, P2, 4). lg i f.d ' negcting the midpoints of
fhe shorter e Lo e s T B T e e
slope of the Tef§e&t s enst aainfe ctimigiey(cynottidyrans fbe thensp yeettiryle asesppeotitnately
150 degreesianthe battomreetanglarakiencasibyntepeesantingathehalway asBulgetapglgsitize hallway
may be proviirtlj[e(ge\é\ﬂtr11l ae?égtrl)oenfﬁ(ry easy Scomparison with headings in the tracking data and/or slopes of
other shapes. Arectangle’s interal region represents the hallway area, and allows for tracking points
to be tested MivébBtaiintelknt in the hallway. In addition, several of the advanced matching tools

described hepeyn/may.eneraie andines (gr matchingshapesllhese iRolz.may rerreseatifhe pallway
using the recﬁ%ngle line segment defined above. Additionally, other matching tools may use_points to

y
represent sH: @?Qﬁﬁﬁféﬂ?‘&% W UEERGIE BRI PP Repo8r i dipedtiskisilie
rectangle lineseynatulbed BY2midlenicB3dmid) ifciidhieithopesationtias ndededinbhéiredtangular

PATENT ANgIRRY.PAGKEL NG, 053710: 0TS0 SARE a0 GRS R e VRN g o

provides a high level of versatility in the geometric methods used herein.

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
the 6 floor, registering the connectivity can help indicate that a person cannot go downstairs
from the 7% floor using that stairwell. Connectivity of stairwells may be accomplished using
auto-detection algorithms.

J0171] 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 registered as described above for
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[0185] Extracting Additional/Unavailable Building Data [0186] Much of the data that can be marked
accurately, as described above, may also be extracted by auto-detection algorithms. These algorithms
may be useW® 2989 P8cessing option is not available, or if the building isPEdriaR)0BiEBsGEessed.
[0187] Extracting Data for Navigation and Map-matching from Building and Floor Plan Landmarks.
[01881 Once the location of features mentioned above (hallways, stairwells, exits, etc.) 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 mﬂgcgy@/t 93?‘0’5@?1?-#9%@0”]33/ 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 featureg;areidirectly connesiad ka.ans: apathal(Rrlead teene another), and to determine which
features, even if uncoc[mected, are often visited in succession. [0191] In one implementation, for

hallways repfEsehted35&e R ngular polygons, each pair of rectangles may be tested for an existing
intersection yégiohldfoan imtéeseativion Xasts, riiamaynbe e disterethasanpiRtarsettidng egiom af the two

nallways, ang. e aliuays. i LonagsIRd, 1 {0e MallyRs 218 MATKed Wil & Aot and.an end

point; they may be considered to be répresented by a line se rom the hallway start point to end
point. The intSr&@idHFHBiRt léfrtﬁéafw&m%gtbéb%bbﬁm@m@%ﬁ&ﬂd@&ﬁ%ﬁﬁhwﬁm&ahﬁwéﬂﬁéint of
intersection liegithis) bothdineisegmenisgdhebdhambatvayshayeann bierseetionat the guint of
intersection @@%&0192] In one imgéer{lnar ntation, ﬁgQPeCt'Vi%nbt%E een Aa dmarks of different types

e

may be detett &Ii)gréﬁr?éefonrl?ﬁtersec ion ?]ecé}gns‘,’sa C &S ¢ eé’l?fﬁng Siftaes(i%fi?v@%ﬁ’lc%olygon intersects

with any hall#ay/Faetahefaekecsecorded as points, the closest hallway to the landmark may be found
by distance @j argointputine:sommnassectl shedigtanesdote.clarasballviyds desshand: BATENT
Attorney DO%(S} laNe%éo?gfgl%%?é %2,3%1‘3 gxamplc, 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.
[0180] In one implementation, once new data is entered, the floor plans and their respective data
can be stored in a file (e.g., an XML file) or other format with tags for each separate data type
entered. The XML file may have a tag for the floor number, tag for each landmark type such as
hallways, stairs, and so on. Each landmark type may be associated with tags for its individual
data such as points describing the hallways, slope of the hallway, and so on. The XML files may
then be tagged to the building that they belong to and imported into the building database.
Additional data may be added to the existing data over time, and existing data may be edited

using mapping application 130 (or other software).
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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 pYoBIEWE0SLeTS as intersection of lines, distances between pointsPEBNO8Y GTadkkeen lines
and points and other similar functions, may be performed by a suite of low-level geometric functions in
a basic geometry library. Well known polygon manipulations, such as polygons containing points, and
other functions may be performed by a low-level geometry library often using the functionality of the
basic geometry library. [0193] Inflated Regions and Proximity Regions. [0194] To perform intelligent
map-matching for tracking data that may have inaccuracies, it may be useful to combine probabilistic
approaches &(t}tl’tﬁ"ﬂqgi 'O&m%ﬂ'}% rg%tﬂgds. Human sight and pattern matching capabilities may, for
examine, determine that aoﬁerson'qappears" to be walking in a hallway even if the path is not along the

hallway. To mp@?lﬁfzhe.@Bcgﬁemmghm&@ﬁ%ﬂ&!@ﬁ%@f&é}ﬁﬁpot?% bseiul dnslsTing aeemeiric

proximity regions to detect path matches to landmarks. For example, inflated proximity regions

for rectanguRiPIEdPhaPRE ARy B RRBKE M ABY TRt reASinG W8RGt LRI PaitReBY thteSAoRmounts.
These thresheldnghan untisscaydbcfixedhtheé shidldscthngsholdsdias edipn, the e nievcobdhe iapitracking

data, adaptiye,hrapholds a1 e of et tisshelds Tackingaeints,a0diop seqpepisnat are

contained in the'inflated proximity regions of a hallway rectangle may be tésted for a match to the
hallway. If alfRIEERFREHNd YRESRE biRdhasksraeritsidradtabiisked IptHembep Alateling Swacmap
building methoedsfleseribedohetiainyithe! itagkitg points and/or sennents can be corrected to lie within

the hallway r . [0196] FIG. 9 is an exemplary depiction of processin erations_(described
below) used[?g%?z‘]lg@'egp r&¢ aﬁ’éﬁ%l%?é‘ ion ?Sagr?tlglllwg on Sf‘z@?ﬁﬁfbﬂ%\%@#&%ﬁigﬁﬁéﬁgé’iﬁhfo197 In a
first processhropeiananitcpiciaeit 950 ¢puRid 9 amnlioriginal reotenglésregion, isaprovided s This

rectangle mgyepephlainediTosma. rectargle sepressmtindmaiaadmarmarisedan 4 floRrplans(e.g.,
hallway, stain\gell, etc.). It may also be obtained from rectangular landmarks generated by map building

methods, or O FeR4Ag8fhr segments obtained from segmentation PATENT Attorney Docket No.:
053216-0373138) Betivestraici hglidata. 404 88 latplasecbn dapyacetsimbibpeiatigariepiciedhat 920 in

FIG. 9, the rgciangle may Redaled ARG ANe U5 ROMSIREE L I5:5\00% I i08son of

counter-clockwise direction. . _
rectangular 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. &,

[0184] FIG. 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
internal region represents the hallway area, and allows for tracking points to be tested for
containment in the haliway. 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., P12mid and P34mid) for their operation, as needed. The rectangular
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[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 - InflationLen2th); [0201] Pi2' = (xmin -
InflationWidmOWRHQOH et ationLength); [0202] Pi3' = (xrnax + InflationWidtP,GAAIR20088GEELength);
and [0203] P14' = (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] min, ymax) are
the minimum and maximum of all the y coordinates in PI' - P4'. /02111 In a fourth processing
operation, depicted at 940 in FTC 9, the inflated rectangle from operation 930 is rotated clockwise by
the slope ardaHdP]. t oRtOQips&%_hgﬂﬁg%d rectangle for the original rectangle depicted at 910.

Attorney Docket

shape used to represent the hallways, therefore, provides a high level of versatility in the
geometric methods used herein.

[0185] Extracting Additional/Unavailable Building Data

[0186] Much of the data that can be marked accurately, as described above, may also be
extracted by auto-detection algorithms. These algorithms may be used if the preprocessing
option is not available, or if the building is partially preprocessed.

[0187] Extracting Data for Navigation and Map-matching from Building and Floor Plan
Landmarks.

[0188] Once the location of features mentioned above (hallways, stairwells, exits, eic.) 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.

[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
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[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 Landm¥fkeM@Ad2088nectivity. [0214] To use existing algorithms in gragi¢ tHesO8NEE Hs the A*
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 PATENT Attorney Docket No.: 053216-0373130 the polygon may be added to the graph

as nodes, arﬁﬁw‘?B J%Q:mglf&a%lgoas exits, the point may directly be added as a node. In

in
addition, the center of the intersection regions of hallways may be added as graph nodes. [0217 Graph

Edges. 0218 Aseerdingde aashepiofibenvention. rllardesdn _Hl%r??ﬂ]ﬂ%}t@é%vgif{@ycg‘f‘y _
connected to one another with edges with the edge weight of the distance between the nodes using
the formula: connected, the proximity suggests that they may b€ traversed in quick succession. Well known
geometric problems such as intersection of lines, distances between points, distances between
lines and points and other similar functions, may be performed by a suite of low-level geometric
functions in a basic geometry library. Well known polygon manipulations, such as polygons
containing points, and other functions may be performed by a low-level geometry library often
using the functionality of the basic geometry library.
[0193] Inflated Regions and Proximity Regions.
[0194] To perform intelligent map-matching for tracking data that may have inaccuracies, it may
be useful to combine probabilistic approaches with 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
floor plan (e.g., hallway, stairwell, ezc.). It may also be obtained from rectangular landmarks

generated by map building methods, or from rectangular segments obtained from segmentation
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[0219] dist = 7(x2 - x1)2 + (y2 - yi )2 . [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 WaIRV83/824[18e the intersection nodes are connected to nodes iIRGGHHBOHE Haflways.
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] FIoor Plan Maze. [0222] In one implementation of the invention, a maze representing
the floor plaﬁ ﬁbhﬁ%}&% 5g7|quorm functionality similar to the graph, In floor plans where the
location of aff wa é IS Gvailable. a maze may be used to perform more refined navigation. [0223]
Auto-detectigpf arks. [0224] Landmarks used in the methods above such as hallways,
stairwells, elevators and so on, may be detected on several roo Ians by [&%auto -detection

algorithms. THESS T&ﬁéea%‘tgé’f%%%iﬁ%ﬂmfﬁ%%&%%eaévg?&ﬁ@& dBYERYgEthiques
such as hougfutrdnsfosfis poidetdetdfe, HontrkRipt h:rlabkdmam(mlaﬂb)/in alfkmwlan Currently,

auto- detectl%ll %@msdrgg%gmqégz%%f][%u%‘%g% 59§h§ Ilggytp[fg?%l |It¥ Ioo plagﬁhg d

mconsnstenc%ln loor plan Symbols: [ ACKING DATA rac ing Data hargcterlstlcs
and Format<hPRIEHPE AHGHIES Docket No.: 053216-0373130 [02271 As previously noted, mapping

application J{B@on]aywee@m@ntramhqmg)ﬁj\%atﬂryﬁlq}du[mﬂd@ogﬂmstmpes of data) as input. As described in
greater detaéoggj Wiy tra Lg)}g dﬁﬁamaﬁ}bﬁhobtalngﬁ {n&% mber of sources and/or from any

number of tr ck| g meth By way o bacrgtound. the mos Omlnent tracking methods include
Inertial Navig&#8h RAd-Sigersl bhébﬂqm%ﬁﬁﬁdmmefﬁdlm@thgmhé,@generally considered to be those

that use sengpys spigh amel%gmﬁmdﬁnggqgggam@% field sensors, pressure sensors, and
other sensors to c%éulate the trajectory of a target being tracked ‘without the need for external

references. B fbfs present in sensor readings, inertial paths are often subject to "drift" and are
more accurdk@@d]tﬁé’sl{anﬁtemﬂhan over long periods of time.

[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 4* 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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[0228J 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, tilN@-&ftafdtabEalculations, or phase difference calculations. SigH{ITHSZWHEIBTUs 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 arc individual points that are significantly offset from actual location, and
are often due to the signal propagation characteristics of a trackee's location. 102291 The position (or
location) estimate generated by mapping application 130 after analyzing the tracking data may be
improved viiféﬁfﬁnigy&a gg;s&g)mi?zjg;%different types of tracking data. Addition_a_l informatior_1 may
also be provuiedrl ) mapping application 130 to increase the accuracy of the position (or location)

estimate. 1023QJ10s50rdingetosatiasRRckLafihe iBYantan (sPanRing arplication 43Qiray. gapance the

accuracy of tracking data, and may utilize_similar processing techniques irrespective of the type of
tracking dat@aISWENIET Pt drd Aind eftia 'R pAIHEE) i %ﬁrfﬁﬁ?ﬁd‘%@fiﬂ%ﬁﬁ@?b&f&ﬂ&%,
thresholds, seitihgsddedothemphetsics. for use with the mapping algorithms of mapping application 130.
For example[,ogy%tquay;l cls may be applied to different tracking data types depending on the
tracking data characteiistics. The tracking data may include data type, which may be broadly be
defined as Iv{@%{i‘gl,@ﬁﬂ‘i‘&%&éé‘ﬂ?ﬁlpﬁ%ti@ﬁfgﬂﬁr"bﬁmlé’éﬁ’&'a?éﬁi%%iﬁ@ﬁ&h@l’é‘t@ir@ékib@ogﬂéé@e¢ATENT
Attorney DoekehdNenofeB216-08:43 kath nryche-addest withthaagvenalaawiteshnglagy: [@31] In one
implementat}cc))n \ggrious error correction methods may be implemented by mapping application 130.
For example, HIFLH minimization methods may be implemented by mapping application 130 if the
tracking datagindicaias Lf\ﬁtxiztjsvlim?ept@lz,m@weas outlier correction methods may be implemented if the
tracking data is signal-based. A flag (or other indicator) to indicate that data is accurate in the
short-term %37 B S8t forimbriafastaiodresie s Badigiereotiarindients peedivate destsdaea may be
inaccurate irthiecstiassites and uinaasrhoundeehelal intthedony, wh-tam e sahior-Sighaldased data
Even if tracking.data does not include its t mappin plication 130 may. detect the type by
checking for B HtErse R Rasaes S B L A St R stomter thar
that which chetirenrgigiersticng ehsinafiercanbparatiosesithellygeshs eddinmeanisitikeivhsignedstizgad. This

can be checkeghoverhe entie:tacking Ratkile.caunihe umbaROL SHERIQLUEIS:4R ingrial systems,
this count ma%/ be ng%ﬁ%lﬁé&(no 0. Other ogtlier detection methods may be implemented, [0232] The

one or more TECKIR & 4ee1 LT £6B° maviRidaeral Ty disfonse ‘edrngirea Bebikct any one
or more of thél fallmminc ¢y pedofindeiingndatd (A prbspusiymotethdhiSdatatnaifyalso be obtained
from other spuyrcess 0238l Rrdsacking Data. [0234] According to an aspect of the invention,
two-dimenS|onaI}or 2D) tracking data may be provided as geolocations (latitude, longitude).

Alternatively 93t BRI BRI AR FERSSBNEBH s IxOGTSHERaR RIS B BPTnmAR BBEIteN. In such
cases, the iritisipasition eraybeuprodsed dyimatouat inppl.(of Bbanstiermanner)asicPs all

Slgnal_basegv!ﬁ]lg I%' a%gﬁé%?e? a%t&e 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.
10225] B. TRACKING DATA

[0226] Tracking Data Characteristics and Formats
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[0235] 3D Tracking Data. [0236] To perform tracking in three dimensions (3D), data representing the
displacement in the or vertical direction (i.e., elevation), may be added to the 2D tracking data. This
data may bé%@ppeseateet as an elevation in the "z" direction in global units B/ URGee81478868s, 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 PATENT Attorney
Docket No.: 053216-0373130 such as, for example, elevators and stairs. 10237J Global Heading

Information.
PATENT
Attorney Docket No.: 053216-0373130

[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
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 semsors 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 arc 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
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(0238J 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 coDRANOR106h sensors that provide accurate tilt information, sIRATAESae¢IERReters
and/or gyroscopes, can provide a very accurate global indication of the direction 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. 10239] Relative Heading Information, (02401 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 a&"8 uprestrict le.. The unrestricted gyro angle may include both heading
information,%tﬁoéﬁﬁl#g?%%{ |8ﬁ%g§g§%dﬁ?é3ﬁwe number of turns taken. 10241J Fusion Heading Information.

[0242] In sy%gmge\g@m(p@mlg{ggg"y@i@gf@@t{y@]}m@g}mg data, the two may be fused to obtain a fusion
heading estimate, and provided to mapping application 130 for further processing. (02431 Tracking

Flags. [0244405\%{‘,[0]?&%@%6]%65?8@8981 FAETHY RN CULERD ARiLtSal Bt Befmei Rt e s that can
be detected dhoypaitackihigadenit¢@lor Bysteampdeg drifackingisysie m&ieh afdylGe ihjzpenddmapping

application ith | i r: ing.awargnes Hegision- ing.S O t gs that
ey be definelane %‘%&?ﬁ%ﬁ‘ﬁ?%&%@‘ﬁ% e e e 0odb e Lo s, MRS may

indicate wheP&H P BRIPRIIHBVEC & Ol g/eresnisd Hribs drtkinsgiataissigrsbo hirsater it stairs are
being traverserkinoandpuiesd ohoowwakshdicaatipnsHOR4b(@h Piepped Flag: Asiopprddag may
ndcele il S AEKRS0ICE PRSI IS SETReR G0, I peton s e
applicationseapidiiies tivne-simeanay oppetsievaiebrisipechvdeiéraiivad dateydbes mylugbddntshe
tracking dat@ypg,) AbEME application 130 may detect the type by checking for “outliers.” For example, if

any two successive tracking points have a distance greater than that which can be traversed in

their time-separation, it suggests the data is likely signal-based. This can be checked over the

entire tracking 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 (v, 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 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
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Attorney Docket No.: 053216-0373130 [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 m@pB80degd668d by an NU. In one implementation, the first step fRF HEROIKERSE changes
by elevators may comprise detecting the elevator pattern in the NU. [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 while an elevator descended one floor, and shows a first

peak area (doWWhWard acceleration movement until the elevator begins to come to a stop
(retardation). igﬂfg]ﬁ Acg eéﬁ’ﬁa%%@é?#?ﬂay be isolated, for example, by examining a very low

frequency, sych, as apRraxipIataly, 4,10t the.step frequency by applying a low pass filter. [0250] Once
the presence of a tracking device or system in an elevator has been detected, the number of floors

traversed, eld7Z60 5 REM MK YR S other data may be obtained by integrating the area under
the peaks to /dRt&inieelncitin T velocity imalyt dined foema Rlipleddpydiefitedmnsdh & glevatpndd obtain

an approximgtion gt.the distagee, rayelad; i, ghier hedipward Qf downyard giregtion, This,distance

may then be added to a "z-elevation” distance field in the tracking data, or reported separately in an

elevator repdreeoss Tk esnaudndepibtatog apH: arepay e thevidsatcurts Sdniperaadmongistance

traveled in aacelevaiendy Aaiermiringele vatgnvalacity anddimeadravelec i taencievatar<dtigarticular,

FIG. 10C iIIulsntr\g\}tl%%[gurelevat r.ide% {%Olbo 102(% 1030 104%)11‘0ra0£pe-fl or four-floorft\{vo-floor,
%a sSence 1€

e device 1s fac ‘magnetic interference. For 3.3-axis magnet: d
and one-floor transition, respéc el , In'the’elevator. As seen, the veeiocﬁ)y a(m&ca ec%y the

heavier-weigtstedrlihie slawtim estlthoas alpetinadidd iy thaseskiThdagistance obtained in each case using
the method ¢iggypseeaRoNe. % 1 apRinaskto the number of floors traversed. Once the elevator
detection and floor resolution is ¢ mpuéed in the NU, it may be added tg the data transmitted by the

. ited by
CSM to comffdte $9B0 SRR FrBBPISY P PRCRIRTh Y30 PHB 551 MBESH 194 p IS EB AP &HBhnel
tracking, the dypeatbmcfienteadifey fosturedetectenidyy iheqgizdson dutfittekingithatheatrackangldevice or

system (€.9., SN Walkinguudly EALENT AUADEYRREELNR BR3ah0:0RE313% 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 obtain a
fusion heading estimate, and provided to mapping application 130 for further processing.
[0243] Tracking Flags.
[0244] According to an aspect of the invention, several flags may be defined for events that can
be detected by a tracking device or system (e.g., tracking system 110a of FIG. 1) to provide
mapping application 130 with information for tracking awareness and decision-making. Some of
the flags that may be defined and included in tracking data are now described.
[0245] (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.

[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.
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walking, rolling, etc.) 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 th&O22880dRIHY®levice or system has been going straight for a cerf4&i/ERAORAN 38 Tfme 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 devieegBY's sggertnNm%%/ break the calculated trajectory into segments, and provide this data as

input to mappig Spplication T30 This 1S particularly feasible in systems with gyroscopes, and may

assistn the otpgionsat NS, ARCkiedPRITERIOINETDYRNAN 9t/MiSHPa e Seamsis,in one

implementation, the segment data may be included as a segment number for each tracking point.
[0256] Signat™SHeifth Thtdnhaiidirae 8 99tintsSstems thet B ¢ STihadraiyamrs hoviaisirs reference
stations and heiw@et. nultiptetgiekiagatenjchs fssysiefmnsdncating tiaike bexsignadisteesngths,and/or

o_bservationsC %%i&egtggﬁ%r qggﬁl}y@&gﬁh&g&n sigpal .ngths may be _incl_uded in the tracking data. The
signal strength from thc re érence stations may enable mapping application 130 to perform more

detailed pattéHF &bl Signatlire PRatBhiFieio deradisinbcl caldvionnsaadition, tee prevdimiey batvreen
tracking deviges| Qasysierns maybedetestadRyithsir ref@tive sigRakstrengihsuiwhsn.available. [0258]

Events such as a number (e.g., two) of tracking systems sensing signal strengths apove a threshold
may be defiféd %ﬁ%ﬁ%ﬁ%ﬁ%&g ?r‘lle[ﬁ%)(ga %%E%‘g’%ﬁa%rg KA i?{ﬁaﬁg&f%g{?ﬁﬁ?kﬁg’ﬁ)aﬁg B 8P BEnefit
when determidihthacpositioreéors ivcationip estiondtetalstan)ill GE-athibxarmpie, csystembthiatquips
each trackeg,with.a HackingS¥stan sAMRisingan N LhGSMPait LOther dRyiees) may use a

Wireless Personal Area Network (WPAN) to communicate between the tracking systems. In such a

system, the TR HRERC NI I HETRSSNTAS 2RIRATBIRFEVT Attorney Docket No.:
053216-037 31239/ trandmissiansdirony facking &ystemsphk, dhetdracke asieHhpsiffaplatrenath of these

inter'traCkeeagr%§5%mﬂ$lm@y th 5@19 ﬁ%ﬂﬁgnl!“y %@%ﬁ%@g 19%t8ass filter.
[0250] Once the presence of a tracking device or system in an elevator has been detected, the
number of floors traversed, elevation height change, and/or other data may be obtained by
integrating the area under the peaks to obtain velocity. The velocity may then be multiplied by
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-
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[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 stri¥upe&MPause a signal to decay by differing amounts depe®dihg/SHWHUIHG 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 fr(ﬁ‘iﬁﬁé f r§gge09£ilrgg§3g3qslaot scale accurately by distance. However, the signal strengths

ey Docke . .. . .
from one or more Teference points may be unique or characteristic of a particular area and/or location

in the buildingyiAcsaulinglye:if pseteisionalsirengthads ehsenediand.recotmed mhen & agkec is at a

given location ation "A") at agsié% ime ti, a similar set of signal strengths may be observed

e.g., lo
when the tré8l§et8%5)\9l%?itaswﬁ‘i%n§%n?8dl8 PE LB AT P8 5H ime t2. While these signal
strengths m#2 it FadilzbtEldgcatitey ydirmingulati ey adiing niaycrevealsthat tiebtrackeeg statithe same
ocatlon at e 225, MENRR LI 92531 FAOS. 1A AR 79 SIRRUAT fipigius of RSS!

patterns (or signatures) acquired during a session wherein a hardware device equipped with a radio
was attachetPiéa%rdeRer o1 Kes it icke 84N ardharteesdi cs s dontryured &5 récaibalFarsnifssions
from a radicaliiadediad aniefereocaneinifeug:d ahidsensiafionyhanditaracact the BSsdifiemithe
reference point yadio. RSSI readin ay then be passed. thro smoothing algoritlyns to.obtain a
stable estim%ﬁo@%’f%gl I?eglgfrllﬁésogsmugg?ﬁ%% ecrr1sg:rrl1st%1t%lr%,W ét%m ra%%ag re%él%ﬁc%lgp%‘fﬁ% Té‘gctﬁ' with a
radio) may BEsRitized VOPESPRIG: sSErRIdEplEtis-an RSSI pattern recorded at a single reference point
(e.g., a basgptationkipeMedPuiARRE i a person walking up and down a hallway in a building
(indoors). A_PATENT Attorney Docket No.: 053216-0373130 distance parameter (RSSI_dist) is based
on RSSI Wh{#egz%i;lj;)ercsc(?ﬁ }g%%%mgpg%gé}ﬁ%mﬂgor%ﬁgwﬁ38%1H?§ ?J%B%(‘ﬂf%ﬁ@%&i&%ﬂﬂ%g Point
1), and thendbeick townrertheaefershdbepointlaci showin FIG sdgintheanistanddephiadutears
(RSSI_dist) ihigh &pﬁﬁ@%fmah&g digtange and invelselpapatianaldo RSl s shawn g increase

as the trackee moves away from the reference point until the trackee reaches Turning Point I, and then
decrease adthetiritiR Ehpeteirlo U RS rard e phECT R iRsTRAESHAE iR b & e 828WsRtnside the
building using dughrphwentransnhissionsnieigs iy bd HRE4ER s a 3ddhelepicishantd? S&h patians recorded
for a person walking a path (along a hallway) twice, with a first reference point (or base station) "Refl"
placed at a tirst end of a building, and a second reference point (or base station) "Ref 2" placed at the
opposite (or $EXBrusTeH 68 BURtHEh this case, as the track= moves between the two reference

points, the Jistamca pasameta{REH.: dish.candemessmioncreasagatRpesraisrence peinbeand

decrease at th .qth%r ntil the.trackee reaches one of E\he referenlce points, a th%n turns around.
m\%ﬁé% dckjﬂ.ﬁ% VICES Or dsys’tems in a network, the signal strengths’and/or observations
The opposite trend can then be noted.

obtained after analyzing thesc 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”
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[0265] Proximity (Quadrant) Signature. In FIG 1 1B, 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 refeYePEBOpOAIPHS located. When the curve for Rel2 is lower than tRECENHI98/0REM 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 stations) are positioned on each of the four sides of a building (outside), the closest two can
reveal the quadrant in which a trackee may be located. Quadrant information may be invaluable during
search and gg% B?;ﬁ%l%% Jgrz]%gl(')\se/gggerations_). [0267] In other implementatio_ns, a num_ber of _
reference points (5r base stations) may be positioned at a number of predetermined locations (outside)
of a building te-thetefRreraxeatanotionaf Anestaplished gHidEampdsing & regioRs. 8-kegions, etc)
in which a trackee may be Iqcated. PATENT m%eéDocket No.: 053216-0373130 [0268] Heading
(direction) SIFRATIPEORS B CPESfHeS JB IS HaSK e @ves before Turning Point 1 show the RSSI_dist
values from R2§2/deere Bsingg Riidiéatd §rlaagth®arackee is moving toward Ref2), and the RSSI_dist
values from pgfyincisasiddngieaingliatina iagkse nmaningauanl el A° sugh. the

signature can indicate the direction in which thetrackee Is proceeding in a hallway by observing
variances in &SRy Y R kRSHUre ek SHI dirrhers HRFesrtdinh the! altistAitidhngs epssidedited to the
north of Reflcdtsnayipeatleternines thatine Maoke ikproiaegdingdNerb inatbeahaliveaer[02694 Location
Signature. An additi ignature that may be interpreted from FIG, 11B may be referred tg as a
location signrg%%_lﬁag. ﬁgs lgk%%?ﬁzéﬁoanna?g%)or}ﬁf#rﬁglg%%ﬁ ed C\Efﬁ{ﬁeglng régf%néedg?gz:?fg?laﬁwséﬁﬁnét S (rinnay identify
that the RS SidjagneB Yo ruREionmidre stagtasuehirgrebilstobwndtiPosnig Poihniguescatibas are

almost identigaldihe B3 Slidist Malesiabaaive Roinbare where.thg dotted vertical line intersects the
location - the end of the hallway

RSSI _distc . Turning Points 1 and 3 are gt the exact sam

being traverzg(? fgv?élred rﬁfgff . tﬂé&%"r&ﬁbﬁ?z@ﬁ% rog et Sr%?&?é%c& GBiIMEOY. Fase SS9 hlaced
around a buitdidepy otfisinied, ritietsaaeukicztidBSiesgtsuinstfre petarding.ofivexyminjlticR 88) balues at
the respective.IGIQIEACERAIRS (g DaRA %Hgm)ﬁ&ﬁ%@%9%@%@&9&5%%99&9qe&JerQQJOf assets

inside a building from outdoors without pre-installing devices or leaving "breadcrumbs” (relays). [02 70]
Accordingly- i SEReu TS S AtBRS STEns SOP S8 O SRaFSFERERIP SRfm e & HRigr6& noted and
utilized for traekingrpticpase sarfibdaieferencostatianm abtecbhndad eenddesgribetasthgisignalaced in

o0 oSl IS REAC LAY bedeslals onemn aPhoy RS SONRLIG G LgTaniers) o
track without any Installation/setup inside the building. For these cases, t 688 reference points may be

placed on therfirdneieks B s otpiey suhreasthumdribe Ao dnvirridentradesecdritiidieprized around
a building bydpgisenne!. Ishiscapyeachiahpweven. mayrextenddteitndoardeferenee RaintsiAgditionally,
for high-riselora(t)thebr ;%Ill bui d{'n s,pr structure ,t'g may be ysefultt$ place 1re1‘etrence. oints qn a floor
closer to Whera ParsbrnaEardrs REEAE Being tPEIRsEerRar &8 8MR S BHRE e %/%5?5 Shnel
scenario, wiverbperseniiat dre deployed in a high rise on higher floors (e.g., floors 20 and above), it

may be usefybinplage theae; igfefencapRints apRreledied stagingiRor (e &n fleRs20) farpetter
connectivity. PATENT

during a session wherein a hardware device equipped with a radio was attached to a trackee. The
trackee’s hardware device was configured to receive transmissions from a radio located at a
reference point (e.g., a base station), and to record the RSSI from the reference point radio. RSSI
readings may then be passed through smoothing algorithims to obtain a stable estimation of the
RSSI.  In some implementations, a plurality of reference points (each with a radio) may be
utilized.

[0263] FIG. 11A depicts an RSSI pattern recorded at a single reference point (e.g., a base

station) located outdoors for a person walking up and down a hallway in a building (indoors). A
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Attorney Docket No.: 053216-0373130 [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 iWaxi?B21086) to access data indicating how far the tracking syBfeiUR0084i@é from
obstructions in the building such as, for example, walls. In one implementation of the invention, this
infoimation 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 obstructions may be obtained, for example,
using ultrasonic sensors, lasers, optic sensors, or other devices. Analyzing and calibrating ranging
data can helﬁfé‘&’bl}gg}: some p&%?gﬁ%&g?}?m scenarios such as, for example, whether a trackee is in a

cket No.: .. . .
hallway or room. For example, for sensors (similar to ultrasonic sensors) placed on the sides of the

trackee, readings romihe.sensass agpath sidesoRue traskes judicatogglage by Qbsliictions may

suggest that the trackee is in a hallway. Readings which are less uniform and that indicate the

presence of SEEETRIE R HRNEr AR &9 18U GBI A0 tHe trA00eB58 RASr BB ISRE RS fIarly-sized
space. A lackoaft obstrustionsnrFEEqUiredtiariiingdaiaamares Rgfsthpthectrackee istional large room

o open SPAGR(G..AMATRYM, QR eRoune Jan, XL DAL lohky ik [RATITIPr
Estimation and Reliabilities. [0275] Data from a tracking system may have varying accuracy ‘at different

times. The tfURiMRF S9SERThRAtHEFErdhe  TACkPreRMSRemamioRoRicl dadtdesisratesorth@maximum

possible errgpafiiselataste enablemaprogappicationidthtonhstier uilize thadatand hageigrors may,
for instance, be r Elesentegaas "reliabiEties" ch as, for example, a compass reliability, with a number

(or other indﬁllégll%r gingf():‘g?fng JOW accurate tlh compass is at the time that the compass angle is

reported. FafReritidGs gt iepiqisaximbivh rutigul agcdried derk prasemunikstalingte (ebrmmayatiormprise some
examples ofgiroraatimatien Aata.[D2Abl T BaskegibyPer {62 1fldn vrens: Inplameniatignsadhe type of

trackee may also be included in the tracking data tg Qnable(ProceSS|ng methods to customize methods
to the trackde> AL FECTETISRPIBTEE! Faridion AR TPIaced 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.

[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.

[0266] In one implementation, when four reference points (or base stations) are positioned on
each of the four sides of a building (outside), the closest two can reveal the quadrant in which a
trackee may be located. Quadrant information may be invaluable during search and rescue
missions (or other operations).

[0267] In other implementations, a number of reference points (or base stations) may be
positioned at a number of predetermined locations (outside) of a building to therefore reveal a
portion of an established grid (comprising 6 regions, 8 regions, efc.) in which a trackee may be
located.
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Attorney Docket No.: 053216-0373130 may comprise, for example, personnel or assets. The type of
trackee may be used to establish rules and/or constraints that govern the movement of the trackee.
[0278] TypeVo® PPaRRAIgPata and Chardeteristics. [0279] In one implement&6dUS24MENIRMERtion, the
tracking data may be obtained from an Inertial System combined with UPS information, with the
following illustrative (and non-limiting) tracking data fonnat: [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) Zuos: The number of stairs counted while
tracking, incréffiéfits for an udo5 stair, decrements for a ‘down’ stair. [0283.1 (4) Gyro angle: The relative

heading prediCEg by the l\éﬁiro,z’ﬁ%?éogﬁgﬁube unrestricted (e.g., not bound to 360). [0284] (5) Compass

angle: The apsaiitahaaging REadisied-viie pPRRSSEIORBILMENLCOMRAsE RE AR TR Rymber, for

example, between 0 and 127 (or within another range), indicating how accurate the compass is
estimated to FEAPAN éll’ﬁz‘l?r%hfﬂﬁnvéﬁteﬁ&%ﬁﬁ%éfém. (foseioe i bromeakialés moKEgding
estimate afte cariiiaity eopassssngle withegyronamgle. 28 S)ikusivnRakakiltyadaumber, for
example, be{ﬁé%%% 'a%,éﬁf%iéﬁw{@'&&“%@%&%ﬂé’?laﬁﬁ?ﬁ%@é&@%Q%Weé‘t‘%gﬂét%ﬁt‘ﬁt usionangle is
estimated to be after analyzing compass, gyro and fusion characteristics.

1s 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 Refl, it may be determined that the
trackee is 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. RSS] stabilization algorithims 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
without pre-installing devices or leaving “breadcrumbs” (relays).

[0270] Accordingly, in various implementations, various types of signal strength signatures may
be noted and utilized for tracking purposes. The reference stations above have been described 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. For these cases,
these reference points may be placed on the fire trucks and/or other vehicles that drive up to an
incident scene, and/or placed around a building by personnel. This approach, however, may
extend to indoor reference points. Additionally, for high-rise or other tall buildings or structures,
it may be useful to place reference points on a floor closer to where personnel and/or assets 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 reference

points on a selected staging floor (e.g., floor 20) for better connectivity.
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[0288] (9) SegmentNo: The current segment number for the path which increments when a turn is
detected by the Inertial System. [0289] ( 10) HallFlag: A flag indicating that a trackee is going straight
and may beWP2MHAEP810290] (11) TumFlag. A flag indicating that a tracR&&'{8S1HiG2J0R291] (12)
StillFlaa: A Flag indicating the a trackee is not moving. [0292] (13) PostureFlags: Flags indicating if a
traekee is crawling, lying on back, or upright, or PATENT Attorney Docket No.: 053216-0373130 in
any number of other postures. /0293] In one implementation of the invention, the foregoing information
may be combined with one or more of the following: [0294] (1) LadderFlag: A flag indicating that a

trackee is using a ladder. [0295] (2) ElevatorFlag: A flag indicating that a trackee is using an elevator.
PATENT
Attorney Docket No.: 053216-0373130

[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 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 warehouse floor, exhibit hall,
lobby, etc.).

[0274] Error Estimation and Reliabilities.

[0275] Data from a tracking system may have varying accuracy at different times, The tracking
system may therefore, in one implementation, include its estimate of the maximum possible error
of its data to enable mapping application 130 to better utilize the data. These errors may, for
instance, be represented as “reliabilities” such as, 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 systems, maximum angular drift, and maximum scaling error may
comprise some examples of error estimation data.

[0276] Trackee Type.

[0277] In various implementations, the type of trackee may also be included in the tracking data

to enable processing methods to customize methods to the trackee. As previously noted, trackees
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[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 pW43ille88anety error, and angular en-or using sensor limitationsP@®&idgestparaied, total
rotation, etc. [0299] (6) PostureFlae: 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 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

track_ing da_tzfm %cz)rcnlgtrﬁgﬁ? 6%Q%Lfi3r0ed in real-time_ (e.g., one or more track_lng points may be
provided with évefy new update) while personnel andior assets are outfitted with tracking systems

(e.9-, 1108, 10000 000) (FIG: 1)a0ckare heings menitared  neal-lime, annlicatians Whgiesfata is

being transmitted to computer 120, and limited bandwidth iS available, a tracking system may perform
smart bufferfH§SERHANASHARGIEY SOYSR anBe SrBhtb e 496 1f the number of tracking points is too
large to senghisgTiihe gdnnadtioD bretwaal:trecteaicking system and computer 120 is re-established,

the tracking %%;rﬂl MaY ansmit resylts-of the smart hyfferin sugh as for,ex le, anly the start and
end points of each segmeﬁ%%. %%Otﬁln ?rf] éteﬁma%%ﬁr%%ﬁ#ﬁce%%io%?tﬁig}fr_ggk(?%gﬂ%%g r%}gyagomprise
previously-ab§Uire & vata tharhiesd bt s de BiG RGPt Bpiitc Al reoiibspsteprecessing. The
tracking datameybe-stereddagaliyaen computer 120, or in one or more databases (180a, 180D,

--180N) O 2807 (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] (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

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] (10) HallFlag: A flag indicating that a trackee is going straight and may be in a hallway.

[0290] (11) TumnFlag: A flag indicating that a trackee is turning.
[0291] (12) StillFlag: A Flag indicating the a trackee is not moving.
[0292] (13) PostureFlags: Flags indicating if a trackee is crawling, lying on back, or upright, or
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PATENT Attorney Docket No.: 053216-0373130 other storage devices (in operative communication
with computer 120). 103051 In some implementations, tracking data type information and trackee type
data may béVsse9Bdvparameters, thresholds, settings, or other criteria fBCHEPHINYERpPRcation 130,
thus customizing mapping application 130 to the tracking data and the trackee. Mapping application
130 may also be customized for various applications. 10300 111. MAPPING APPLICATION
OVERVIEW 103071 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 variezyth(‘if“Te ture an(gs)fﬂ%tions. It may, for example, receive as input tracking data for one or

orney Docket, No.: 373130 . . . . .
more trackees, and produce more accurate tracking estimates for each trackee. Mapping application

130 may achigye {hisday Ralyzigqihe tracking data and using a suite of mapping tools to malce
corrections to the tracking data. Additionally, mapping application 130 may further use information

from buildin{ HAA e ARRISTENRE R AL MR KE HoB: iscioRig it Rioratipn 3ty L AeBPdifY tétan aspect

of the inventimnoamndravithirefellentgto the exemplary flowchart of FIG. 12, the various mapping

methods enﬁg%&xt%%ﬁgoa H»ﬁi&oaﬁifa{&a%%‘g may be broadly. differentiated as indoor tracking

methods or out kKing methods. Some methods may.,%o'\ﬁ/ever,%'e used for both indoor and
outdoor tradkiffty/ [(3 EbvricsHlagimipilemiaAtenion ipeiferker hasidagrabtiiéds may be used to generate
tracking estjpBigs foElsagkeBshen inclaisyeiushic $apre-ah all afthe-available indoor tracking

data. This erformed using general tracking concepts and/or concepts specific to tracking
personnel %%yfc?f éﬁsl)iglsa e'ur%t g?%‘.‘i&vgﬁélﬁ“iﬁ%’ﬁ%t?b?% ?ﬂé@‘%ag‘%lr%‘ﬁgggﬁ%@lp € %E?Ee[ﬁ?’ét%'f"a building).
According td&03ASAspebtantrm inverstidhaximioo piadkiner shethods, may inglidesramonigthers, sensor

filsion methqds,.map, Aidinometbodsa Rt fan.matching methods. [0311] When the tracking data
comprises trackﬁi’er(g?estimates, and/or tracking information from multiple sources or techniques (e.g.,

inertial trackifg 4 nEesushia% oMYA L 4t P B e (GRIRSE] R b St e S cLaginen 49 tracking
estimates), widippingapplcatiofri3tsonagl.fuse the
[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
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
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PATENT Attorney Docket No.: 053216-0373130 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 fusidithdeepddyeiiay also account for logical limitations imposed by Bed/&tpaet#fE23f & building.
[03121 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 estifyg@Tor cprovided as inputs into map building and/or map matching methods as described
herein. The V&HEY '%rc(g(ﬁtelvs"s"’lﬂsg"’%ﬁ'ggéﬂg%s depicted in the flowchart of FIG. 13 are described in greater
detall hereinb{gglesg%&r&ggég_ﬁ{@ﬂg@ﬁ@%ﬂgg@@%ﬁb&%ﬁigg@gpe or all of the system

components described in detail above and, in some implementations, various operations may be
performed in/Gift&r & e SBE BRESANSHTe e ARAtRE HRloaarigs fRl dFsken sHee idly BéYpedfonned
along with saisee or @ phtheoperationgchemtms, biGdks citeyatfothasipiplemantaiians ooreor more
operations may be. performed simultaneously. Acc rd]!'_ngly he gperations as illustrated (and described
in greater de%g%/f%né] 53\7) ar pénx“e?ﬁBTg%l?ﬁ r@l}?@i afng,.cas 558%, s%otgfgt rre‘%[% eé?Y/ﬂfaé’\Rllélé %Pg\}%ﬁﬁ?ﬁlg. [03131
According tolaf mapealep bt tetonviaedion vanapsaititaontethods may include methods that can generate

features andfpfdgngmarkg @bpididipgLRing FORIONE RIAOKINg data, and then use these features to
match and ¢ ther sections of tracking data, Map building may jnclyde generation and matching
functonaliiel 26 At 1€ (e HRRR Bt B SoRborTLGER BRI 14 RoUOhEnS (5 ArfSepect of
the inventionyasiame mMatgHirg methog spriaptine| Ui mgthodsdhatigorelatevtheidraokithg taterto known
features in thg Hulildings 5% RigRdING flata andiracking data may be received as inputs, and

building features and characteristics may be utilized to improve the accuracy of the provided tracking
data In partid(if4f/ Hanp LR craHs BiPerdbrAL PRl druds staishy Qianuss bl paitmitdador
characterizeekbyfratetes drthagu itcitigng uita afeihalbvaysostiainsiels, eldvaialisceiery\hideritacking
personnel and/or assets in buildings, the tracking data, input be matched tq known features in the
building to intéarg%rsl%e‘[ﬁg St(%it%r? a(lzlgﬁ%ﬁg g(lﬁgr t?gpr?é?aﬁ%%: %? ]&Iq(;&ygggzaf%?)vﬁ%f% %Itl:gg Zrlélﬁy%;end reduce
and/or removaciiegetfét SdheYsat Instie Rictrpagdeeitdobdin teertesierinty dbtarjogns]daiertial
systems, for gxampl@iycangyavidspnianbs acourate felativestragking clialaespssialby Ques, shit periods
of time. Inertialé?ﬁtetms, owever, are §ub'ecttto inertial drift. Errors in calculating the offset of
gyroscopes and inaccuracies in scaling parareters may lead to angular chin. This causes the
calculated tréj@¢birtomhift swayefrosh dfstruey tosatiomandtheéadmgeovdnctinentlsing davdwiadge of
building featgyes m%@%&ﬁ%&@%%@&&%ﬁ@ﬁ%&pﬁ%ﬁ% QHﬁgﬂQﬁ[&n mesthyildings.ave few

locations where long straight paths are possible, such as hallways, large rooms, and open spaces. For
each hallway/ eI 4re BhipHD GariaraREbetngs SEWRERTREaMAE) thay BRATERSE dtong its
length). Matbhingy &, sicaigh tfpaibticardectyntooasdmtwagkimay reduce scaling errors accumulated over

time, and e“yay}ﬁ}%gwkﬂ{pfgﬂ%ntation, 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
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
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[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 whichve@rz(98/edfi6&d and detected in inertial systems. In all regular cCBSES]SHYEHRAFE 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 RE 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 ®ik&hce. Using ggsglg}éildin% features to match relatively accurate tracking data can help

C

identify the 1658 ARCUTATE YalkiAg data, and predict the actual path taken using map-matching and

map navigatign, 10318;1.1sackingdata.ohtained by tsing.ingrtial @nd.signal-nasadsysiams may be

used to make highly accurate position estimates by mostly following inertial data in the short term, and

using accurat@SRJAIHEEErTetd NG ERGRIE RO B BosRIGHEr FHESI A BROAEERITS Riay also
be used to Quality ionalisoualifycedbions swhenrenfltiplelangp matching or map building solutions
PATENT Attgy ; 216037 ar ing. computed in parallel, [0319].T urrent
availability o&% f%?é ﬁ%%?wgflgﬁg %snégthuézﬁéﬁ%fnﬁé%%\%?%e Use &%u".ﬁﬁ%‘g@éﬁ%ﬁﬁe@ r%lf)iy‘(l}ﬁcreas,e
the accuracy df HfERiR G aatasnaly By Sedusseivitriesrsrarisef (he Biibingaddwitiag digbid. If the
location of builingJeaturasanennt available) hefarehandathiay paay be-dstected Lisingthetracking
data, and can later ba%f&lsed f(%r matc ,ir}lg future trackin gg‘it%. Tthis map uoildi(?g r%e.tllaod ordtechnique)
can be quite SHEREHOF LEEHSHY S WITEr B rURRIE Sk & And 8 Laishle BaitgSsARtitaneously
tracked in a bbfidilsgsivhase-flont plapsdrecaotrvaildolehdite) | dypouttfthe buldirgsianddthedocation of

features such asistairuells,and el eéﬁlﬁé‘zé?%xd]ﬁﬁﬁ&g AN DRdeledn, Al liesing them
a

to correct the location estimates of trackees. [0320] FIG. 14 is an exemplary illustration of a building

floor plan inANGHHGYaRER & aftHERb PSR ctdiie sy RE ShBRAFSHBE gBRT AT FspidedtitsBchallway,
polygon 142floregiresentBithel lasgegtdatnry po@r;gamsd&éﬁB%ﬂ;:MGﬁee@s&%ﬂ stadraviells, andheolygon
1450 represeits, i sievalar T 190 dasbed e 1400, deaists.atiajalt feth romang end.of the

largest room (represented by polygon 1420) to the room on the opposit e of the hallway. The
diagonal dadmelsRReiationd (i fHeicatExitme mAYds patforassitte theqPaesst robeiepresented

by polygon 143@mansgithe, dashreadinepi48orshows Behpsizantal patherummingopRralieltio shepaallway
through mult(;%:e ooms .0103%]?icf\ci%orpin J0.20 aslff’é?t 01; tthe invention, if the locations of}t)he
aforementioned landmarks are nown, th y can et )seaefloarlr?élﬁ’eoﬁlreoﬁlagjlﬁls?ié’paeﬁ%il?éléicr:né'ly décisions
about the trustiosatidnivfitecreibetdrycofdanplackeeortrdidralwaluprotad ésnthectonbrssinsgraigiit path

feasible in thisshuilding as shovpmhythastiad Une.dt LRoMAlsoyr 3Path siraightidown the hallway is
confined Witm ét;,;e width of polygon 1410, 103221 Though | ,ngnpggg%s are feasible such as the paths

indicated by/ifE¥ 465119 7 4BEY, they Sreties may'y PR AR EBEES RS in the
rooms. Therefogendacdfagkes irdiersednackos$ 1isiflogruslanserices histtadationamaydéaeatermined to

be at either gue.aod.atdhe IHQIJW%OJQIP%&}E%FsIQl?fn‘s‘OJPF}HEEQQN&EI?a@%J Imahqnn%g]sgngcma@rmaﬂon

may narrow a location estimate to a single location with some error. In addition, events following these

paths, 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
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
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PATENT Attorney Docket No.: 053216-0373130 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 14590I126tiivedBtraversal is detected the trackee must be within e ®€8 BBIRFIN 2430 or
polygon 1440. 10323] Moreover, because FIG. 14 illustrates the floor plan of the rd 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 Ist 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 coukdBErdetected. The salient point is that the person would not walk beyond the boundaries
of the floor vAITE N A8E1HE Bt BH3& Wit but exits. [0324] In one implementation, before tracking data

may be matehed.with (eates, i e ulding. ﬁ%ﬁ&a&g&e9599%88%}90@%%% ored.en e racking
path (or trajectory) of a trackee. Each trackee has atracﬁlng path (or trajectory) which may c,gomprlse
the entire pa‘iﬁqn the case of post-processing, or a current set of tracking points in the case of

real-time tragiingy. Baehitracking, peintsampesing the-tiackinghdata-fmay.hayaian assasiatess
time-stamp, t, and each tracking point include values for.some or all of the tracking dat
discussed ineﬂ)eefé?ll%b%v\%.%&%%é%g%?h%eto é%J?éa\sgpsggtergfstﬁé’ nvéntfoh ,Sl\l/f%fﬁ%tutg ﬁ%%?éédgﬁing steps
may be seleEtedsdegeldirigoththdistlydanmenrserod mathodsethatswilldgpapplicdstoithidedata such as,

for example op3ap.mgtghinganAQL mar-hEidiog MethedsTheaeRISPIRGE SAINGStERSMRY&ither be
performed as s%ﬁarate preprocessing stengs, or simultaneously with one or more of the map matching

and/or map BUTHRSS HTEAHBYsY ARRIEIARTE RS PHitRsCEaLHTy SopashasBEraldie Fepiiding on
building typelifiimOwtik poiardormappihgilGexdralepkepltecassinghste psmantagptioasere desiribed below.
The can be li | of.lnc Inagi it r the tracking estimate or to
condition th(;t&%ﬂa(%%%%%é f%yggu%@&%}%gng\éeﬁr?ggésgah@f %?g?&ﬁ égh[(%}%gegf%él%%gg n eer??;:mplary

illustration oP&4iBHcHartiRpiBEidg Lt araY e FRTfEFEhL AHIaEsi fengie nMeshinsatc g nerhap

building methegdstmay baused. dhe-apetalions asiustaladiirad-deseribesd dnegraates getaikbelow)
are exemplayydn nature and should not be viewed as limiting, PATENT Attorney Docket No.:

053216-0373130
[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
erTors.

[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 aualifv or disqualify solutions when multiple map matching or map building solutions
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[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 detaW Qel9d/0rhens fuse position estimates from tracking data that indiGddES@HBNZAES from
multiple outdoor tracking methods (e.g. inertial tracking estimates, and UPS estimates). [0328] IV.
MAPPING TECHNIQUES AND TOOLS [0329] As previously noted, mapping application 130 may
comprise a suite of mapping tools that may be utilized to track the location of personnel and/or assets,
both indoors and outdoors. The mapping tools may be used to detect characteristic shapes in the
tracking data, and align the shapes to valid compass angles when available. Furthermore, the tools
may align thBs&R8pes to hallway orientations. The various tools may also be used to match paths
and/or shapfE ISR SENY SPHME 8 bther parts of the same path, match paths to other paths,

match pathsam%§Qgggéégnmpaﬂgl'shapes (such as, for example, hallways), and create hallways
from overlapping shapes. These and other enabled features and functionality are detailed below.

[0330] A. ANKEYS B\ Ry Reyei e R EINeS esrupsts) TN B3 amsait Aqbasipaedobary o &5 #8peét of the
invention, buiglimgeadsiines tayrbaofiteinataby snetheas suehnas Hoiexample fvarking aefial imagery,
or directly from (ITS layers of the area, A building outline also be obtained.by tracking data of
personnel aﬁgl}lé}n sasrteatso%r%t\(?éltr%iefr?g ﬁ\ﬁeeel%?il%%(ﬁ]ﬁﬂ# |®P13%é§ |r%r5tré°{k?§agféﬁ?1}e)?¥8}e\?%l%} &r methods.
[0332] In onaiphpteteiesieativimeathedtatiiecofain buiftiag latenpbesad éof toatelstriciutnes imekboretrajectories of

personnel and{orassatsnithindha buildingipesventoutdaossttairctarias framcrassingdniahe
building, and correcting heading of personnel and/or assets. Building outlines may be used for other
purposes asp\‘?\fé‘?ﬂﬁﬁ% O RS BUTR R Bre BT RS VR AR LT BB oI SR RS AR valuable
hints about theilsige aridcdnfiguration dhthienpuddihtheMastibaildingstravehallwaysitivallaradligned

(parallel or rrﬁmwéj%A@ruode&%tgngﬁlf&w@i@d(ﬂgge%aimet%wugmtﬂéﬁli@@-&%@J%&?&%@&W@J 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 rESEANGURIBEfThg, a path that appears to be on a hallway could PATENT Attorney
Docket No.: /0539 8037231k ke cgirectindeatiernafalleliodipe hen dicdlaidadane 1efdRerns buidding
walls, indoor trajectories. As shown, polygon 1410 represents a hallway, polygon 1420 represents the
largest room, polygons (1430, 1440) represent stairwells, and polygon 1450 represents an
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,
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[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 tRO2060€2 BW%vhich these long straight edges are oriented, Sevat@rBiiki¥gy 28 orthogonal
with edges perpendicular to one another, hence forming an orthogonal grid. Several other buildings
are characterized by a mostly orthogonal shape with one slanting edge. This introduces an additional
grid angle for the building, or secondary grid angle. Other buildings may be defined by edges where
each edge adds a new grid angle. [0336] Grid angles are relevant to mapping techniques, for example,
to achieve heading corrections. In map building methods, the orientation of hallways may be unknown
and can be defénhi ned each time a new hallway is detected. Hallways of most buildings are
constructed AR LAY OP it BUEIRG le.g., parallel or perpendicular to the long building edges).
Buildings may paye haliexa ihatdaaalaun leng. o aid andies of be.bulldngihgugp.fhey are

usually smaller hallways. These exceptions, however, may be taken into account by the map building

methods destiséd: H@r@iﬁ Wﬁé%l@éﬁ@ﬁh’?ﬁléﬂﬁérﬁ%\ﬂﬂﬁuﬂ BALRRing I dibtintmdl i arEthnte from
one or more &fdtee s stabkas nfast exmﬂﬂ}eelﬁﬁéSpmmngwroapbn@zlgmawy, the arid angles may be
obtained by the buildin ing, apd length 18 I fthe does fth olygon
(representlngd? 9} Verdtlﬁ)ﬁme%%gg be extsr%ar%tteec}%ﬁsﬁr? tqe%ln dls%t)fgnf:’%gB fcf)?mu agh 5%?8 i ope c%rmulae.

In some imptef}%eﬁta’mﬁé neideay @hﬁlcaﬁé%h@ﬂ@etrﬁnﬂeppﬂé%ﬂdﬁmln@&’mreéﬁﬁﬂ)d wag bwigabred. In

one implemetatiomhis thresbaldseayeenapiiserd : msterssalthorah: otherthtesheldsRay pe used,
This threshold may be, for %xam le, be detennined b¥ﬁ£e king the lengths of the longest bU|Id|ng

edges. [0338f) T e oy SRd soﬁe%rtl\% WoPEE e SRR hifELrd
comparisonstmaghrewnede .td/identify Groupsoilddgesthatcare kppraximatgly: pardtiel athpaspendicular

to each othey,, Jéxﬁmgxl%ﬂgﬁ%ddm Lhedgadcan@h?e%eae%d%élm{a{t %&m&%@g&%@%&a slope

modulo 90, Such that lines afong slopes 0 and 90 are along the grid described PATENT Attorney

Docket No.: ’Gfgﬁ?fﬁbﬁmlté@b&‘}‘fﬂ@&%ﬁf Qﬁé]%OOW@é‘g%’éctﬂ‘étoﬁr%Q?&Féﬂ’éﬁl@F g&fpendicular to each
other are ref@zed ta aeéaemgmﬁtm@emeﬁged:dimlg @mﬂrﬁf/e‘ﬁg&&ﬁﬁeﬂ’l&ﬁanﬂ&@l’lﬁ faayhyield a
new grid angle if.the angle does. not Xist. Idition, Si everal buildin wth lanted
edges often a\ge gfe&v{/gs allig ed e 09 gsgseué clc%iljlgd Wit OI:crlnFnore orth ga%%%% fﬁap “for t 96% iﬂ'ne
building, a detekssin&aeh e bbeateckisaealhethey trehundisy mas @mﬁﬁﬁm@m @ﬁ@ne,l also

referred to agh@serémadyt-gridAngke of heuprimaty grichangie.may Q&&efaa@@fa@auhexert&e&%e which

defines the e of the majori of the edges. of the building. For the foII wm bun ethods, it
may be not(-:'s%lla {a%enﬁt%b?b %1 of & &1 9 q<31a§/asfnrﬁ H%’e & Higheratsh Stﬁ c%agf n, the
probability ofrhrédin\@ammmglgrlddawgle@ fm'mrthanathef ﬁrﬂnwylwdhang*eumaylbddtﬂghbcwhen in the

area of the hyigling, copstruciedralong the ades hatyielded e gridangle (03391 Building £artitioning

[0340] According to an aspect of the invention, a building may therefore, via building edge analysis, be

partitioned uﬁ‘e’?é&mﬂ%%fﬂ SEITYSE RS iR Sessd] ?éamhﬁdé%e&éa Fiafvosy Srishizions or
angles. The paytitiaping meyoberachitded hiytfivst deiesnpiningcthariaps yngriditktibe puitdingd where
the primary gricl is defined ashe slope @9&%‘&@ DA (f%@l&f %@fotP%Q}ﬁtagohlﬁe’giclﬁn‘%%ﬁg Quilding

are aligned to. In one Im ementatlo this may be obtain y iterating throu of the
building abovepa*thﬁlég}ﬁoraeréﬂ@%h%t&l%umf% PIEB 6T & dPS BiAthef shop rﬁe&eﬁeeo%r Did
angle). A threshoid mgyibeabsedipdelingyhicsarglesrasp considatpd dadp @engdhiessapee grid. The
group with the hi \xghﬁr st denS|t 1ay b be f:hg)rslgré (ergbtget Irlmiaﬂy glrld 'Iéﬁl sun e%Lthce %nqthimf the edges
in each group can a e o E eregwhen one I’Ié Ras Sevaral 8 dt es heréas the p primary
grid has a fesatigaty foigceddjgsn the tracking data for subsequent methods when apphcable

[0326] FIG. 15 is an exemplary illustration of a flowchart depicting some of the different modes
in which map matching and map building methods may be used. The operations as illustrated
(and described in greater detail below) are exemplary in nature and should not be viewed as

limiting,
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[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 anclior triangles (or
other shape®)aWadighwdsto the building edges. With this mechanism, any pB{ii/Iiiels/tfi@spriilding
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 PATENT Attorney Docket No.:
053216-0373130 threshold distance from the edge defining this slope. The plausible slopes that a long
segment of therpath might lie at may now be determined by which rectangles that segment intersects,
as these sIop“é‘é’%?é'ﬁf&%%@%%‘ﬁﬁ&&ﬁer walls near the area where the segment lies. [0342] FIG. 16
is an illustrati le of building pagitioning. Each "X".1610 represents a,building outline point, and
the X's comt?é?eﬁo%rﬁﬂ%ebg%%lg ﬁw\% %’uﬁﬁﬁgr}ggﬁ%&é‘%‘rﬁmﬁﬁﬁl‘%ﬁé’ %Eﬁél#& “outlf r%%mﬁg yog? 0 normn:?\c))/l e
processed uSHecHd st elBsdtibdarab dvelts parttohathe hskdiny ivndirertantles arthgdangles as

shown, for exampled by padtitiansil iBicherriantationhtbea prman. grickinthisiaxamplecisshown to
the bottom left of FIG, 16 since f’t is the orienﬁgion og ttae majorit o[ the outer walls. [03§3J£%1e
ge 1630. The

building may 3185 52 SeSUMENS RAVE S S8EERaaRT BF defindi'hy' tRaSihg e UiaRitaa

secondary grgingpresents the orientation of slanted edge 1630 and the orientation perpendicular to

slanted edge 63PN a MapppeldingRRKP6ORAS algnMsoi gethod the probability of a hallway being
along the secon %?e%/ grid ,maé,be high when the segment and/or points lie in partitions 4, 5, and 6.
38

Partitions 2 &Mt 3 a1$8'RE0E°Sothis hrbtRAgPEHHERIAG RGP Sicy the 'SBRiaRP §ritfdue to
proximity to stanted.eligd L688 kahel Ibeinghndiphbomngapatitionssidpaitidons dikeecieonnegied to
slanted edge ) | r ility, 9f4h | ng t gismar id ma a ed tg existin all
the partitionsmljar? F?;]Qjé ﬁ?l?ls%%lfgl)\y/g%aé%éeé fg?ad:%g\y}l?%gﬁasga'}tecrgg%ﬁe bu ﬁ(ldg?n%gcbﬂe}l? ti%ag?hggr}#eaqt Y0 gemay be
implementedh@fie lgoalidrBuRah g saitIbAMY 1lab o dtethsimotrnae iDohsiae 2berdingheezsed on the

outline of thexjuilgingieAstBaeh, By methacbef inerolaing &lepeswithnths building-nakte utilized.
For example, the creation of Voronoi diagrams, which may be used to group all points within the
& Bl R Bb enen b Aot o

building WithlbtéhrteS ne ?(tesstté)dpéléef)f) the ir%agnéé(ﬁ?ttlhgfaﬁc‘u Set?rﬁ)p end dftiona
implementatibaseiriayaineiudeesto fimghconfpassnaddihgb ey inonahse ate kabitiay oframgles lariting

rectangles, Qi ipes GRS NGRIBIHEOBSAAL NG RA08R(LIRERMICIRG tRaRNESI3Qrder to increase the range
of claimed areas. Signatures of different input data maé#e assigned to each rectangle, allowing

parameters &ti0/a8a copaes HeaBiRBRHERTS QESHERDS Bafids of magnetic readings, signal
strengths frof#Basécstadiop s etc aglengfaisegivant o wetbnm ing imewwhichtsegmenrt the mPAIENT

Attorney DO%% M,Oféroe%ggli!;@:%zﬁﬁggerial 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 purposes as well.

[0333] The outline of a building, even without a floor plan, may provide very valuable hints
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
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rectangle likely lies. /0345] Shape matching on a building outline may also enable the detection of the
probability of irregular shapes in certain sections of the building. A series of outline points in the shape
of an arc, foV&xfNe1ety suggest the possibility of curved hallways or cirRGIEEP3YI#8770B46]
B.SEGMENTATION OF TRACKING DATA [0347 According to an aspect of the invention, a tracking
path, which may comprise a series of (x,y) points in tracking data, may be divided into segments.
Segmentation may be used, for example, to identify long straight stretches in the tracking path which
may 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 botmexdoor and outdoor tracking methods, and by other mapping tools. [0348] Sequential
Segmentatiot 3348 S trekilty Hotnts typically occur in a certain order depending on the path of

the rackee, My Be ARYANAGRALS I AIBHR ST I'a Seqmeliz clyfing consecuive sequences of

tracking points. (0350] Sequential P nal Segmentation. ol ﬁ1 one implementation, to match a
tracking patfd& éneréf disfe Begrdys of a building, if present, the tracking path may be divided into

groups of trggkiy peibigitikalomay.gecartaioadvwithin arestapgle of a tuesheldmadapsy width. This
method may be referred to herein as sequential polyganal seg ation. [0352] Rectangles may be
used to dete%?%ﬁg?attilatrﬁ%}'ofe pcci)llaﬁf'sm?ﬁ}zgg#t?ﬁrveﬁ?r? %@%&fl, Tgbrrr%eic “fiveth oa%é]ggﬁé“ﬁgl \?vgyl/es, and/or
to create hakwnasgsdrovhithahesectimglesalaks ied peaprbuitdiredm Sthiods )bulldant reshotbiograximitn width

may be the aygrage wigtl.ofhalbyaysdg.d. napereximately Zk.meters)dths.average widiniofthe

hallway with a tolerance, or specific to the hallways of a particufar building, if Imown. The tolerance
may be detethifRGSHIEFIhe nadirs bt thEPERKING WAt s Kibih A8 pretio B9 HRSE A ed,
tacking dataatidiesalregridrgely depbenteitior theepsimary netngtt.addier sleldegused te ddiardnine

location. Th%};Qgggggjﬁgrggggﬁgggg%ghlsem% @89’3%1‘9' semnentation may be modified depending on
the data type. PATENT
[0336] Grid angles are relevant to mapping techniques, for example, to achieve heading

corrections. In map building methods, the orientation of hallways may be unknown and can be
determined each time a new hallway is detected. Hallways of most buildings are constructed
along a grid of the building (e.g., parallel or perpendicular to the long building edges). Buildings
may have hallways that do not run along the grid angles of the building, though they are usually
smaller hallways. These exceptions, however, may be taken into account by the map building
methods described herein.

[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 buﬂding 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 determined by checking the
lengths of the longest building edges.

[0338] Once the long edges of a building and their respective slopes are determined,
comparisons may be made 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
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Attorney Docket No.: 053216-0373130 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 furtMe® 211A19218680353J According to an aspect of the invention, onB(EXERMEM7Hethod 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 (IninBB) 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 ?ninth!? may be found by defining a rectangle with top left corner (ninX, mitzY),
top right corner (maxX,)1), bottom left comer OninX, max)'), and bottom right coiner (max, X, maxi),

where ming Paﬁ'ﬂ‘Tnll)nl are tt the mlnlmum X and Y coordinates for the group of points, and maxX, and
maxi are thé maximunm X and ¥ coordinates for the group of points. [0354J In one implementation, the

minOBB may yt%ﬁe%‘?f@éﬁ’%f@ﬁ by saletlaog. e NARRLIR GG Roinis Iadhelr Gyrenl

orientation, calculating the area of this bounding box, and setting it as the current minOBB, \%Ilth area,
Amin. The p%‘i‘rf@ HREY $kh badbeaten Wﬁcﬁ%@?é&e ﬂ%@"d%‘?é@a&é’éﬂijaacy%gﬁéﬁr@eg‘f thec@“gﬂ'ee)
clockwise ahepit:thediist paiatisanththelniaRih sy bel caltitatediagaintlf thg-argarafthis rpinBB, or

Acurr, is smajl Amin n. Amin may be set t curr the.total rotation.may be noted
(e.g., at thls‘,gﬁ)c(])%ltlrwtEp ﬁ%gaggg%l%gaﬁ%tg&rrﬁgrﬁno;ﬁyt en %?‘%(gtg% gﬁ%sb?a{;l%efﬁ%ltfgm f é?}one ?ééree more
than the rotdfith if trsipasvio s rbeation baﬁémﬁélehméoe@mphggérﬁmﬁ@y b‘éOp@ifﬁmﬁéd. aFHis may

performed uptg.a retatiorief 90d8areRs:QANERI90.degrar Fatationts somplate,the mininym oriented
bounding box mag/fk%e defined afstghe ounglngkﬁ/ﬁ; Wlthll%r E%ﬁélest area rotated around the first point
otal

by -1 * total 4RGie pF fotRHEAYi%. Featistartit & BerBariShy jesesiivting foregoing

method, them@me@@hﬂﬁm%beﬂma@a&dbmﬁemw&sddgﬂepﬂnmgmdhdram«hunm of
accuracy required,angihg Rmmwngegmt%g@samw @y mglpmgoggaamg RQVPdiRg ROX i

rotated back by the rotation amount about the same point. Though this method is highly accurate, it
may be sIOWW%m%%W%ﬁBHQdW?H%WWQﬂ fﬁ‘?pﬂ@%ﬁétf‘i’tta‘ﬂﬁ)‘ﬁe‘fﬁges%mé“é}?al may be achieved

by first calcytzthag Bailitiecdtdogsbikigfor the points. A widely 'mown equation using linear regression for
the line of bost i 1R RAsTENT Atiey Lagkeh N 203418203/ 313 ANeAoM ¥ Tad g given as:
analysis, be partitioned into sections, with each section being associated with expected hallway
orientations or angles. The partitioning may be achieved by first determining the primary grid of
the building, where the primary grid is defined as the slope modulo 90 which a majority of the
outer walls of the building are aligned to. In one implementation, this may be obtained by
iterating through each edge of the building above a threshold length, and grouping these long
edges by their slope modulo 90 (or grid angle). A threshold may be used to define which angles
are considered to be along the same grid. The group with the highest density may be chosen as
the primary grid. The sum of the lengths of the edges in each group can also be considered when
one grid has several short edges, whereas the primary grid has a few very long edges.
[0341] Once the primary grid has been detected, lines along this grid may then be spawned out
starting from all comers 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
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[0357] a = yinean- b* nnean; [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: 9P H2IIBXKY - ((EX) (EY))/1\1) / (EX2 - [0362] where N is th@ @Tie0%p PSittts; [0363]
X ,EY is the summation of all the X, Y, coordinates of the points; [0364] 1-X2 is the summation of the
squares of all the X coordinates; and [0365] EXY 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 Iirié“(’é".g.bslope <45 degreesﬁ. This may be corrected for by first calculating the minBB for
the points. IFREBOCRENE B AT Width > height, then the best fit line is found as is. If not, the points

are all rotate ghait sefsknain by 30 dadieea.c olwes. INGRESLILING Jo Ihese.glaleg points

may be found using the equation above, and then the'line is rotated counter-clockwise by 90 degrees
about the fir§ipbitt. "SRR BREAPTINRS dfbaaitrd S Touah trrs tmmmn el sFrerredEENRdNgSbox can
be found by fietatingtherpaintsobys bratsloperafdhenkineiof best fiteloclesiseealsulating the ininBB, and

rotating it ba r-clock \.vis the slope of the line of hest fit. [0367] T, ethods to find the
minOBE mal T e 5 e R O R R8h R D reing
sequentially iAtdiBe giERtsP &N HIEAAbthE poimebinre dachreethnéntidire coitainedsigea téefaridie of width

nhot mhore thmimﬁ@ﬁm{d,ﬁggwﬁgpge%r&ésé?a&{ﬁgsﬁﬂg@%m ga&én%&dealg@@t@é? %ﬁtﬁﬁﬁ& ments
that the path is divided into are called .Polygonal Path. Segments s) and specific to this
implementat'BHgé% TERERGORT S rﬂbaﬁ‘é%g'«f‘ g SSYRRLHEY 4R Bedeful SRTCE ANy and
stair regionsyfiaheerampte caick ioftbiy reetapigukasiand dantisetsiitablefforfcBifipafistmeGadh BES

comprises aJigt,ohracking 198‘:9{%7 of the outer walls.

[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 be assumed to exist in all the partitions in this iltustrative
case.

[0344] Various alternative building partitioning methods may be implemented. One goal of
building partitioning is to determine what is inside a building based on the outline of the
building. As such, any method of interpolating slopes within the building may be utilized. For
example, the creation of Voronoi diagrams, which may be used to group all points within the
building with the nearest edge of the building’s outline, might be implemented. Additional
implementations may include storing compass readings to increase reliability of angles within
rectangles, or merging nearly consecutive edges of the building together in order to increase the
range of claimed areas. Signatures of different input data may be assigned to each rectangle,
allowing parameters such as a compass heading along a segment, a series of magnetic readings,

signal strengths from base stations, ezc. along a segment to determine in which segment the
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PATENT Attorney Docket No.: 053216-0373130 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 tracRifg@YYife1ee%d the tninOBB for the first point. This minOBB is aRoTSe$2448iAOBB. For
each new point, the win ORB may be calculated for the points in curt ORB and the new point, to yield
a new currOBB. If the currOBB has a width less than RECTAIVGLE_MAXWIDTH the current tracking
point is added to currPPS, and mMOBB of ctuTPPS 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 curi-OBB, which is the minOBB for the new point. This procedure may be continued
for all the traB¥iERf points to q}enerate a list of PPSs representing the entire tracking path. [03691 The
above methS YEREIHTEE n Bt E HPouping of points in general, although it should be noted that
around turnsrggtgggpeeltiilgggﬁiggsults 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 KA&HIhgrac R EtoPre butidi s aHde omaae ke pmie e cinnse the Rubthibptak

currOBB to inef@asesifasashetchiratinnoey o tharbthiamcausethelengiid @ inaraase: dhis event is
flagged for earghfsuc,h trackin E)oint ?%IT?DEHifIS\é?REA 'a'Yle FLAG. Iflgm increase in width above the

threshold is noted, and then another po? tis included In the same currOBB With Tess than threshold

increase in vifgH#e/cBmparfSisMENTHGHONRE TiRgoka BeTeset because this motion is likely due to

wandering bagly gnd fortinine halyay orathentbana ik Eachimeraneyw ,cWHOBR isinitialized, a
check may be made to see the last point in the previous currOBB triggered the WIDTH INCREASING
FLAG, If so,dh® A Sothe'it € SaHe Bl &&H{&é@@r&@ﬁmgﬁpoﬁﬁgﬁwﬁmm@%@ tHEWBTH

INCREASIN&aileplA®isifoufydocgistlRR2E maiclze imddifiedkbo: iethovie dhem sebes atipdintscthathad
triggered the WIDTH 17, XCREASING, FkAGH. 205kihe. MNQBE far dhe, PRS.ISUpdaled (odhe min ORB

for the remaining points. This currPPS'is added to the list of PPSs. The new cur/PPS is then set to

include the J8ife8oh PSR tRAPYGE Er o BN R SASIRI A APRIHE W Y9oiRdaAd ciatOBB

is updated tadntié on B afdhedacwdisy ohpoinissithisamethod effectively breaks the PPS at the

turn point, czg)}y&n@the tlz;:z'lo‘.}-ENT Attorney Docket No.: 053216-0373130 points after the turn into the
oce

1a1iQn. : .
new PPS. The p e maf/’ & continued for each point to generate the list of Polygonal Path

Segments (BP3%) Sips 11a3iing peipts Epithilsteatveiexaniplendedictity théine sultthobetgeieisal
polygonal path-pegmeRtasion asegtein doloran ARe &lio kbR dANGRMIONng 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 points might be in a hallway, to match
them to specific hallways, and/or to create hallways from the rectangles (as in map building
methods). The threshold maximum width may be the average width of hallways (e.g.,
approximately 2.5 meters), the average width of the hallway with a tolerance, or specific to the
hallways of a particular building, if known. The tolerance may be determined using the nature of
the tracking data type, if known. As previously discussed, tracking data types are largely
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.

54



[0372J 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 intdVau88#8 1868y gons. A series of points that is better represented@@EBS288841g%8with 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 length and width) could be
represented by the same. It may, for example, be useful to group points into polygons that suggest
they are either on hallways for long rectangles, or in rooms for box polygons. In one implementation,
this may be achieved by first using the above sequential polygonal segmentation method to break the

tracking patﬁﬁfﬁthgoL)égonal ath segéments. A following method analyzes consecutive PPSs to

determine whatHer 1565 Car be iaruded within a box polygon. 10374] Global Polygonal Segmentation.

[0375] Accogding 4o aRAsPeSLaking.1vaNTaY. fekiracking data it is.net subiget 1o dift.sych as

signal-based systems, o(;apotentially for high quality inertial s%stems where drift IS highly minimized, the
tracking data*RRaP BEGr St JaeriAtd #81y% ondl edvirp e tsEghetindl thempeiasnbwdvtr biichesf data

may be analyzediover some period by analyzing their location as absolute (modulo some bounded

en-or) and i i Eh Feguenc in whi the,g?ints were taken. Additionally, in th case of global
oivomaal e B S B B e e B

straight segi@HE B tAe QR edegascsgie (BudrR) tteBuidirgkaatinate sdiiigranylos are
known. [0376) GlekahAdrptivenRialy senalaegmantation, (13671t hesaprScanig.Rs deswibed for
the global pol ggntaggtﬁgmgﬁt?etic?a% a abe tgrf?grged Ig([ dattﬁ V\g’t(rg utt]&angular err&rs such_ edata from
signal-basedtracking méthods, 6f ﬁqwe?(tlaﬁra Rifg a5 Gltet §ngu(ir BrreLdHeBy SR KiAd the data
for straight segrserfigewitbdn thking 5P ARE NTTANA inede Dok et dan DES2hBpIFBL@0er (minX,

minY), top right corner (maxX, minY), bottom left corner (minX, max¥), and bottom right corner

(maxX, max¥), 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

degree accuracy desired (e.g., 1 degree), clockwise about the first point, and the minBB may be

calculated again. If the area of this minBB, or Acurr, is smaller than Amin, then Amin may be set

to equal Acurr, and the total rotation may be noted (e.g., at this point | degree). The points may

then be rotated about the first point 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 degree rotation is complete, the minimum oriented bounding box may be

defined as the bounding box with the smallest area rotated around the first point by -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 increased or decreased

depending on the amount of accuracy required, and the points may be rotated about any point as

long as the bounding box is rotated back by the rotation amount about the same point. Though

this method is highly accurate, it may be slow for some applications.

[0356] In another implementation, the same goal may be achieved by first calculating “a line of

best fir” for the points. A widely known equation using linear regression for the line of best fit in
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sequence into account. [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 aFEQAMR0A18eStain threshold slope of one another, they may be R&dJer s/ pexdntel
indicating that they may be along parallel hallways. [0380J Polygonal Segment Orthogonality Checks.
103811 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 (Le., 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 segft&HtE can include one other if extended, referred to as an extended inclusion check. This
relation betWEEPHESEGNEIE A THafcate that the segments are located in the same hallway. The
above parallg|, R)%p)en_dglcglg{.; g%gvgﬁcd{gsion checks may be valid over the short-term neighboring
segments in inertial data, but applicable globally for signal-based tracicing data. [0384] C.LOCATION
COMPUTA‘I'[I@W]lJ‘STNGeF’R‘EZXﬁ@@@TRACKING ESTIMATE [0385] According to an aspect of the
invention, foydse#h Wideoyane Buldaostackitg Meibadsteaghhtimamsew tracking data point,
segment, or @}g%ex;%egg%otggg%@gd ito%gHrtIE%r;(t ctgg%lilr;l Segftih*?eatgjlrl‘psay be computed using the estimate
of the previous point, segment, or%ehape IS operation may be performed assuming that corrections
have previod8RpticErs segel Pervinefsdiradieking data, all previous corrections may be applied to a new

point, segmq0§6pf§hqggqg?(§§mopwm toRh_aspeetaf)the invention, tracking points may be

processed or%)f?q?oi t-bg/RpJn basis, an asiFgr_oups such as segments. When a new tracking point is
encountered {Rdat iiiel o7 (IR ERIRST At tough tracking points when future tracking points are
known, the |§tHtiH 0 8f,thE cutrenttreacking fpdinteriay firstideset asumingsthat no corrections are
being made ;4 gheskemay then.ba ReTRGd10.588 i GOReGIRAR.FRNRE made. [0387] In the absence

of a complete description of a building, corrections may be made to |ocation estimates when possible.
At most othdPEties nely Bemamitgind thea@seertofiBsX 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. Ifnot, the points are all rotated about the first point by 90 degrees clockwise. The best fit line
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,
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PATENT Attorney Docket No.: 053216-0373130 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 on® ih2pfadftdtion that takes data from an inertial system, the tr&ékiAgPpd?ay8be
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 ¥ixi&Nfom the previous tracking point to the current tracking point. When a location estimate
is made for étf?éfl?%iﬂ?f'ﬁé f?fézégﬂ%z’a{f@d map heading, mapHeading, changes. The angular difference

between tnapiardinaciiand isadlbanpoRaAtion. hay beeleulaed absosaipbionall the

points. For each new tracking point, the distance between the tracking points, rawDistance may be
calculated USRIGS e Thstare@ orfll28d PhecheBB g HBRHeHdIng byt therkive eaietilatedls the
rawHeadingmomptRetationwhenre. tTaiponiBeRioalis the sotatipnder the previges Baeking:point.
The currentilnol% '%n estirgate wi}hoglt orgection may therbp co Rlléted as: E91389] X = prey X +

rawDistance coS manﬁgea%h?\ag }lﬁﬁe é9BT \‘?)O:mf)srevj"i rawDIs anceng‘gll\r?f)mépﬁeg ﬁlqg .[0391] The

same calculatiofrRayiseeachieFdd byaaridihdesh érraviindréneaddts\d XHE pTélibe sursokirg paint to

obtain the ngy-{rackinganeint- a0 by.iolatingahe Asverackinapaint ANPEANE RieVigYsHEacking point
by pointRotgHg%gﬁ[g%gﬁﬁ] In one implementation, processing may be performed on a se%me_nt basis and

point-to-poi B the YRR F kiRl nesH Grotips e pradivd avietidi uEtrived. In
this impleméntatioentcotikeotigosinray be préfmisch iortadindbd froihtsnavspoglie PiRprareduaup of

PPSs. Eac%?%%czmim@@ may he &gaaﬁgeg&m as &ﬁ@ﬁ@'@tigpbwﬁgs)@eﬁ@&qn%g%@ drach

correction applied to any segment may then be queuéed onto a list of corrections, and is also
represente&é@‘g‘ﬁ%ﬁlix. Some corrections which are made for local fitting to landmarks may not be
queued on @1hg qbI ebliaNlishod gtaw IR o RTay e trupierPrdihoih dbepgimsand thaoMATENT
Attorney Dot()%( ggt'élcp tﬁaQSa?’ozu% -t(l)l§n78319- 33(>0metimes 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

compared to length, the flag may be reset because this motion is likely due to wandering back

and forth in a hallway, rather than a turn. Each time a new currOBB is initialized, a check may

be made to see the last point in the previous currOBB triggered the

WIDTH INCREASING FLAG. If so, the first point in the series of points before the last point

which triggered the WIDTH INCREASING FLAG is found. currPPS may be modified to

remove the series of points that had triggered the WIDTH INCREASING FLAG, and the

minOBB for the PPS is updated to the minOBB for the remaining points. This currPPS is added

to the list of PPSs. The new currPPS is then set to include the series of points that triggered

WIDTH INCREASING FLAG and the new point, and currOBB is updated to be the minOBB of

the new list of points. This method effectively breaks the PPS at the turn point, capturing the
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minBB are transformed) by all the correction matrices queued so far resulting in the new location for
the PPS. This method allows for a location of a point or segment to be determined without having to
calculate th&V@EasmtficBach point before it. In addition, the location of a siRgIEHHMSAZS e found by
transforming it by the list of correction matrices. Alternatively, the same effect may be achieved by
applying the correction for a given segment to it, and all future segments. (0393j 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 shap%‘ ??‘}J Q(Tﬁiﬁ%:@ll\é%%%li){OR ANALYSIS [0395] According to an aspect of the

invention, analyZing the eror in & tracking path may be used to determine bounds on the corrections

that may be piale wbile:aiching URCKA0 PRI SEOIRNSAYID YAORRIAJPAERIIR byiding, or

to other tracking path segments. It may also be used by shape matching and shape alignment
'

methods to dEBSRMRE difreldiiagiching Sesratidf B3th segment and/or shape rather than using
constant thrggholfiBIAdUitisnaillyll theagvroemind s apiayngetusediiy mrRtagas sackbBsdRapaatching

and map buié@@%ﬁ%ﬁ&?%@éo‘?ﬁﬁj‘?&ﬁ@a@;?e%?@% rrgq}io%n. For example, if a segment is close to a
5 jine ! :

hallway but thé’ﬁcorrectlon_tot e hallway exceeds the maximum scaling error accumulated in the
tracking estif{até/ frastiechém ey tecrsected ¢03981n one implementation, inertial tracking error
estimates mayhe obtaiaed & thepappingiayer-as.a, parhohihenkackingaatalf the ahalysisds done by

a tracking syr%t m fe'%itﬁyﬂ @S&glgaw %E:ﬁG trgfgfic())J ma be optained hy. me%Aods that&,operat on the

tracking data- THE SHrof May ba Sxprosead ie A Lrigtar st BRI Knd PUEaRIY &S estimate

and may be teiilored ferthie thpe iof tnértiabprethtod used tecpretiictitie dovadibnrefithedrackgehdf known
For example,cpestiad systems %MY%MJ}%%%B@E&&%%&%@J%Q@M@Q&@B@%ﬁ%ﬂé@? error

due to the rate of turning, the total magnitude of all the turns, and time elapsed. However, if a compass

is used to cdRSEIRMGDGE A e R ESER ot W ram aiARls bt anAerisitta reud Berrawsersihiivdhy, while
estimating seating lermeys ,fd:framﬂnpl&jaies;/@femwg@sﬂ}ptﬁgmﬁmn@ggﬁﬂqﬂ%,sﬂggeexrmé_}m&yei&_érTENT
Attorney Dockel, O, OR34AE 033510 dPRERESIGRIHcaN: gga‘n@.ml% 8%‘%%%% Mfantgaration

accumulates error af every time step. However, in an inertial'system that uses a pedlémeter,ythe
dependencebéritiiiEcd I 8p st huyenBIedsvsinta st groireaet repemiadonnmriatdp ek, and is
more dependanigpatieHof,siens faker iR/ ATha eres st drackingspetafinterest may be
estimated W'&Q erneT%gee%thtecgh%rrt%feren e Pl?%ﬂheghi%ﬁfaegenceﬁoint may be the start point of tracking, a

selected point, or any tramcinﬁypcoa‘l?ﬂ in'the tragvklng data ry §°§1Caling error may be estimated as a

function of di8pT4tEinbet Ardveotd feseretiedopoint and the distance traversed since the reference point
was registergg7p3QB8hhalilsh atien, draffsat (i, imihe R Liiseuaf thekursnt kagkingpgint from

the reference point gist,dthe distance traver1 e b%;;vxﬂeen i[,he _two,tgapking points, the error offset, error
(X, y) in 2D & ns%%a}é B at@é/ateéjés, 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
absolute (modulo some bounded error) and ignoring the sequence in which the points were
taken. Additionally, in the case of global polygonal segmentation for tracking data that is not
subject to drift, the path may be scanned for straight segments along the grid angles of the
building if the building outline or hallway angles are known.

[0376] Global Adaptive Polygonal Segmentation.

[0377] The same scanning as described for the global polygonal segmentation can be performed
for data without angular errors such as data from signal-based tracking methods, or inertial

tracking data after angular correction, by scanning the data for straight segments without taking
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[0399] error.X = en-orPerDisplacement * offset.X + errorPerDistance * dist; [0400] erronY =
errorPerDisplacement * offset.Y + errorPerDistance * dist; [0401] where errorPerDisplacement is the
fractional erVo® gepdiRitddfsplacement; and [0402] errorPerDistance is the frR&tIGHaR@EE733E8 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 - en-or.Y, with length 2 * error.X, and height 2* error.Y. This

indicates thatsTEtfe oksition.(())sf Ehﬁeorgf?rence point is known, the current point is estimated to lie in the
error rectangt8FBRAIVE TS e poLHISH Bf the reference point. [0404] For illustration, the angular error

may be estim&qmg Asimilar concept as: [0405]
Angular_error=errorPerDegreeRotation*totalDegeesRotated+errorPerDegreeDeviation*
degreeDiffeddicd/ £ MW%@WM@% 4F- [0406] where the Angular error is for one tracking
point with reasey thha refereneerpoi: dRdak il sotakbegyensRotaiedsiedne suilamatiaT afdhenangle

changes between th 0 points; [0408] degreeDifference is the resultant diff rencet% tween the two
angles; and bﬁ%‘f‘ ﬁ?%rﬁ?ym (:E%ég? o_%%%ﬁfﬁ%ﬁ%ﬁfﬂ‘t@%ﬁi?ﬁﬁaﬁgf intervalis’ Eeé’tlﬁrlﬁ
difference betwdenidseshves tiprdldtadipying 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-
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.

[0387] 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
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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. 104111 FIG. 18 is an illustrative example of error bounds for a
segment reBif¥efy/a2i8trence segment. As shown, segments are depicteda¥/BraorRsEBE{gles, en-or
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. [04121 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 p};ﬁfﬁl"an]c)l thetl(\?n'd0 3(2)int0§)7f3t1he line with respect to the start or end point of the reference line.
The error boliNa&Tor e Bhitire 2&JHER! may then be found by finding the rectangle that bounds the

error bounds 9fHeth,BAIRIS, Tﬁ%@@%@p&ﬁ%ﬂﬂ&%ﬁ'%&ﬁ@@% 395&%%%9%'%%9%@& by using

the four points of the rectangle. Also, the error bounds may be found for each point in the Segment
individually, BAGHRE BB HE-RIE6H distat S5 B&%ounded by a single rectangle to represent

the error boyosksfan the segimentaiihietrireibounds:traynaisabe sepresetedangdifteranisbapes such
as circles and glj}l ses. [04131 E.PATH.SG%ILID AND SHAP%DET%QTIQ%L%@&IM%; buildings are

; t-t6-po1nt basis. 7St 1 t g
either orthogugn% in‘shape or ¢ %%nsaglmutﬁrlle orth Sgeo%‘sé Sections. onsequenﬁyﬁ ﬁ%ﬂv@%’&‘s’ providing

connectivity TR arePAdfdin gacta alsH O flenapnHog dfatiéIfaipseppoirdiChtartas oeheriballeass. Rooms

?re often buultt@égiag E!erhﬁlﬁﬂﬁn q@rt]g.r,l mt&afiﬂgamrﬂlaﬂgm?g M&@Mﬁ%ﬁﬁ Eh%}pfﬁe%g&ﬁ of these ;
eatures can lead to tracking.paths comprising sections of long segments that are along the same gri
(o paraleP ) SEty S L BTee AREANS 1015 PP CEhG RN viith o PTG bl
particularly uséfiiétmidentifycsegmentsthdicadaapprostimaiely pattalieiomperpenrdiculaflie ome other,

and identify them 2s being an.the same,arid: dbigmethodief EQHBL”Qa‘BLé% N3 alsqelps in
identifying shapes that can be matched PATENT Attorney Docket No.; 053216-0373130

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
PPSs. Each correction made may be represented as a translation, rotation, and a scaling. Each
correction applied to any segment may then be queued onto a list of corrections, and is also
represented as a matrix. Some corrections which are made for local fitting to landmarks may not

be queued on to the correction list. A new PPS may be transformed (both the points and the
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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 matching
methods maydaiMiplasadnted in mapping technigues to combine the shap&GTAASRME Capabilities of
humans with the computation power of a computer. Shape matching techniques can be extremely
dependant on the detection and definition of shapes, making segmentation and subsequent shape
detection a critical tool in performing shape matching. 104161 inertial tracking paths may have heading
inaccuracies due to drift. In most inertial systems, inaccuracies due to drift can be incremental.
Additionally, in some |nert|al systems, angular rate changes above the maximum measuring rate of the
gyroscopes BaTF‘t’:%l Se s nshe%glng errors. Furthermore, inertial systems which do not have full tilt
compensatlon e TACE ack of -axis gyroscopes or tilt compensation methods can demonstrate abrupt

heading errqgg whencthe.tackinguinit 'ﬁléltis%a%%@m%@&y 95'94;'&@1&&%99%{9& e fifferent

types of errors, ath rid detection methods may be im 1p lemented and may be tailored to the quality of
the inertial tr%?éll taT]PE)S4T9t}fﬁdo?]|lé"iYﬁﬁ‘?éﬁll§’ﬁf3ﬂ6r‘? BRNGRESSHESbE iPRAtfiEd sy #HEREing the
result of a ségmentatidoumetteddhabnesidishpansetiesof SegawRnis, hbesasegmesiscmayifomprise a
simple grouping of RIS v UaBNE ol ed. approxim tion the h as a line, rectangle
(PPS), or elllpsge Each segrr?esnt maygbelt%rs%o?:ﬁ%te mﬁ%%)rrll glr?enct?tlon%"]ope sg%%sas thgfes?ltope of the
line, or rectaMgle>apprsxfthatiARP B BreceTssaoBdane el thecstarridnd.and gofteofaessgment. The

segments thaizeanie erauraeﬂdmenna&hemsgydHﬂ&%éesmeummassdobxethﬁeh@@ms are typically
longer segments. Theref re, se with Ieng[;[h above hre hold %é%lbe considered for the

analysis. /0FT LT ORE TP Eentst osnla%%h]saey five OFthS ha grtffls1 Bioge Rt 86@/ {trating
over a seriesreficho skapsetfinemsiibneticmeedomaitn memhf&effteﬁbe ofrthe shepe dfetthe curtent

segment wit mlﬁwrigpg(g{jgomawﬁe&@mg&t% JLhisdiffgrence may be found, for example, by
calculating the an%%e difference for these numbers, modulo 90. If the difference is below a

predeterminéd #h&&nold: WWNW%ded to the current grid, and the difference may be
added to all B## foltowing segmespis sihte thiswountsdgzingoheeatianin fathactiffe farceis BATENT
Avorey Dogtel 19 5321 60315130, 2hoe e PeASismined sl i, seament s gonsiderc

to be on a new grid. In this case the previous grid ends while the new segment arts a new grid. If the
inertial errors&HARMITY a0 ahansie taersirde ibn tdssoRrt ayhse trariiacarWitheteinakimarm possible

heading erraiswith wespegtstagbentastisegnientandie ged. Aadd8ld hasapithagonral shapasmay be
used by shapg matching, and fittin Sr”; dp%ﬁ%tﬁé?'iﬁh “aCk'” ?th 3napes,io Eﬁgd‘ﬂ%%%l plap shapes.
Multiple shapes may Be combine reate as a sing fé s]ﬁ sd’bsequ LEUEN B
compass andTeulieigsgriy éeH@éth)fwlsﬁrfesdﬂtswlse@men@stmumnéI@fgﬂap@slbe@ngceptmmnfal to one
other. Additippallyyindauildings M%%HM@'%&%@M@% AQR-thearna! sharesdmayhesreated to be
tested for sklaﬁe matchlagpgmzo ] F.CORRECTIONS TO TRACKING DATA USING COMPASS DATA

10421.1 TralkING a8 At Th eI BS ThiGHRY CIEB IsAEY dith R AT Srekine srtmpcetiFstRg BApabilities.

Specifically forsihertigctedcking data, headings are often relative to the direction in which the inertial

tracking unityag,tyned ﬁ{}xle-'x_]tfgﬁtm'?ﬁemefﬁtt@ctlal\ﬁﬁae@fb?QQMtgsq¥a9;@§rom£%£H%tt'% %Qé'fe path

may be rotated to be aligned to the true headin enial drift adds to this problem with erent
sections of #3&<H4t4 Pé"&lﬂflﬂ?@ Hm@aﬁ%tﬁﬁ%%nw B agrelita H‘?éh‘%c’fﬁ%ﬁ’ﬁé&é m@§t€’f®412§]‘
According t@fanlésp)eeirﬁﬁﬁethedmwaﬁmhbvdﬁﬂﬂbﬁmgmthepmu& bﬁ&lﬁhn@ﬂéﬁgtmt‘d(a&ahwmgiy% point
may remove, most (if not all error du rift, orrectln the head ng of.an inerti th using
accurate comBla?ss ar?aé% Uuq drlngs fs?tgﬁeeeo %3 methods tha !::an e ésf(%(-%iiljytgerfaél]ucc(eifjl tlﬁo %effects of

inertial drift. tyeggd mmmhgee@eﬁ lesre thigredisiets dperisameticiteadhsreniddapiarefdies rxsuipleg in few

accurate COmpass dgaaﬂm%tt@n@ig&tgyﬁm%ﬂ@s% ot availabilituak Q@H%@&Qﬂzﬁﬁ@%@@u@@%@ss
headings may re It in th&llnac guracy é ?s ethodsﬂg at are dep§ t on compass headings
& B§fiBn%t o

being accurats at eacAtime Stap™fi oA &R &@g% AnGEPRTs Also a
challenge towéér’ithmlbhepd@m[ti@slsead!glearscaawramee}mntwﬁemm eadingssare jjodatly,

while estimating scaling errors, if an inertial system uses integration techniques, the error may
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[0423] In one implementation, for tracking data including compass angle and gyro angle data, checks
may be performed by matching the compass angle and gyro angle trends to detect which compass
angles are gBO2M/Aebhsence of a reported gyro angle, the heading betwWeHUPATHENZ Bttorney
Docket No.: 053216-0373130 successive points may be used to replace the gyro angle. [0424] 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 comp r“é@”&r%akwfacm the same direction. This compensates for tracking points in the same

segment where'a Yrac‘iqng LT Was 5&?39 different directions. Compass angles recorded while the

tracking deV%éﬁﬁEk%ﬁQJ%}%ﬁ"ﬂﬂx%Qﬁ '&n&@eﬁégrmsx lendfohe 'géér%cetue@;em;ﬁ@%té tated

compass angles would now approximately all be the same if all of the compass angles were accurate.
In cases wh W[‘hvéfelﬁl@|H§E&5@@e%mﬁﬁsrééﬂﬁﬁéet@ﬁ*ﬂf%ﬂ%ﬁﬁﬁ?ﬁg)%é dersres AR Fesult in
incorrect corrpasmestimaias Sintedgimapdsmang ks cankenhighlysinace datadwhesh maghatier
interference | J%pr %%pt Therefore, when all the compass angles are not accurate, a scan may be
performed to all the values that are approximately equal to one another. This may be performed
by clusteringd & Akbted o otipeinarais Withinestiresthelastmgledorshecarotter: Gfrcengrouped,
the average aglerafstha-aidsteionitinthe bigbest-dpnsaitymavhe tagere 4o thesegmentARid
suggested com aSﬁlv%Iu% If t(}/vt more[‘ compass a.gegle clust rs h ve a si r‘&ié?fensme@s"the one
with the highes AEHBR A of TRATARTS SMgiEE s B EEhR ‘fﬁtéog rg fErEtivEEYuent
methods to rfésmﬁteenmmemtﬂmttbé dngles fnthecdensesbch gﬁi@nqs pess thamegigeedietermined threshold

number of pjagg; @&tmguaﬁs%rafas@f;a%@l%qst%meeéﬂéxegf the seamentmnay padegggdyyith an
"unknown" value, specify that the compass angle could not be determined. [0425] In one
|mplementaﬁ6§9r°3°§| r?f?Il&Ft Shriffudisase ﬁg‘ffbﬁﬁegBeBYﬁSF RGITpR Eihe mEt ﬁ%?ﬁﬁﬁﬂ%f\f/%fhln a

range wherethe (nestial Xiredihg etionigiwithin known bounds. If path grids have been detected, the
compass mayig dheeked uspabiiBaliis wihlo e ofid Allgielaing e compass angles to the

same direction. Alternatively, the compass estimate of segments In a pat gjrld may be found

separately, é?fﬁ’%é%rﬁp‘a@@é%ﬂﬂﬂﬁ?é@?&e@ac‘#@@gﬁbW?F%@}%t%ﬁéc’f(é&tto be consistent with the
shape of the/pathy @mere@ﬁmpaﬁsspngéa&ﬁnﬁyﬂawdh@ﬁmwqaﬂaarﬁe&egmab%ﬂﬁa,tahave "unknown's

compass anglgs,and gyastidden,if he,compass andle 902 a0k RALENT
[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
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Attorney Docket No.: 053216-0373130 agree with the other segments in the path grid, or if the rotation
required to align the segment to the compass angle is greater than the maximum heading en-or
possible. [0¥P@ EM%RdMBplementation, if the grid angles of the building arePkiTdW W@ 12tk path
grids that must conform to the building grid angles are detected, compass angle clustering may be
performed to match the compass clusters of segments to the building grid angles. To illustrate 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, and the cluster with the
maximum depdfiyfmay be chosen as the correct orientation for the segment or path grid. /04271
G.CORRECTI® *‘5‘%“’% ‘K&ﬁ?&?@"’[‘f}ﬁh USING BUILDING GRID AND PARTITIONING [0428] Since

most hallwaysjpo Brilding-aiealignad terihe,buiding. gtids,shapes sagaprising long orthogonal

segments are likely to occur along the building grid. After detection of path grids/shapes in a tracking
path, and as&§Hihg: i A gREWhEFP R AR e H Radh i SRR ArkiphEédAdRscad the
building grid-a:id partiionSandiettapptapriateuy iterating through the shapes in the tracking path,

each shape pay; peiehaged,fanite. pulding partiton er.parlitiens, i crgsses andian e in, from the
angles associated with the building partitions using the bui ing partitioning tool, the pro able headings
for the shapEeSrel: e SRR SaSTHS st Asripiap esrhlaghiyscienalesd qoca protstisies Reewding ghat is within

correction bounds:by sheckiag aspiationthrasheld grihe maximymywatationatiersenis the exor
analysis. Thi% mt%.be %erforrlned for each shape in the t_rfacki g path while ap&lg/sl{ilg he caqrrection for a
shape to all folSWiHG shSpa i TRSFEIrARkiig o5tA PORSST HAS B APESRNA L SIS aIRGHEINE
ANALYSIS ApDdntdEMATCHNG [o2680] According to an aspect of the invention, while analyzing a

single trackingypaith, of patiaclkes, xBER In@Pariesoh ime QL &OmPAHRY M6, thasking paths of multiple

personnel and'or assets, methods to compare the layout of dominant lines in the tracking data may be

useful. This SFAEIE FhisHe drackd BRarlFiderrRg R SRR HEHGiIRRY RnrIEEWeually long
and traversedgnuattiptéttirpschyo difetat irackeesinlheseylheSngxtaeated fromiihe tiackingddata may

PATENT Atigingy. BRGKSEND w0 RRe 10aPRFPR % TP 0,35 AL ANERe tine. The exvor
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
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[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 alongW{&298M{B19aflway may appear to be offset from one another if SEFAFIASBATE.
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 trackccs.
104321 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 predetermined
threshold ledgtiNhat can be along hallways of the building. Once the Hough representation of each
line segment 1S BRIANEY el ¥Ah0E ¥Brted by distance from the origin or reference point, [0433]
Determining wiyehAings e, badkalnay wilsanaling asinaia WAGKHA. AR LRI Hagking

paths can be a very challenging task, especially when floor plans of the building are not available.
Each tracke@nfiyiraveiesdds &’%@Fe‘ﬁt Batbriliieecvaprishih therssite HaMmiaib triagidetiaremay be
partially traverseidngnddtadensed ad timprmwitenidiffgsent ttackiggepathshnve differgnt ascumulated
errors. [04341, T facats passiole halays. and coneclions Lo.lhe [nescol e same (o1 dfferent
tracking pathsI,) the Telative position o the Tmes ma;}) e compare&f 6 detehmine whéther they match the
relative posifishbsferraerily densadentioa SwrAeiqstith arddetionigrineshipanowerdrsekesatetioatndf this

match occur@yg@&ﬂgnﬂ?gggﬁeg&%flm%ﬁ%@E§dﬂﬁ@,@ﬁ5ﬁgﬁg@|&g@§@gm_lines being exa}mined, E;.

correction m ade to laterally align (translate) these lines to one another. To implement this

method, the@%égﬁ%}ﬁe?& d tgﬁﬂ%s #cgaﬁﬁme&g%ri&?ﬁc&af’é?%r‘é‘ﬁcéopé)‘ﬁ% Fhig%ial BE%berformed

after groupingsthesines byaortentation OifstopehcAlistotmeimbddgimallthensbegenreidtegstoyncalculating

the offset pependicyiario.the siope 0f each.ling HQ&Jﬁﬁp{ﬁgispﬁlQ%@xgg&mgaﬂ USLRf Jelatfve offsets.
IS

With two such lists of relative offsets (e.g., one from each trackee's [ist of lines traversed), creating the

set of all sighet BFfETSRCRAPHE MetiRbristans WhPEmAdsrel bEkicamenstisass 6373130
second and hernofinding geomase (with eofuzsnsdise shaldy camaeatashroitsepthaidveeaps the most
lines. [0435] Perfarming this processing for each axis that long.lines la erates a set of
veators, each e e B e K M A S o

single offsettteBffRAeeHamaaEof ayah pisudrrishitied byfinbiriet oTed sr dcnakinerbthe
perpendiculatdingssirwndsam each vector approximately intersect. Finding this location may be

accomplishe ing vertex clustering or other techniques. . This processing may also list all offsets
rosuling it QUL St IR QoD P et TN B BOLAIE, SHafe ligiubent
techniques cegrisetepplimdihodibadivrrglsonre stadsinbrtimhetasal lzavd foedatss fromcesigpadebasedlsystems

using the same indeying:Rrincipies. 10038LE G d 2R ia ANl st@tve @ xample of 2 firsk shape.
"Shape 1" (depicted in the color gray), and a second shape, "Shape 2,"égep|cted in the color black),

extracted fréf the sEGHENERTBRETHE RACRME IS S HNB Hrstantirackioas) Bk 1o Brelisasly
accumulatecdftrtacking errersatile wepticablitiegpaint IV @rbERVEEY alie hatizadtelly mifsetoff dra one

other. In adq h ' Ofi li irs (\1H2: "2H3").and (“141" "2H1) are
vertically ofgs!:’te:’!.rt?rg%,(I)Jr'n(ig¥ r%é&a.élrlﬁl)%%% r{ ﬁb%){/) %@:ﬁ?ﬁﬁ?g cz%%g%\ll_llégrttlllc:a %ffé%% t‘)lqﬁgéflrrl(%} %%12'8(% q'SE}abﬁg 2" does
not have a rAsden 2 iviesy (erechPag i dovwReEh PR VB dHapal abevsarbreskokhape
alignment togd dersfrece ssing algorthm), the tool may compute all of the possible offsets and the
con-espondi rlaps.for.these offsets. The combinatign of a vertical offset to align "1H1" and "2H1"
and the hor L L T PV S U P BB Rt Bt HATHARS B o (el
three pairs rirélstiohekPetscieaRithirF fegeibleceommictisriidstands oPtrfsloningf thesheetiondoethis offset
in a method{gychasuiamexamnie.ymrPbridieg) Mmay beguseitl in createioesplansingthe two
shapes. It may be noted that ancg)[ er Iar}g& orizontal offset aligfning "1V2" with "2V2" may align four
pairs of |ine§?{‘f}atf‘§2‘h6vﬂﬁg‘§\9 1BTER5 % QR MAGREHPMRPES: (BP9 uith tas - fttergnge 9 BEEY £ with
"2H1." Thoughdthisnoffebtioeedah shmgenknerpains; dddedydotdgnoread gfifhund o biEffyreatemtlyan the
gﬁﬁ\'ggnFﬁlﬁ%&é!ﬂ@qm9{%{3%%@%@4@&5@9&%@@5&%@2 doRbHOR ErMAT SN ZAND
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PATENT Attorney Docket No.: 053216-0373130 10438.1 Comparing tracking paths to floor plans
(known or generated), comparing tracking paths to one another, and/or or comparing floor plans
(known or geteagedrtrdne another are all examples of what may be referPé€d 65348 GFBtric shape
matching problems. [04391 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. [04401 These shape matching problems may be described using shapes such as points
and lines. MBsEfEatures on a floor plan (such as hallways) may be represented as lines, rectangles, or
a series of pOiRIAVIPRSEEd REH&& AR fes, hallway lines may be approximated to be the line between

the midpoints.ofdhi Wessmallateannal S (Lianole-H0ddd.d Whismatelinga fagkingath to a

t
floor plan, the problem may be formulated as a Shape fitting problem. If the chﬁtlon of each hallway
(and each |dR§TOBMS FRfoNARY BpreeirEacasiRItsRaEs e [HrbplasiitaPea@dssiied to have
the input trackirigbpathdtheriepui patein) campetep ftiniathedeakiplam linesthadaase patiern).
[0442] A more }?robabg?og,ﬁg%%risg ma ionnc de %.partial description of the floor plan. For example, it is

: t . . g
possible thamﬁer%%%tlons of' most of the gﬁ\?vay rectangles and/or lines are known. This condition

may lead to Sé¥8tdhasrivitnareastapthanmidy bectake shimo nenbick ratidiitispmetehgteraekihg lines,
also referred {oias; ipputAALArD linesmayRerphalvays wmgses lReations Aot kagwn,therefore,
the input pattern lines may not completely fit into the hallway lines, also referred to as base pattern
lines. AdditiSHléTﬁ/,Sl%%)égﬁoSH Sﬁ%@ﬂfn’ﬁﬁﬁ\%@ ey B ?ﬁg}%ﬁﬂ@g%@r‘?& RIS B Bhresented
in the base pegtemislinesikis, seypesabhiedlwalyisdesd straighttinto Addicomdtthe enddfghedrallway. A

trackee may,, (esefare auerse Hie0alwpnand Rroseed staight inte. e saep. M dhis case the
resulting tracklgg{)hne ma¥ comprise a line that fits ﬁ:&rtlally on the hallway. In each of the above cases,

the shape fitdAe’ploble &10E 5B Taatienp P At iRt ipatidin Tines into the base pattern
lines with th@pagsibitities odatnniatchadhe dinamgAnivbsmatchabie ling istbarefeid mdinardrpge match
cannot be found in IheS&@iEEI}{'yI' Attorney Qg&ll(et NO.: 19e5a§216'037§130

capabilities. ca I e ng datd; mgs are oftén relative to the direction in

which the inertial tracking unit was turned on. This implies that in the absence of any other
information, the entire path may be rotated to be aligned to the true heading. Inertial drift adds to
this problem with different sections of the data requiring different rotations to be aligned to their
actual headings.

[0422] According to an aspect of the invention, identifying the true heading of a trackee at any
given point may remove most (if not all) of the error due to drift. Correcting the heading of an
inertial path using accurate compass angles (headings) is one of the methods that can be used to
reduce the effects of inertial drift. Large buildings can have high levels of magnetic interference,
therefore resulting in few accurate compass headings to align to. The lack of availability of
continuous accurate compass headings may result in the inaccuracy of those methods that are
dependant on compass headings being accurate at each time step. In addition to the
inconsistency of compass readings, it is also a challenge to identify that the compass angle is
accurate even when the readings are good.

[0423] In one implementation, for tracking data including compass angle and gyro angle data,
checks may be performed by matching the compass angle and gyro angle trends to detect which

compass angles are good. In the absence of a reported gyro angle, the heading between
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base pattern lines. [0443] According to an aspect of the invention, shape fitting without unmatchable
segments may be achieved by converting both patterns into a set of points each, base pattern points,
and input paHerPHRAL88 o obtain the base pattern points, each base pattéth TS 2H@P BB 78
"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 tEeT8me segmentation of the input pattern lines. For shapes that are aligned to each

other, the firstAPUL Patter ot may be offset to a base pattern point, resulting in a series of test

pattern pointg, o es! RaRe R nes shawn ik (138, Jfig test pattern points are then tested for a fit in

the base pattern points. [104441 For each test pattern point, the closest base pattern point may be

selected as tAEHTCHZALH ST AR ARS Betiverh TR B BEm s hn S dhinedardBey i thiee
correction distanesed HomatbheghpaintssapaeaohkeationmdistancespacalFthedast-patterpaeints may be
saved as a pessible shape fitting solution. The smaller the matched correctian distances, the better the
quality of thg%h%e[?e%?ﬁg’T is é?&%é%% &nﬁ% be F‘éﬁlé%gtfeea y 8?%’8%?%5‘%%% first i(:nbﬁuﬁ‘éstttee“?r?%g?ﬁt to each
of the base pHffaphcpdiritican e srapunhbeadae lskSiesbin aekysid g enekannprasdies wfwetutions.
The best solghiomdampachesanby dcvarions erileniau(e.g honeef whieh.may; comprsesymming up
the correctiotg istgncestand t%hoosing the solution with the least sum), If any of the correction
distances in 5 SONiBR Ae ALAY I Certa B ARSI, RS ThHTEh Wity it E S HErh SIEERESIf no
solution has(a}hmm@mmrbwldlstamcemimmmmmmeﬁirmmhﬂdgﬁhmsmmeymay be
reported as pa fitting dos the haserpatigind044pld hismetbed mav.peskwellioninrytpatiergs that are

scaled quite well to the base pattern, and when there are irregular Shapes such as curves, arcs, and
circles. Irregilld ShapRTREFs LT IKTRSSHAE: Hethtd BhseJBre LB RAABIIsTRS S aFid HHEhase
pattern po?nkmqﬂg ebiaigied thyssegpieniing eadhilinesardatespplat mgtibﬁt\a&eﬁﬂceaaﬁ@ak_ﬂiy@base
pattern points,, EATRNTAQIMeY POckel N0 993aE6:03 73030, 0448lIn the, degetiption above, the
closest base pattern point for each test pattern point may Be foun y considering a the base pattern
points. For sH&jsé fitiRg! Sroblaifhs wieriahdoagdosneh doh phsbe wude Hidises appeorimttidd may be
improved bygnsusingethaiibe matchasHopalbpeintsyolasingennpidRatiersbng e madada points in
a single base pattern line. Additionally, the input pattern points in this case may be limited to the start
and end poiﬁtt%F ?Qﬁ% iNeInStea ao%%%é’m@ﬁ?ﬁot e thirée 11858 ?ﬁé%t?écfgﬁ ?rlwufﬂ%w tgté%ﬁgﬁlﬁeatfor the
input patterri¢ires nay & 19Bd Fethyprepattern dines eatedstimwasinvblackifand thenestatpesn lines are
shown in grayafter.beina fffsetiniihe haseRatieralingsn khe it Patiert. Rois, and this.ihe
correspondingiest pattern po(Lnts are obtained using only the start and end points of each input pattern
line. The coAEsFoRMY MBtEhEdISTEh e BREREBIMRARL &7 SRowr ™SS BECK dB& I 198B.
[0447] For shademmnglmebiems Whereniwe&mmmﬁnabhb_mhlersmgmémmt_alIooftf\setmfﬁm the input
pattern inesdg (e pss: RAIRILAES OAYPS COMAUISELSIA0INe. phaRs: alnm epLdol SHipseauentl

each combination of offsets may be used to test the Shape match, ignoring lines that were not found to
be overlappth§CIRPATs 2P8ts, PrediRpUteskiEEmntde marked in gray as an unmatchable line is found to
not fit in the fpass padeentipramd044d] Feomfitingshapesthabinayphel retatesuftpm enemanother (not
aligned), the same.method may be performed by first choosing a base pattern line for ane af the input
pattern Iines?élst e%}%fi%hvéltr%?a%i(r)arrl}%%g @rﬁ ﬁﬁ%lﬂ%rgg}/r}ﬁ?é be %Ot%?gr’ﬁ?ﬁ%&ﬁﬁnlgi\gn n?’f%l/n res'sgflp ﬁ%‘i\%%f)ossible
rotation anghase berm deisecaridicorapisiisey Thehpaper peelrimagintenityinrbagad 1aalightiosthe base

pattern. OnegethaipRYtRBIEED liReshavedesn alignedfathabass.patiamdiness theshang fitting
method for aligned shapes de%cribed ﬁb%\@{g%y be performed to fi%e best shape fit. [0449] In

one aspect BHthE IR tESTORAS SRR e %P?o%rﬁ%ﬂnﬁﬁéfoélf’ﬁ TRELRS RS Dase
pattern. Thelehorcboisids mily be chipalatethdqradaghdin€omtive gl patte e vifiereséet deethe lines
being offsetdg lings i fhebase patarm . Jhs.corretion distanges inthe salions,for.eagh 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 mgy be reported as potential matches.



[0450] The shape fitting tool described above may be used by various tracking methods such as
PATENT Attorney Docket No.: 053216-0373130 the map matching and map building methods
disclosed h&Y&id0Pgréd@mple, in one aspect of the invention, the tracking F&tH HYaY0B8Bsdken into
segments, which may then be aligned to the building grid using sensor and data fusion methods
shown in FIG 13. The rectangular segments above a threshold may be selected for shape fitting. The
input pattern lines may be obtained from the rectangular segments, and the base pattern lines may be
obtained from the rectangular hallways. They are then tested for the best shape fit using the method
above that accounts for unmatchable lines. If a match is found, corrections may be made to correct the
matched sedh@hts to the matched hallways. If a match is not found, the input pattern lines may be

alternately groUFEYRTE Condet e drilis using the results of the path grid/shape detection methods.

Each shape pay hendessrauanialy mtgsgﬁq Bnds: haky ke AR ARG SU NS R O agegPed I @

match within error bounds if found. [0451] A'second version of shape comparison may comprise
shape matcHg WPETPRRS SHafE 4 tBelBEr R BdIRye S arsipe. This method is desciibed
while disclosing shenauiclonsitiaakingnethe drl04523: o CONSTRAINE BLY INGIIOASIICanstruction
and Satisfactign of Constraints gn Tracking Data for Feasibility, Checks, Corrections, §o|uti n Quality
Classificatio#1 %%ﬁ“&%%?éﬁrﬁ% t@?e%éé’.ﬁﬁg%}%%%“i fé:%oﬁn%%%ﬁ 303185%3 0 l% ‘fnl{/Séerrft?d’nfn (3) Solution at
different stepstiompsbteasish Bearmigns ) bbttre vasismsTitcthddddikitase!redin danibstohecked for

feasibility, angidhe ensrationssresuiteddapaforn.gorrastions Waeedednmaypedelginingd, [0455] In
one implementation, for ex le, a tracking.path may be defined as a set of constraints hetween
points and/o?%&tr%rlgfé%g%@-rgt?fﬁ%ﬁr? YA EETEAEN LSO Gen bR Ser B BY Bitput from
a given methrbthicile 6k may bespanfiedmned todestdthesatisfaddiofloithe thistraintsespelditicinally, when

violated, the garigetiqnareguirad IRIBSIRLe DR cONSIARITMAY he éﬁ@'salx?é&doﬁ@&a%ﬁ%gggeto enable

comparison and testing of tracking solutions. [0456] Identifying corrections to be performed may be
realized by YEtGESALEifts on the data, and then determining when these constraints are violated
or unsatisfiefl4Ag @ illutiativecexampteaiakeqibad CoOsCENLARAhKN ab peiippanr floor) of

a building thfﬁﬁﬁ%ﬁ‘%“é most hallways in a building are aligned to the building grids, shapes comprising
long orthogonal segments are likely to occur along the building grid. After detection of path
grids/shapes in a tracking path, and assigning compass angles when available, the tracking path
may be corrected to the building grid and partitions where appropriate. By iterating through the
shapes in the tracking path, each shape may be checked for the building partition or partitions it
crosses and/or lies in. From the angles associated with the building partitions using the building
partitioning tool, the probable headings for the shapes may be obtained. The entire shape may be
rotated to a probable heading that is within correction bounds by checking a rotation threshold or
the maximum rotational error in the error analysis. This may be performed for each shape in the
tracking path while applying the correction for a shape to all following shapes for inertial
tracking data.

[0429] H. SHAPE ANALYSIS USING LINE ANALYSIS AND LINE MATCHING

[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
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PATENT Attorney Docket No.: 053216-0373130 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 failléY@ 3¢Meiigifcs may result in two points along a path being spaki@l{Uséyireitdd 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 properly fonnulating the
constraints and their subjects, a constraint solver could detect these violations. [0457 Verifring Validity
of Mapping Results and Detection of Necessary Corrections and/or Failure [0458] According to an
aspect of the invention, a tool such as a Particle-System-Constraint Solver (also referred to as a

"constraint s?ﬁ\f/)%;ﬂ‘ c]))rj _atl\';?p(;vsezr" Mmay, he provided and configured to treat certain features of a
trackee's tracleﬁg ’ba?ﬁ as p'ar%lcfes, 4ndto detect failed constraints. Features of the path may include,

but are not lipited 104 REIDIS.AIGRG;HE Path, straight segments along the path, or portions of the path
believed to be I%ia?s%ﬁon stairways. Features of the path may also extend to any points or geometric

shapes whof¥ SRE Grlisiaiondbexdnto e thighetiaribe Sresaussretiasrstinhertial data
or any otherretataguay betheistuncsSpicihess featitesaSuatkagolvar maydherny havwescenstraints added

between its Qc%rti I%ﬁ to renrese hg:on trahinltls between the§e fea} res. or upon tqgase features to
constrain them a{lseg’(gﬁ other g‘uatec%al%é methdd resuts. 10450: ﬁs B‘Ss%.ﬂ%‘?"ftofere‘ﬁéﬁﬁﬁﬁaet?%o take all

points along’a ath gelidiatedvbiha rekophdaficerahanstion Haeovztids wrsyhalyotheyrhetffds), and set

these as therpatiglesrpPrdiclaSystam-genstsaint:Sehes: dhasaivgecouldiior xampla.add a

constraint tht%toem?r%reltstrth&te some or all of these particles must lie within a polygon or polyhedron
representing a building's boundaries. It then becomes possible to detect which points, if any, are

outside of th#4zdildinganahds dlssSirshsaghetirerdr metthe path thatstwmheunistids: Hemsforeated is valid
given that it st ligawithin the, uilding 1 48Rk Ranking,and.Gomparing Traeking.salutiens;[Q461] In

addition to verifying the validity of mapping results, the solver may also rank mapping results

generated b fiftdint R IMRETH R o 5PV EY BfiHBEI A0 LB S ERAESON Y ML PATENT

predetermined threshold length that can be along hallways of the building. Once the Hough
representation of each line segment is obtained, they can be sorted by distance from the origin or
reference point.

[0433] Determining which lines lie in a hallway while analyzing a single tracking path or
multiple tracking paths can be a very challenging task, especially when floor plans of the
building are not available. Each trackee may traverse a different path, and even when the same
hallway is traversed, it may be partially traversed and traversed at times when different tracking
paths have different accumulated errors.

[0434] To locate possible hallways and corrections to the lines of the same (or different) tracking
paths, the relative position of the lines may be compared to determine whether they match the
relative position of tracking lines in the same path or tracking lines in another trackee’s path. If
this match occurs within the bounds of the errors in the tracking data at the lines being examined,
a correction may be made to laterally align (translate) these lines to one another. To implement
this method, the lines may be sorted by distance from the origin or reference point. This may be
performed after grouping the lines by orientation or slope. A list of numbers may then be
generated by calculating the offset perpendicular to the slope of each line from its previous line,
creating a list of relative offsets. With two such lists of relative offsets (e.g., one from each

trackee’s list of lines traversed), creating the set of all signed differences from the first list to the
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Attorney Docket No.: 053216-0373130 assign to each solution a value or set of values encompassing
how many constraints are satisfied or unsatisfied. The solver may then use the degree to which each
constraint issai8figd2idoReight each violation. Even an estimate of how lard¥ &/ tred¥8fdradtfon would
be required to turn the given mapping result into a solution that satisfies all constraints (or some
subset thereof) to within some predetermined threshold of an optimal solution could be a suitable
measure. Given these rankings, also referred to as "ratings," the best of a set of mapping results may
be selected from multiple results. The ranking and ratings can be assigned to each. For example, in
one aspect of the invention, the rating for an individual length constraint may be assigned as the
fractional agiéé‘ﬁ‘ﬂent in th lfi(pal2 Ign th_between the patrticles, to the length specified in the constraint.
10462.1 Ratlntgrgeilz(’é'fféfﬁ’ﬁaﬁelné) I¥onstraint length)/constraint length: [0463.1 where abs is the

function thatgetims,a nﬂ@ékﬁ%n\%a&aem@@@mdﬁu PRSP 484k the Jatlpa, for allithe dength

constraints combined may be obtained as the weighted average of these individual length constraint
ratings usind%ll@ﬁsgth of the constraints as weights. Similarly, angle constraint ratings may be
assigned thgdrastiparabagngetie mriactim dinal anglemandhaonsitainicangleugonegensrinedseatistg may be
represented uUsj C ination,of all the different constraints assigned 1o the.constraint solver.
10p4651 Addiyt%gjltwga%h?e,afg]su%g)/%%%ftllolﬁzerrﬁngyogg ?6%%80 ro?norrr%sst(l%%e ggé%t %&H%% g%csgr%ﬁ%%rfo other
sorting or filtéfhg ex@rigffshinrdsumssnal werfitaresdnershowceninplisesk e udirth dteskistipthe set of
constraints tawithiersce@idain Meaguien his funcionalibpramershlaauserrtachoasa thaisorrect

solution from a set of feasible solutions. Mgre importantly, it may enalle the mapping technology to
choose the i?éaéltsléeo'fﬁ‘ﬁ%]ﬁpﬁés.ge L R RS e §r°§é){&b ttfaclﬁﬁ ese&%ﬁ%?é%ﬁe\iﬂfgfl?gﬂﬁﬁ)%l%asible
solutions havk tf&sts comipuged oTtisHurctioatiteneseie impldmenttatt icomethodssuth $smmap _
matching angigaﬁgrpwﬂeﬁﬁqu£9%§é@e@39;si@9tiem&fdyﬁe&mt@éamﬁ@apa%a[%qcﬁ%@%Alssfigl%@??ﬁﬁsord'ng to

an aspect of the invention, a constraint solver may be utilized to correct mapping results o create
more plausibESrHibTassERith EHng Febing PR tfetecting that one or more features on a path
violate certajiidd6hBifairitEh ascandinaintiselvermisieconjufictiichapsth SATENT(depicted in the color

gray), and a second shape, “Shape 2,” (depicted in the color black), extracted from the
segmentation of the tracking path of two different trackees. Due to previously accumulated
tracking errors, the vertical line pair “1V2” and “2V1” are horizontally offset from one other. In
addition, the two line horizontal line pairs (“1H2” and “2H3”) and (“1H1” and “2H1”) are
vertically offset from one another by a similar (fuzzy) vertical offset. The line “2H2” of “Shape
2” does not have a match in “Shape 1” (the gray shape). When these two shapes are sent to a
shape alignment tool (or processing algorithm), the tool may compute all of the possible offsets
and the corresponding overlaps for these offsets. The combination of a vertical offset to align
“IH1” and “2H1” and the horizontal offset to align “1V2” and “2V1” may be found to result in a
maximum overlap (all three pairs mentioned above) within feasible correction bounds.
Performing a correction for this offset in a method (such as, for example, map building) may be
useful to create a floor plan using the two shapes. It may be noted that another large horizontal
offset aligning “1V2” with “2V2” may align four pairs of lines: (1) “1V2” with “2V2;” (2)
“2V1” with “1V1;” (3) “1H2” with “2H3;” and (4) “1H1” with “2H1.” Though this offset
overlaps more line pairs, it may be ignored if found to be greater than the maximum accumulated
horizontal error in the tracking path.

[0437] 1. SHAPE MATCHING AND SBAPE FITTING
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Attorney Docket No.: 053216-0373130 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 re3URLFPE¢Snstraints are well chosen, this may imply that the RSTHVBI00813tdMt 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 thc 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 th&tM¥Ese points will lie on tog) of those stairs. However, this strategy may fail whenever

there is mor8 THAR 836 Stalicase travered within the path. If the mapping results contain any en-or

whatsoever, japsferming tbe-paih1a.allow £05 SELOLAAINS,ILUG AR SIASMAY.LRNESI Mg other

while transforming the path to allow the second set of points to lie along stairs. Instead, reformulating
the idea of IffhePEratHIFs Z8UOESRSIREIPA RS flAce i S BB HEtRaRA 4B P tBng etietate %cimpromise
solution in wixighpdk poinbstdeie baiarado etttk chipecliydiengmstaias [0469] Several of the
mapping too invention may analyze a subset of the points and/or lines such as the longest
lines of the tézigéﬁg%ﬁa%?ga{%% ﬁ{ge}tr%%ﬁg v?/ﬁrearce t ef’rafgctf(;)lt%ir%1 Vé’?flsmné%sbgcfﬁ?aeﬁeé.{ 5 éffgegg%) of these
matches majatibinbharebitanasie Bppned thaak of shahstHerkyamahn ke avaeikirmpdataciScdharios like

these, especialyuthen the |acationsiiva.9r Menaseparate.peints affast thedrcation.ofiapather point,
can be solved by the cq)negtraint solver. [047 Accorﬂitgggtg an aspect of the inventjon, the constraint
S

accufafe, or ISP RS RS e B (ﬁtpw pedfic points

solver may &6miprise’a CUsiomized teratiVelcdhstrai
along a mappingrresest path, and may constrain any features of the path. The constraint solver may

allow fixed peinty andse YAHENAHEANSIBIBN inclusing. butaatiimiieddo.hose descuber n the

aforementioned examples. The constraint solver provides advantages to the application of correcting
mapping redURY ifFFELISiMe 527 PR et SUNRR, 38 herarreBAstidineSSREmHieY tfepend on
the input cosditpsrafipiefstiié inpltdatartorerdaietisifinglianswer. bhappsotnsteadtoftaltivadiasseries of

constraints P T K +.053216-0373130 constructing a solution from scratch,
%@&eeﬁﬁg%d@%?{%%%% s%a'}i% edns ot HORLRL

the constraint solver may take in that series of constraints as well as a guess at a correct solution, an

input configdf&finthae saigiies hivskae préhderdieaimiarotiopieb beymay hfrEaayplafideasaikepmay be
more likely tariperfourismalliransioonatiens thioughaut therpatheirordas tesatishd thesesaastraints

that the original mapping results violated. This.means that the iterative constraint solver is not likely to
eliminate thélsﬁggﬁﬁlgs%%?’t & r%‘f)f)’i[ﬁén ﬁyeea?ig |%%r}q(%g]§oe?l<%veec S That %8%56’6%& eUhStiCdSHY other
methods useeluaridhe Venjordlidlsier ald Beeuthtdise@atiajority of cases and that only minor corrections

could be reqyired. An s Gase.dResIGIAl eapNalialnt SOWALLIS RRAHRGIVE WaRY ReWHIGH e,guarantee

that it does not ignore the original guess, and that the result of constraint solving is as good as or
better than tﬁ%%%tlbd%ggsm le 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 tracking lines, also referred to as input pattern lines, may be on hallways whose
locations are not known, therefore, the input pattern lines may not completely fit into the hallway
lines, also referred to as base pattern lines. Additionally, some long tracking lines may be inside
large rooms, which are also not represented in the base pattern lines. Also, several hallways lead
straight into a room at the end of the hallway. A trackee may, therefore, traverse the hallway and
proceed straight into the room. In this case the resulting tracking line may comprise a line that
fits partially on the hallway. In each of the above cases, the shape fitting problem may be set up
to attempt to fit the input pattern lines into the base pattern lines with the possibilities of

unmatchable lines. An unmatchable line is therefore a line whose match cannot be found in the
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[0472J 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 peMdéteeABtidts is difficult with errors present in the tracking daRCTYHE41E 237 8he
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 resdltBthe constraint soIvin}g ranks no lower than the input guess, simply by ensuring at

each iteration TRAFTRETESUNE 15 T 1BWer than the result of the previous iteration. Even with a limited

number of itgyatigns, thg result is ensured to be as good as the input guess. /04 73] One advantage of
the constraint solver is that particle systems are common in animation and modeling, and most of the

implementatifA ‘G iroToNg oaritircslidin Bxpaior Sranfofdny thod Wpesbblcsarire Békstraints
between pointsabave:-beendevalapedihBaaansentagdell Ansnalientiniteryses phiysies-aansiained
particle systes, paricle SySiem.melemenialions;capable,ofunningn tea) fime alieady.exist. Finally,
since trackinﬁ ata’in its most basic form consists of a st o pglnts and most congtraints required are
geometric ariigeal bt paitictaca el RNTieppHepOeERe bNB cco 321816 31808y steithbhsed

implementationdnai-e miegraediafibe sRasianselvar maydeiammuiste pointsialongithe path as
particles and relations hetween these oigtg\ a% constrainz}s betw eﬁ the particles. T8474] The following
colfs %t

are exemplafS SN iniitRGT B aAHBTRL of AATPST A 75T ARG OIS BRME 28 L8R #F EBhstraint
can force twoqasti€lestaibe thithiposomearamgesdhdisthncesd 04 76 Fifeth Point Ceonspraipattdd-ixed

Point Constrgjpt ‘}ﬁ‘é}fQE%a?cIP&'i”'EG@nEQJﬁWQh@tlﬁs@%&lﬂsﬂgﬁ’fﬂéyﬂ@%@gﬁ‘?oﬁl‘?@(%%r?im- A

Bounding Box Constraint can force a particle to remain within an axis aligned rectangle. [

Polygon Corf&iRiit Y peTiRsBrRe st ceaHeRirER 0p A R b REHRIAthi R RS RAY H8lygon.
[0479] AngleaGiastraathArh&ntile fLonsiraintreanpiancen tireedqpietieleshiaspaain phiat ficedtangle.

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
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 not fitting in the base pattern.

[0445] This method may work well for input patterns that are scaled quite well to the base
pattern, and when there are irregular shapes such as curves, arcs, and circles. Irregular shapes
are used in the same method as a series of lines or points, and the base pattern points are obtained

by segmenting each line, or interpolating between consecutive base pattern points.
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[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 orh&WHZBMdor Constraint can force particles along a segmenP(I 1SN FA e ular
hallway [0482] Rigid Body Constraint. A Rigid Body Constraint can force a group of particles to move
as one. 104831 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 GUI. [0484] Resolving Constraints
10485] 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 methggﬁi?ﬁa tgget%(gz%w en og&traints described above are found to be violated and need to

be satisfied. oonn-'ﬁjmﬂlng exar°n3p & 6t resolution constraints may include: [0486] Length Constraint

Resolver. Thigieselutiendeiiied Bavmayeishe eiaricles.aaYalv1gwards araway frgmeach other
to restore thqe@é?s?}red Ieré?th. PATEN‘? AttorneytDoce%? %?%53216?03731%% [O4§6%Fixegzb Point

Constraint ROUBHVEY “PHideaas hih MarsRutrmag Hover tensdiitg reWshsat e S dasg o 1
Bounding BexifjoisstraintzRdsek/etlic Thisaesalutionmmetkodyrayumeuithadastitie forthefseasest point

along the bOMrhd-éﬂggQ%gput 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 patter 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
angles, one acute and one obtuse. The input pattern may then be rotated to align to the base
pattern. Once the input pattern lines have been aligned to the base pattern lines, the shape fitting
method for aligned shapes, described above, may be performed to find the best shape fit.
[0449] In one aspect of the invention, shape fitting may be performed afier 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
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[0489] Polygon Constraint Resolver. This resolution method may move the particle to the nearest point
along the polygon. [04901 Angle Constraint Resolver. This resolution method may rotate the two
particles onW& 29081 the angle about the central particle to restore thePd83lFey & IE37/0491]
Segment at Fixed Slope Constraint Resolver. This resolution method may rotate the particles about
their center of mass to restore the slope of the segment [04921 Segment on Known Corridor
Constraint Resolver. This resolution method may move all particles onto the nearest point along the
corridor. [0493] Rigid Body Constraint Resolver. The rigid body constraint may be enforced using
length consgaints between each point, and angle constraints between each set of three particles. The
rigid body catgtfdint, therefo resolved by resolving these length and angle constraints.
[0494] Seve?é‘orrﬁ%yreOégeﬁstor'a{r%é?ﬁ%g;?gg implemented depending on the desired functionality of the

Constraint S@lvgkAdditignaly tral [ ey ' eristic
errors found.in each tﬁge of t,raé%%gg %{Elgg [&gggg?ésatﬁ\% %@33‘?5%&%‘%ﬁi%%%ﬁ%%ﬁ%ﬁ%%ﬁé of the
- t

invention, thE BAPGR1e S EIeFREBHE FAiR b8 SNAKE Iriteifs STRFREn T DiiotaYs BIvankF ofirers. 1 firet
exemplary sbividigeardé nmaysesmphised oo fisignthrabgh stbehasei®i sonsirainiadnla prardetermined

order (e.g., i ) isfyi a eoneu'nc;il' e|]gnu I S.rl§§ %aot'n this. process may
e Qﬁ%gh%ﬁ%wg AR fﬁ%%?(fﬁ#%ﬂf the l[c%rll?{strarl'inlrwlé ma‘&cakggenﬁ%@ §g1ver to

often lead to a valid solution, however, certain

ignore certaffScHEREHTS. SHETRIScHENE: PatroredradinvBaohsteiiissdrdenuthalipesatusive, the
second constinintywilt edwaisthe taa@nethal isprasesadisRansomiziog iBewerger Rkthe:distof

constraints after e ql op thr h the list of canstraints may cure this, problem. One implementation
of the invent‘fgﬁlaetcn%% gglé%%wg%%t YR (S)r?ﬁlzné% an eﬁ%?\rlsrén%r%elzgladsof?/iﬁ@rﬁeﬁttl%f r‘?i‘§t ]gé
PATENT Atisenept® dekbt Noiclog3zd 6:a37 3 80497 Inpnfadditidralngxe mylary solvingyobder may

comprise always-esobig dhencoRrsiatRALARPEaRS 1ndeadiie thenreatestiatng Inglrase, and to

only resolve c%%sgraintst at actually do lead to rating increases. The rating Increase implies that the
rating/rankif§eHSSErbEY B8SERERES traeigbomatrars dre HibrasantfisariFricesPanEolution as
compared tadwpipdeloustsolvition iBastiagpratidgs fartdow well the set of constraints is satisfied may

force the sol A | jon, nerall | st Som yghatb tteg) than its
input configﬁ%ﬁ&%%gggk&ggn%é%? %QT éﬁ %ﬁ%&r}&gﬁﬁ%& %E'%ﬁﬁﬁl Eh%BUIhIYI?)E%%S OUTLINE

are tested for being of similar shape. This method is described while disclosing the outdoor
tracking method.

[0452] 1. 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.

[0455] In one implementation, for example, a tracking path may be defined as a set of
constraints between points and/or lines related to the tracking data. For each solution generated
as an input or output from a given method, checks may be performed to test the satisfaction of
the constraints. Additionally, when violated, the corrections required to restore the constraints
may be calculated and quantified to enable comparison and testing of tracking solutions.

[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
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[0499] In certain instances, the tracking path of a trackee may extend beyond a building outline. This
may be due to accumulated or local scaling errors, or other errors. In some instances, the tracking
path may béVébaieeratiy outside the building outline. This may be due, forP&XaRBSIE WAt curately
estimating the start point of indoor tracking (e g, initializing indoor tracking from the wrong building
exit), and/or initializing tracking with an incorrect initial heading for inertial tracking data. Similarly,
location estimates appearing outside a building outline may be found for signal-based systems due to
outliers. In the foregoing instances, before performing map-matching or map building, a tracking path
may be forced to be restricted to the building outline. This may be achieved using the
particle-conStEi- ol\{( gj tf 93 ve. The tracking points can be given the constraints of being
within the p(?lygorry RSCribe j% % Pdlng outline, and given rigid body constraints, As the constraint

solver iteratgg,sfhe pelygmusestritionRishes the Points ingids the,uilding;and theigid, bedy

constraints correct the shape of the trackmg path which may have been distorted by the method that

pushes poirfEiiies ihe HiaRiih fosoei L v fes 2eier ‘fégﬁi]wdd%gaﬁ&ﬁtﬁhfﬁtﬁ‘ﬂ—:fﬁ&fahﬁ?%ﬁfpnse the
process of detgrminingnroutegditamating Ia)(;aﬂohetﬁ@mnmly &@wgaﬂmml&ydmwﬂeﬁigtﬁ tfetmap

matching ar%@aﬁ,p, b};éqq)lg]ggrp% ﬁ;@%%x% Qﬂ) )oﬁjé§ he;elne}t\g I V|de1 routes W|th|n a

building. Navigation may be used, for example, dlsp ay sea dresclie p%?‘ls to get 10 a trackee
when used W@m@géﬁﬁif@er%ﬁﬁém‘tobﬁ@ﬁmytbatﬁ%mp@}&@of thEBuieipg Ltoffimaitnavéls, etc. In

certain instangesaifas axampieumhien aacmﬁlsmgsmm hasifansomesesasienongt been matched to

hallways of ?O} PATENT. Att 216-0373130 the roy te from theglja
matched po?p thé a{%)lﬁPoE‘fl?ll'd c% 5’1“?%‘5’3/9? stier %63 Etelfithe fﬁ@e‘i’{gmﬂlﬁy fhat could
have been tfaibreged between the two Iocatlons Well known algorithms such as the A* algorithm may

be used for getayminipeitlie #Pute.d0R02F Typicalioute finding.AlorithmsppetsieRetwegnfodes of a

graph. Navgatlon can be challeng ging when a complete description (e.g., a complete CAD drawing) of

a floor planRVEHIARAHFABIEY 1] &1 nCeRLREnt FRVSa A ARY éﬁB’ﬁdﬁTéyo]?arﬁ s snpisday be
added as nodesanrdrieonfretted dyaarmddge.tAddigonell s pattwky, inie reettien Sainay-besedaed as

nodes and gagnecied i g %&eﬁc%éeo%? é%é Al 'ﬁﬁ%?g'c?%'%%lﬁé'k %&%&%@%‘r (patues #ng*&

stairwells and elevators may be‘added as nodes, and unconnected no may econ ected to the

closest nodé@&%ﬁﬁd@é‘?atﬁé%ﬁﬁs W/H?Fepéé’té’ﬁlﬁﬁﬁ?ﬁgt‘tr%fcm e8tRAUTEY foriprauacitey path, the
tracicing estimates Bahalseheraddec asorndesEgpedied ﬁ@sﬁhed@r&\ﬂﬁeﬁtﬁm;@lewmgetﬁapklng
estimates. Thi les rou dete mination u cations that not ed as features in the floor
plan, but that' %%%ageen t%ﬁe\/;arsed ypt%ck%ngg ‘%o%“’géfw“ésﬁ% ﬁ\mﬁé L ATIEN® ELJJ
SIGNATUREawrPINCh ANDIMATPEHING (85049 zentdinditd hrfaspeds afacﬁel¢ﬂ\iennm§¢etad|ngs

from varioussrRsRks MAaybe incdbided.iesths tipckingdaia.Same senaars may Bave the same or
similar readings ever% ackee visits a certain location. Storing and mapping these readings may

enable a trackif ﬁ%ﬁ[ﬁ? time t2 with more accumulated error to be matched to the tracking
estimate for[&féﬁéﬁoslsvmrblkm@pmmzaﬂﬁmeth]ceSﬂ@m@iutseahoagplmgtb\gmelamd -term patif hispory may

yield unique,sighatiyres inaluilding w@%quépn%@a%egeweﬁ@s@ Q§9med§9&?c%9flﬁ%%%1e

Additionally; the sg{natures from indepéndent sensors may be merged to form a comprehensive
signature Fob Y AR el v ThEhSLﬁ?&YﬁbCTB@@@]“M&@H@ﬁC@Fbﬁéﬁﬂ%rﬂﬁﬁdbﬁﬁﬁm]%&fcordmg to
an aspect ofdhe tdinioheexpeticie nisshaydeiperiaimned o yarhtsdauitgingstashowithal each

region in 2 Bldg can el aupiaue ARGt SONAIS,EIC 08, a1 sxamPl deplcisupiaue

magnetlc S|gnatures 0] three Ina agnetic signature l]lOI’ ag{eglon may

help correctadrackisa:s hedition toithiznel T(b‘ht\vbhéﬁuﬁ%i@ﬁmﬁéf ?ﬁ@ﬁcﬁ iglifbgicgthat it must lie

within the building,
[0460] Ranking and Comparing Tracking Solutions
[0461] In addition to verifying the validity of mapping results, the solver may also rank mapping

results generated by different sets of heuristics, or by any other method. A constraint solver may
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PATENT Attorney Docket No.: 053216-0373130 [0507] FIG. 20B is an illustrative example of results
from one of a sequence of magnetic signature experiments conducted using data from an INTU. Each
hallway wasXOud62desplay the same values of total magnetic field when teTBHWE8Y/ Wa ¢raversed
at different times These signatures were recorded for the 3 hallways as shown in FIG. 2013. 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). 105081 Magnetic signature matching may be used by, for example, the
map-matching and/or map building methods. When mapping application 130 makes a correction to a
hallway for tIiéTﬁ?‘ét })ime, g(r)_fz({seﬁig%g new hallway, it may use magnetic data to create the magnetic

signature map of the Halway. féport may contain data indicating total magnetic field, elevation

and azimuth ILash QteldatRdEhese: mauhe %%%%&VR@J%E%%%H%@%M%@H0” on the

map for high reliability points. Each future correction to the hallway may be tested for consistency in
the magneti®SHgrRITe! aif fORH SRy e bredorrardo vl “r@éiﬁ?f?‘i%{ﬂ} BeagshtthitotiErl recorded.
Once the signaliurigiknokneara asfitture @faibWramanytifisfkeatisnclosgddartggina whosetsignature

has been mapped, a comparison.may. e made for.amagnetic signature match to verify if-the locations
may be the %e. 1%2031.1 An illustrative 1exam|{t3Ieaél)%fﬁt?wsis, éocr?gtse%%?s% sliwocgv?/(r)\nllrel %ﬁ?yz‘?%%%fﬂ\?v%y B has a

signature shBithitctemfeti 95t aeinedchessolt RE sigRamYe SrsiatoeP i treafitalrisckessusindizeted on the

figure. HallwaysA hasmsigeatufacieated Ay singlevkadteaset houghpihe uah allwaysaaLlose by

(and parallel to one anpther), they may have (ALS“” uishably different signatures because a source of
o Bltple Aol hcRaig oo rﬁﬁ?ﬁls\/acja/ﬁl ggt?%l aer%éosec%gpc ?ﬁ§§5aé?§§té11n°t‘éerference

magnetic intePflgrencepmay e different (In“eac
in different disgetiovisthoritheseotwithhativaykr [ithedmapankictingpasiciior maptsuildipgenathiods finds a

fourth trackeg,tiavgrsipa heiwesnibess wadatbuaxsAnd Wants.to fiowre pruiwhjch: hallwaythe

trackee should be corrected to, it can compare the magnetic signature of the current segment and
check it agaﬁ?é‘?tt’i‘?lé’*‘i’ecorded signature of both of these hallways. As seen in the figure, the signature
for the unmaitelset Begment matslfesthe gashesksagnient titstreiniaiway; A uniquely. In this case the

ambiguity In HAYIMERTRENAN.ANDE, RATEN. Aorey RREKELNR: ZPA G130 resolved
using the signature matching. [0510] Temperature Profile Matching
[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 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.
[0466] Correction of Tracking Path to Desired Results
[0467] According to an aspect of the invention, a constraint solver may be utilized to correct
mapping results to create more plausible or more useful mapping results. After detecting that

one or more features on a path violate certain constraints, a constraint solver, in conjunction with
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[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 tenYperezpeeftile map. A floor plan or auto-generated map may BE HEMARR 1914 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 correlated with the temperature profile of regions in the building.
[0512] Simil{r‘t‘ﬁﬁ’fc?n }‘ﬁ%h@%‘{?&%% be used for other signature types such as RSSI signatures

from reference pomts, pressure sensor data, and other sensor readings that may be similar at

locations in %M'Qf‘agoa@imuf@af@ﬂ{%ﬂgg ramalspbshised I Malch BANYES SHEN 5 ialavells, and

elevators, and different fioors. 10513 itionally, signatures from multiple different sensors may be
combined inf SOBBMISREhENG T R SR ERb EREBIE, Tos a1 IR e RESNIC
WAY POINT 2RuelXdh&3dr Qhibl h QR ERAT NS {OTERblistans implementadien stheiabgence:of a

global correggg{ﬁtg}qﬁp%gb gag(ﬁlélgg ﬁ‘c""sGPS) indoors may be aided by location correction using fixed
electronic waypoints in buildings. Tiwes'e waypoints may comprise an additional mechanism to perform

high reliabilitlf feHr EWforiS NN HEMRiEImED o[ 051e] mixer wayisolithapadetbnmpitbs at
locations in akuilding Qrogsasnsres tasteasnsmnibGPSiRtitbdesHRnoHsse.And fioae imbandagmong other
data) using short-range low power radias (or other devices) may provide mapping application 130 with
fixed point cg?%%?foen'g?%sé%zfﬁ%ﬁséi\ﬁeﬁr’é rffl]ngépg ee?%%ﬁ?ﬁ‘b“osdgfyl Fgﬁ%?hﬁ@F?Sﬁ%%‘géstf(?r?”fn%rmation if
line poweredaprdf aiassnit iduakiors ifforrlatidismdaty thelten théy rdamen othehsintitess thewvieevedine into

range. [0517hJsackinch devieessHeRAR INUCIM RaiisHRaydachide araxinity daformationregarding
PATENT Attorney Dacket No.: 053216-0373130 these fixed waypoints with a timé-stamp in the

tracking dat&2 eSO B HFEHENS S SpY ey Sl THPeREVBURGIRGS BghiARIPEFrIAT S Set of fixed
nodes may atsechd wigdh thedetbrniiitad ecaipdry, 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.

[0471] As a first example, the iterative constraint solver may depend on the input configuration

of the input data to create its final answer. That is, instead of taking a series of constraints and
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105181 Extending the Waypoint Correction to Node Cluster Corrections 10519] In addition to
correcting location to that of fixed nodes, devices with inter-device ranging information may include
time-stampedp?oitpadetection with other trackees in the tracking data. BStH/HRR RT3t
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. [05201 V. INDOOR
TRACKING METHODS [0521] According to an aspect of the invention, indoor tracking methods may
be utilized td’éﬁféﬂtrackln]q data f rom one or more trackees and compute a more accurate tracking
estimate for €XERTRLKES. E 053n{61 s6t ndoor tracking methods enabled by mapping application 130

including, but,patlimited 10, 6R$RLIUSIABIMAINOAS AR QV!JP'JH% MELNRAS,ARd1aP.aiehing
methods will now be éxplored. 0522] A.TRANSITION METHODS [0523J In one implementation,

indoor trackitty Hikthdds Y 136 fectBEdatdivifie g&r@ﬁ%ﬁﬁﬂ%’@ﬁ%’d’é filtsin Bliteoraay indders.
Hence, someoastalhisdoossrackiag sethads. maphuse varians transition methods ferdetecithnt an

outdoor-ind or transition eeurre dm et oint an di |n| eadin initialize indoor
tracking. [05 ete{étlngh%%%&oor fnd%am Jlnrg%ﬁ?gr?gt ﬁfé% ﬂ%ncseslé}tul y dgl ecti 1%1 Pn%%Jor?indoor
transitions nigsilevivlpsfartsmesara chahghalbortymsonstyiresdvio eratijistedtdorlimduer thacking.

Tests reveakthatcampassgscanhednacuratejin-huiidings dug smbuidingdofrastmeturesglctric lines
in the walls, an$ agnetic mti: eren efrom otherogiectsi the U|I§J|ng Far initialization, the gyro

path may befS a‘i%‘b b the 13t r?o?ﬁ BEHEYS P8R B g (FASRIAY M%%%ﬂﬂu‘é"&r%’é’éﬂ on the
gyro directiorrudtie PATENT Jattbmeasd dekietrMoe Oﬁﬁﬁﬂjﬁt&@%ﬂwn 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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compass accuracy can be verified. [0526] In addition to switching to the go, 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 & Ip¢9/BRISESt exit is within a predetermined allowable correcti®® HiEBAE) CHiecting 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. [052 7] Manual Detection of
Outdoor-Indoor Transitions [0528] In an implementation of the system configured to track persons, a
person outfitig“éFWit 0%,&%9“5‘5%2 Xﬂgmﬁe.g., tracking system 100a in FIG. 1) may press (or otherwise
activate) an indoof button (or other con rol) to indicate (e.g., via a transmission to computer 120, or via

a tag appendeefo she dragkingratr.apg linestamped oL e RIRGesIINg), hakamaudpgLindoor

transition is occurring %or has occurred). This information may be used to obtain the exact (or nearly

exact) transtBPEBIAED B UGS ACHE FORGRRS I RTB HhEHL AL 78 USRS RADAAR HIF ByHR
automated quidgb-inddorvdetectiexcalganthnms [{ewgin doedetebisthiceff@aiiveness and/or accuracy of

automated algpgihms),{2aaslautamalichetsalion AL e indagiLAnsltions (433l Ghanoes and

variance in one or more sensor vaiues during the outdoor-indoor transitions may be quantﬁ“i’ed and

t
. y
combined toofiijb?ﬂ%ﬂ?é an accurate outdoor-indoor transition detector utilizing all relevant infonnation in
the tracking gata; [Qksilbautdent-indogrriaiecton Siges.Rbad] (viakiays indicatas farsigagsidnay be
noted when a trackee outfitted with a tracking system moves from an outdoor location to an indoor
location. FoP%%%té%lple, the UPS horizontal dilution of precision (HDOP) may increase, satellite strength
may be dragfi¢any. teg] Bibie ansitaert of\ sBealides May HeuredseandomentmaliylcUPSmay be
unavailable gapeeiallidnlgiaerbutidings. In addition, the total magnetic field observed by magnetic
field sensors (1%32 e tracking system) ma)&vary from that observed outdoors, and the magnetic field

variance m afﬂ oékg? %ono%%ﬂﬁ%gﬁﬁgl@éce a particle to remain within an

arbitrary polygon.

PR DAOK

[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 to lie on a particular hallway

[0482] Rigid Body Constraint. A Rigid Body Constraint can force a group of particles to move

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 GUI.

[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.
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increase. Further, an outdoor trajectory of a trackee may overlap a building location (when building
maps are available), Received Signal Strength from outdoor reference points (or base stations) may
decrease. OMERME#HI6% sips of an outdoor-indoor transition may be note®@ CAdehENAIR 3B device
comprising a short-range radio (e.g., zigbee) may be attached to the exits 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 bc 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 tFaEWﬁigDsystem n reﬁg_]ular building traversal, there are a limited number of entry and exit

points into and ol eblljﬁdlr%an 636 are referred to as the Exits of the building. For systems that

track both oysdegrs;and indparsndansitetMethads may.hsusssl e ARPeindhe.Iagatianof personnel
and/or assets accurately when a transition from outdoors to indoors, or vice-versa, is detected. These
methods ma@‘ﬁ%ﬁ??@iﬂ‘bve the accumulated positional error in case of inertial systems, and local
errors for signa?sjmmmmmcb@@ﬂ;ﬂ R ©ok dmplemesntation rétalohiyeexidsieladdidngare known
and recorde % %!ﬁﬂg!) tht& w@lg @an outdoor-to-indoor transition is detected, a trackee may be
are 9]
matched to the closest EX|t The c ose teX|t or closest point landmark to a current location estimate
may be deteftfffedaleran thensfiatahBasy u|£hbmli@sféut|39535$t(mlt My noyg) 2he gritiglyote 4hel [0536]
where (X2, yge)afg@q,@gnlawﬁl)t@rgotp%BNo points whose relative distance is being determined. [0537]

The trackee' gb 98 on]e%lmate rtnﬁg then be mad tto be th aame ast the Io%%tlon of the closest exit.
[0538] Simil&Th ,@gﬁ%mmdom-ro—m!m@oe SHUCOT o outaoor trans) gnloll% BStdBEHR LS S eREH Ay D fised to
find the closessigxiof dimchig!pkicatttie tratkbendutd sorsstdre ihstéasceds antlere all of the exits of the

building are pgb ingwa Preggtermined dbresheldwmay be wilizeddadinitinadmaxnum B AIENT
Attorney Docket No.; 05321.6-0373130

particles about their center of mass to restore the slope of the segment

[0492] Segment on Known Corridor Constraint Resolver. This resolution method may move all

particles onto the nearest point along the corridor.

[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 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.
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allowable exit correction distance. If the closest exit is within this predetermined threshold, the
correction may be made. If the closest exit is not within this threshold, it may be assumed that the
trackee is eMEMGAPEGilding through some unmarked exit. This predeter®iiedSgHB4ldfd%nay also
account for events such as, for example, emergency personnel entering the building through windows
etc. 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 105401
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 ofza%’tﬂld]i)n Wlt}enog)sgipig% gglta is available. 10541] An illustrative example of the Sensor
and Data FuSion metod will now Be explained with reference back to FIG 13. Particularly, an

exemplary sgfspy Qﬁ%&’cﬂﬁ%rf&lsé9&518@_951@&%%9&5@085‘?@5@9 PRQINIQ SRINEAR IR0

polygonal (rectangular) path segmentation. Tracking error analysis fools may then be used to

determine eABFARd LA LRI FERARTS BHIALSKEhethd (e BRIEdEIVE CRAEHR Y rire Bl sRapes may
then be detektddiwithinghecewres. b dsignacersedtesite batofthogonaladkegnipash datddseaavailable,

compass angles May, valid gjg‘ re h shgx. nd each shape can be corrected to the compass
ol Tona2 B L EIRTS PO abcocited
with expecte¥ Heaings iInEnetE\gtife kFthecBuheir shagndiamtsdsusssins constrain theselieking path

within the buildiRgugusine Paligan: This pRcesIiNgRpeRAton-RAYRe ashiaxed:VsiRg thepatticle

constraint socl(\)/efg dirsa 1lcj)ssed in detail above. The shapes may then be iterated through and tested for
rotation corrétions withiin their correction bounds to the building grids based on the partitions crossed

by the shapd{#4fiskesultC M ENTAGRIAE Brtiprare fovrindViraukimgediaLpordifedtothe building and
fused with cgmﬁ}s}ﬁ aad.building daga {9043] Inanimelrmentiation whesihan neHial tagking path, a

signal-based tracking path that uses reference points, and compass data and building data, are
provided as %ﬁ&%&%@ dunie WEpLIASS Bl retrntting F5oEh i TBEHEHIE g it (Bt R Salbes. For
each segmentdkitb @atiertialidaiasibetiyrespde diaguidiescarizlaten signabddse thirackipg points may
be grouped..Usi ieth.. I rney. ke - 053216-0373130 of the rectangular
inertial segm%ﬁﬁ?ﬁgggﬁ?g%tﬁ%gggaﬁgg%g?éyén It%r%%k%éﬂlp%ér%g ‘r’nlggu e detected. l%@ﬁg‘%%ﬁa based
shapes mayfierine fovifeg &51bo JRtiabERckeFErE AT Shapec T Shisb bessaRet frsrinsaitbsted for a
shape match-adiovyingdisSmatahae.segnentadaHie-shapa:stiashape gaighdsdounditha pertial

shape may be corrected to the matching points;in the signal-based shape..This may be performed
because the IF&HiA SSﬂeasaé ?lsn?ngl]#té %Jc&‘?rtgfésin %ﬁe&% cf)%r) eTRE BUl Céess%ﬁfaolr-%ggealéﬁn &'Ray be

more globalpagingaensindaiidomn Deaskibptttonauthe fpoidtt dndterisegrivethtsbibildingtodtifte The result

of the sensorgnchdata fm@vem@stih}gdﬁerpﬂagmg@miwia&&%@ma@%&grﬁy%l&m $¥siam, or an
input into magnrgatchin and/or map byilding. 105441 C.MAP-MATCHING METHODS

can be given the constraints of being within the polygon described by the building outline, and
given rigid body constraints. As the constraint solver iterates, the polygon restriction pushes the
points inside the building, and the rigid body constraints correct the shape of the tracking path
which may have been distorted by the method that pushes points into the building.

[0500] L. NAVIGATION

[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,
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[05451 According to an aspect of the invention, map matching methods may take advantage of the
availability of (and Icnowledge provided by) the floor plans of a building. As described in detail above,
the hallway3Vét Bi#ldiaednay be represented as lines and/or rectangles. THRCIGHGRMBLTaIches 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.

y (ggz%sed fop tracking data characterized by significant rotational errors

These implem&ﬂét;goqﬁe%a / ised fo

where global MetHods Such as shape allgnment and matching are rendered less effective due to

inaccuraciesyyuhile detesting shanas.Ahe fallowing.correstionmethods may.he.usep:for thegn the fly

corrections. [0548] Landmark Correction Methods. [0549] While traversing a building, there may be

certain landFRE e gt TR SOTus bronBAYEre Refasgishe, Trelseatians AKellerivh types
may be defmbdabikventsasahe £helgkethiomahileaaalyz tgihenifgekingdata. If a given Event occurs,

it may be m th e ing lapdmarks in the building, and the path may. be corrected if a
match is fou?wb(d?’l.ag A’l%?élflg ?A%%rr?lggﬂ c?o%%fé?%%ﬁ %%%ié@%%ﬁ%“%@ga] %%Palg f %ﬁoﬁ-faaﬁvégy) Event.
[0551] A StraigHereats Bheacoap EGalss rralond cefih et bt dlin airm g Strdnghvpathismehe
tracking datavionindegkpatbscthere ae limited seasdnHiebyildingndierg stchdacsiiaight paths
are feasible.a‘rll' ese igcc%!i%dg, foree (gmgl(fz .thall ays, Karﬁ%‘rct)omst, and %E/)en s/%?c$3. If the long straight
path occurs A FAIAY, Mmatehigit o e BaH e e hafway S5/ PR3 IRY ala S i bt angular
drift in inertiabsysstismts, hadqiesitioaalcarrell intemsctizckily dattTnitanays sechesomiplishethdising a
Straight Patl (tlalhyay), Gereslion nbals CoH acHam Mmay 955%@91&9? ftacking @210 R.thempiehed hallway

to reduce and/or eliminate pasitional error. It also aligns (rotates) the path to the matched direction on

the hallway 8 FERRRE B EREP RIS EeLGiRe dFtlis e Sraightp AR EvRprORaScfsntiree tailored
to the buildirgtidatasandtoatkre follodikag anatelingnedtied so [@E5 2ldvican e pleimetiatioakihe straight

path event ragy b defgeled, fiom & HikdELAG INFPALAIGT intp.ihe Facking data from, ap inertial
R g, DAL ELAC g Whanver  d

device. In this case, the inertial tracking device sets a tflag, HALL_FLA gh whenever it detects that
it has been §6RIGtrdyghtalitastibesaiif oicd iréadtesmined threshold distance. [05531 In another

implementatigssherHallwaydrvening ay berastesied Bicie trapRigtec ARG IO yrcemputing "a line

of best fit" f Lecent tragkingopoints. '[h tline of best fit" is com uted as previously disc sse in the
. 0 Agcording Iagas cCt O t%le mv?r% 101 readlngs (gg vapous sensors ma € Includaea.
sections relating to Sequential Segmentation. If the maxinum eviation o any Frlacklng pomtis less

than a thresholer apdkiredeagifror thresmensigheatdhtransaottries o adins HaltwaynEve fieekery be
triggered. TRisilength-thrasbalshmaybe a6l a3 ninimum expacted Jendiiof aRphyavie 4«6
meters), anqaltgrrgjr?g rt%dwgct)halgoll\glz’i\écﬂéu IEX:V e¥roLrEtcl)\l gmtIhHecll? tl%)étlll_cll tracking estimate for a previous
tracking point at time t1. 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 vield 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.
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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 HallwayWQeftiaiLtpe triggered whenever a rectangular polygon of len§#lgreies’aAsxi%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. PATENT Attorney Docket No.: 053216-0373130 [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 HALLWAY LENGTH THRESH. The hallway
event may bA’é“Ehﬁ'éfat]I)y enhanced using tracking data that includes readings from sensors, such as

t rneé ock

t Np.: 53216-037313 .
sonar, that can measure distance be Ween the trackee and obstructions such as walls. These can help

the Hallway FpntiRedsiBaNish BRIEANAGARNS R Nallvas. ANddPno.pailia RS, IR550]

Straight Path (Hallway) Corrections. 105571 In one implementation, once the Straight Path or Hallway
Event is trig§@Peta Geemiaterine BetsdaB fomanibihefa Mllsrvcans Heutate Hisalts an
existing hallvtaydmdhelfleast phan nercherinasthedtotir [RIe #0083 1OF PeN S BEELent highHalway

Corrections implemen S egmetry of points ines,,b lygon matching, or a
combination%?%/nt%t%ﬁg S. ieﬁéégﬁfﬁréﬁg%% gﬂéﬁ%ﬁﬁ%ﬁ?tﬁeﬁéﬁy \%{éi%ﬁ r%%ﬁf%@%srg 6i/gthe HALL
FLAG from &ttulidgiah trabRiEngteedite (e "hichanassisé peainsf thackifigoslister fot0ddntme. 1). In

this implementafig, dhe ineitiahdracking.Hemicadnay; alse inclide ameament numberfonaach tracking
point, and Hﬁlllcl)way %\J/fept may also be triggered if the distance between the tracking point currently
h

being processe and theTirst tracking point in the segment (same segment number) is greater than a

predeterminddd#ird&kdicAdd itonatiytc e HallwaysEd/eytfonayaalple, be: trigperedhiye thel dinsapf best fit"
analysis desgribed akawRs [0re2) Hﬁ#}%@%lﬁﬁﬂ&%ﬁem%{i&g@f%éﬁw%g ARRlicAtn, 130may

attempt to calculate the correction of the cunent set of points that triggered the Hallway Flag to all the
known hallwWi) 5 TR DA paRelF fYe LB ATHEBFG LM thie BURH IR darentia sie R &ty be
traversed walkihglinatwdgefiétat disectianseoaie ththadicatiiprnafl tegsloperefdhafallvaynestricted

to 180 degrees (slopemgp180), .and gneyn the opposite direction, The heading for the points being
matched to thle hall(v%ay may beegeteerl r ineas?roaI t eer%c\?érggtlen gﬁarlrélﬁr%ed?fgglcrﬁsc{)n S%eofﬁglgﬁiﬁa points

when the HAIVAYPEREH 2 deliebléd asing tRechi ALt FONG smale dlmimbiratinmser rolesitdefimertial
tracking deviegsi{Rb6P]f e ling.Rtibasiditimaipa isiisediatheherdinmayhe eatkingd asdhe slope
of the line Pc':bé-rll-gnl}llg-usly recorded. Once the signature is known and a future path from any trackee is close

to a region whose signature has been mapped, a comparison may be made for a magnetic
signature match to verify if the locations may be the same.

[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
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Attorney Docket No.: 053216-0373130 of best fit. For each hallway, the heading may be compared to
the two possible traversal directions (180 degrees apart) for the hallway. This may be achieved by
finding the MG @FEMENce between the current heading, and each trave Rl dise¢tfol Brikhe
hallway. The hallway direction with the lower angular difference may be chosen as the matched
direction and the angular difference may be noted as the Correction Rotation. The points may then be
rotated by the Correction Rotation about the first point by applying a rotation matrix yielding a new set
of points aligned to the hallway. The Correction Offset may then be calculated as the distance of the
first point to the hallway line. The offset may then be added to all the points. [0561] This rotation and
offset may, R6WEVer, correct some or all of the points out of the bounds of the hallway. Checks may
then be macli]i‘e“&rs'ﬁ?{gﬁflé(eeté%r':rg%:stze ‘S’érﬁé to determine whether the hallway should be considered for

correction ornot ¥ ihe firgiLonaaird.pRifLis 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 dié%%ﬁ@f'ﬁﬂﬂf‘ﬂ’éiﬁﬁ’ﬁlﬁ%@ﬁﬁ%%atch for the tracking points. If the first corrected point is
out of boundgsffh@tizlwalgdiagnbutosdthin anprexteiernfredathreshnld distancr;land, theapgints are
headed towards the hallway, it ider s a potential match. The Correction Offset may be
updated to thfégocffs%t betwee5n tlgge%}élﬁgttg IE%)? Et&auqr?cf%t de% Fesr?nﬂ%lgleéc%%?oaf{t%ﬁce 51?&%%“?. réégdggse%jto the first
point. If the fit8e poiftds rhisrereatrt sctPreshsic it ofitre AdlRoaplimer teoteatiovelydmey bayiarked with
the DO NO TG RRREGE #agGi0b6ad Qnea thaicaraaionsto alldhehallways ams-deterningd, the
lowest correctiﬁ{? rotation MINfI?hOTATIONI.l?f allgh}he C {recti(_)ns ra\a% e found. The correction within a
threshold of RRFRETRTTOR, Ao SoHEtoN aistAn SRS LSRRI A thie ST Vi8S TION
DISTANCE mayfive dhedditiastthermiaichedstelmaynitino fialiivstytinatchescthegirierioperthecorrection
is not made . [gaf3hin anoteepimrirmamiationsihe peints thattriggeredithe, ﬂggnhmfet/fh%mg first be

e

checked for being in the;tﬁroximity region of a hallway. As previously discussed, the proximity reon may
be obtained B REThEAHEENHRJRT A PEGI B9 deieTRtiShe8ice? HtkEon \WRRARIMTZR8h Length).
PATENT Attormestddodkiethh empa3@i6p0373343840564] tRdaridmgent. [0565] In one implementation, a
Room Evenygugy B, tigagied i he acking dara sugdgsis that the trackee s traersing prdjas
traversed a room in the building."The Room Event may be enhanced using 1—t\>|,":3\(;k|ng data which has
readings frofEeE & et SeRRts S HEE CAPFSBnSERE Hibrodrmie aresanceadipehalclivhte In the
absence of agditionabsensens, 4beiriea ofdharoamdaetectach Moy \ak Withibe Riea.oktbe 1pom
covered by all the.tracking data. [0566] Rooms in a building are typically characterized by a polygon,
often rectan%ﬁlfé??l\}/@itﬁlgc(?eevr%%ﬁ’ [d?gtﬂ%}fr% |§ €ss than that of regular hallways. In addition, most
regular-sizetftédmisipisiveadiie Beneie entiyipoimbinis uliffprduorspTnesesgnty poittesteiate a restricted

area or multiplg festrigied;areasby whichdhe«aapMmay be entered or exited. Accordingly, the typical
traversal of @egjb?&u\,resulﬁs in a path that goes through an entéy oint, covers a certain area in the
u

room, and t ms t&Re SR POt R 8 Bt Frdvo &VIB0Sly, or to a new entry point,
and then exit bk looverediacean{Ob6/ ln additternfin glutdingsrwitiorh alkwizyssrmostioondE@aye built
along the hallyays Fesuitingin M&fa@&%ﬁ@a&9&5{9@&1}&9@&9&&@&@%@& Heen. L point

into a room, traverses the room, and then exits through an entry ?ﬂ%t. ften the exit is made into the
same or anCHEIPHEIRAY. RimadeftshaddiicadnBst Fbrrstars Comstrsbiadi ity thERamyayAnhe entry
point of a roaseiéten Adcddsigates a turn to enter the room, often causing a general heading change
between, fopgxample,45 and 135 1n.one implementation, therefore, the Room Event e defined
as a series éf ga@ﬁﬁ%dpvt%%g rétl)cé)r?me'frzla()c lllr?ég gg?r?tgs gl\}voﬁtsar% ?h%l |rgfgrgroor%r%%8ﬁ%t§ Eé?ﬁi“% oP\)%s a
tracking poiltifiatciragitels eadtdnvhenmisy (anenthetesiaobhinneiirgemnios teifowediby @rtracking

point matchegdo dbasamaRawar-Adaitionaly,thaisinoB B of the.rogsmiraskingpeintsissealculated,

and check rtn%/ be made to ensure that th? Iena%th anéi1 width of the box are greater than respective
EEeSholy, R Sh & RER N Gr RS A SIET (RS TRPRSRETHRATE Be B ReteFShtl 4 meters,

predetermine
respective|y;ansnﬁt 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
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[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“ReMifaIBE for all the tracking points contained in the series dTRHRS3VPBATEMNT Attorney
Docket No.: 053216-0373130 satisfies the restrictions in the first implementation. [0569] Room
Correction. [0570] According to an aspect of the invention, if the location of each room is available with
room entry point (e.g., door) locations, a method may attempt to match the Room Event and the Room
tracking points to the closest room. 10571] Shape Matching Methods. 105721 In one implementation,
the landmark correction methods may make corrections based on, for example, proximity and local
path matchirgiTWeﬁQgggorp&tch%pagm 3hods may perform path matching on a more global level, by

matching pa sove (fonger periods of time, and checking the feasibility of multiple corrections within

the correctiop,limits of e dsagkingifaian(e GV SHCeESSIELATRCHRNS May Radeasibls, sgparately
but not together). Unique shapes in the building may be matched qmtet%l;uckly when a tracking path

with a similafRRbe s s itliRg SRRy B ses bl se Bafsined sisedinBirthg OFteaRing the

union of the laideng landmarks represented as polygons such as rectangles. Tracking shapes may be
obtained by Wing hG JRrn. I WGP EIneiod [ PRILVIRIING FESS s
[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
[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 or all indoor tracking methods may use various
transition methods to detect that an outdoor-indoor transition has occurred, and may set a start
point and initial heading to initialize indoor tracking.
[0524] Detecting Outdoor-Indoor Transitions
[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
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[0573] In one implementation, the approach of fitting combinations of PPSs into combinations of
Proximity Regions may bc utilized. This may be used for large buildings with hallways since the
hallways préViie0féHdiidling connectivity. Shape matching may be attemptdidSaesariti#éstracking
path, a stretch of the tracking path, or for a collection of disconnected stretches of the path. The latter
may be used particularly when a complete description of the building is not available. In one
implementation, only PPSs above a predetermined threshold length may be selected. For each PPS, a
list of hallways (feasible hallway list) that may contain the PPS is computed. This may be
accompllsh%()j by determining whether the length of the PPS is less than the length of the Hallway
proximity reditiN Aq X I eading is available for any of the PPSs from sources such as
the compass tﬁenggg) ‘él?lfrao:oastglélr? g%p?h%brellable heading to each hallway in the feasible hallway list

may be compiftedssThisnaxsesultdnguo possible angular rotations representing both traversal
headings on the ha”g@gg If the angular rotations required to correct to the hallway are greater
t

PATENT Attfiiid) BeRER & 0855166373536 (1 UdsrsdriarhitARt PR SSHAIG "RAA R RBTATION
ANGLE, hallivayathay beadmavedsronhtheiPR S'silaisitiib hadinwagatists D515 Nextifor allisisof PPSs

selected to e matehe o Halbiavinas SATLIRRAN ot Bplbaes, e AL Ieaslbin hallua for exch

PPS, is chosen to test a fit. The same hallwa be chosen or mu allway
proximity re@ﬁf@%ﬁfﬁ@%ﬁ?ﬂé&%@%ﬁﬁ%’@ﬁé?@ %‘Iyﬁé‘ﬁstﬁ‘atbﬁ‘ebﬁé%@hfs’ftﬂ@ tragRnays bRHéTE St PPS

may then betm@tfgctedcm thedaallway §elﬁ@tﬁﬁllﬁa[ﬂg Al ebthedellowingiRRSsomana treasformed by

the transforrgﬁ} Llﬂgegxfor ec lgqlegzstloga . 70a I}lgc L étsalull&ggrpm saft rth%transfor ation lie
within the uni ay’po ygon, the combination ofﬁ always iS4 B ossrBFé' ARSI TFROLOHE next

comb|natlonl‘Gfﬂﬁaqmay@maWbelvés@Gtﬂom thekatssemdidofirelfabie dveading data, a PPS may be rotated

to match bof}a;bgj mmym@gimgfgggimm@%ﬁpgﬁsm@ysbe tested for feasibility. Since the PPS
may be corr{ g to several starting locations on the hallway and still be contained in the hallway,

several solufioH&AwiihER @%ﬁ&ﬁ’&%ﬁ%&%@yﬁ?@@%@rﬁéﬁ% RIRE BT EING R ERMINING
LOCATION B¥kSipEILEANEQUSBLNNG ENERATING BIGILDING MARS dd SINGVER AGKINGADATA,

AND MATCHING TRACKINEDATATO THEGRNERATER SUILAING.BATA, (95701 A9 piviously

noted, matching the path of trackees to features in-a building can greatly assist in |mprovmg%he quality
and accuraciPBnfe tiadhkinfresnsn 4tés 2 é*as%wwsiiefmlmg?r@a%a%a) radafasdenitaneg:
landmarks maysitish he deipgigdoand themeieates i foaminingathesttasking.vata ot epg.ofomore of

the trackees; Ja ?y? {)Oé!arrrl]sllt o%%so?nq g%gelgstel En% %ﬁgv%lrggti%%two tsh%%iswell as for comparison
against automated outdoor-indoor detection algorithms (e.g., to detect the effectiveness and/or
accuracy of automated algorithms).
[0529] Automatic Detection of Qutdoor-Indoor Transitions
[0530] Changes and variance in one or more sensor values during the outdoor-indoor transitions
may be quantitied and combined to produce an accurate outdoor-indoor transition detector
utilizing all relevant information in the tracking data.
[0531] Outdoor-Indoor detection signs
[0532] Various indicators (or signs) may be noted when a trackee outfitted with a tracking
system moves from an outdoor location to an indoor location. For example, the GPS horizontal
dilution of precision (HDOP) may increase, satellite strength may be drastically reduced, the
number of satellites may decrease and, eventually, GPS may be unavailable, especially in larger
buildings. In addition, the total magnetic field observed by magnetic field sensors (of the

tracking system) may vary from that observed outdoors, and the magnetic field variance may
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[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 B&®dee8ddsnd matched to existing landmarks as in the discld¥eH WP 9a28ANg
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. [05811 Generating Floor Plans of Buildings. PATENT Attorney Docket
No.: 053216-0373130 [05821 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, es‘é‘dﬁ‘fbrg ‘ﬁet etc, ccura%ely detecting and generating hallways and rooms from tracking

data may provida R Skeallant repradentation of the floor plan of a building. As such, building features

may be detegisausngiragknmAatglans of DOIGaskees. 1 ACON APmEAPAR ystems

may produce sensor data, such as ultrasonic or laser ranging measurements. These ran
measuremer}‘ffglﬂ%yrﬁ@’ﬁg’@oaﬁl@fﬁ%af@‘iﬂéeﬂo%ﬂi@h%Teasg'tg‘}@ﬂcﬂ‘l‘éd%&ﬁg%%l&o%ﬁ qi’éseetc
[0583J Detestirignaneh{Geatterating Balbwdysc{ioh84ddnn Feae ratdavildidgsy ﬂ‘éﬁﬁﬁt&“)ﬁb@zrgernbtdﬂdlngs
hallways oft ide con [ twe ifferent oj buildin S.A bui cture typically
restricts the%v[g&ﬁ)/{a t%%ké)g%%%e%)é grh? ing. Th erlr‘%%% Lﬁ|dIZI‘lI§Se c on s}%ﬂﬁgﬁt patﬁs?Hare Flghly likely
to be in hallww@wfﬂﬁ@l%wléfh@%&%%ﬁéég hlarEcrpnsy BeEtppesiplediByig Feryinargeiswoms, or in
open spacesnAI$0 uke@ oS tiskaEky ﬁﬁﬂ&&kﬂc@@@HA&@i@ﬁ@dﬁlﬂJ@&%&q&%&;ﬂﬁ@%@ﬂé@ﬂ exdigmeh straight
paths to be ntt’aung%c them IIW@@u cregt d k\)/vtlgn there is a high probability that a tracklng
path is on a fu%rnéabaﬁw%s%on ¥ Yamére§ is 4 lafge room or open space rather than a
hallway, it rrMiWeEab'e vetholVeddrom thesflod pitarmEon each igrouptafedoirtts dh &vobtwidipbssibly he on
a hallway, a getarpinationmaxhe.nagada %ﬁl%dftﬁé‘){%iépﬁa%%ﬁﬁ&’ known aalways ity include

it, or could include it if extended within predetermined threshgld limits. If so, the hallway may be

updated to ifERITRE S HRW R EEIAG RS BRSTROMELTiaN flREA SRS ﬂfﬁﬁ?yé’?ﬁje%lh%?m}éy may be
created at amttoa&homleﬁﬂmmﬂ@BgﬁésMam&fmpﬁamemt&n@nmhﬁ tina Ckiiddj0i Bts ayaynbet@amu ped

into Polvgon@im@@gm%%ﬁ’ﬂﬁms@a%éﬁ{a%elﬂe%(ay %ﬂg h'%'vrg% SYERLMayps tjggered

whenever a rectangular polygon of length greater than a t reshol IS bei rocesse énce the
current PPSRITERIERS th %éﬁ%&yaﬁ\'fé%?l}th’é‘ﬁhﬁ\ﬁa?smﬁ}/%ﬁ%ﬁé@f@ﬁ?ﬂéﬁfgﬁn%%ﬁw&%@Imown

hallways. Thiswway. h&mé%@ﬁﬁéﬂﬂhﬁhﬁdyh}élﬁbrséﬂ{d)ﬂattﬁg dharhallwayseiciangleby @ thresimalddnfiation Size
(Inflation Wldth Inflatlgpoc % 2 The Inil t|o gth accounts for tracking inaccuracies, and the

minimum aIIoXNealé acin weefﬁ1 if way algeon "3 Tloor plan, whereas the InflatlonLength PATENT

Attorney DO&WNB‘ c@gg@m@mgm if all of the exits of a building are known and recorded in the

building data, when an outdoor-to-indoor transition is detected, a trackee may be matched to the
closest Exit. The closest exit, or closest point landmark to a current location estimate may be

determined using the distance formula, where:

[0535] dist = [(x, —x,)* + (3, - ,)" ; and

[0536] where (x2, y2) and (x1, yl) are the two points whose relative distance is being

determined.
[0537] The trackee’s location estimate may then be made to be the same as the location of the
closest exit.
[0538] Similarly, when an indoor to outdoor transition is detected, the same method may be used
to find the closest exit, and to place the trackee outdoors. In instances where all of the exits of

the building are not known, a predetermined threshold may be utilized to limit the maximum
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accounts for the tracking path being in an undiscovered portion of one of the laiown hallways rather
than a new hallway. In one exemplary, non-limiting implementation (using data from an inertial
system), theMaRfIea2idth may be 3 meters, and the Inflation Length may BeTTOSME$EYR3[13586] 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 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 poiftHhe hallway se qlent from the hallway line segment. If multiple possible hallway

Agtorney Docket No:: 053 0373130 . . .
matches aré Tound; the oné with the f&West Correction Rotation may be chosen. If there are multiple

matches with the, g CoreqtionRaiation dheQngwith i@“@i%@ﬁ?&#@@é&%@% Ristange may be

chosen. If there are no possible matches, or the Correction Rotation for all the matches |s§;eater than

a threshold, WIEEKIEIENPA WRde TH fionNosgse Frfikvast midyindisdbmhelfd Berhsartamvit and
needs to betaeaaidd: 13 anerexahdaidimohrbogiisgrHenpiemredatiion, MIA X EokhMAAY tIRETAT ION may
be defined as_200, t h er.v S e used. 10587 Additionally, in one implem ntaotion, the
tracking po%ﬁ?rﬁ%ﬁ %%y%q}%tgf%}cgvses%%%%%]%){%rpgﬁ?rﬁg’F?Blg%cg ﬁgﬁv(\)/rg%frﬁé)tf the ngge lél‘r?ggjt‘éd by
inflating the tfeetghgiadTih &P POt itonisdbe ol tthiclneninenbe/aay, ke widayBie sipieitvdayenda,
HALLWAY WBE o bypica] bedhway widthoma: fak sxamigle, be defined as 3 meters (approximately
10 feet), or zﬁ 9?§/é)ther £re-g§:ter ined ﬁ(idth. is width can later be modified by future detections.
The require TAtion Sizgl?sequﬁ%% HehiVRRIE HEPAn Inflationwidth of the difference between the
width of the /PF8/mirOBBZ andrHARINA YhiNiDFHoarrdramr Inflatianlfengthneftidhd®nee thednatlway

shape is cregiady, thaclosest gridsapais dabegurient stere.af m&a}%w&%%@yaﬁh%g%%@ﬁﬁgmmed- If
a grid angle is found within a threshold a,ngf’e difference, MAX ROTATION ANGLE2 , the new
hallway may B ro&iad o diruldish wradriitcgdtte 5ai#HiFHsint in the hallway segment. If no
grid angle ig@sihimthidicorectiereaptiefthe BathvaynhDadhcrleibunadtesadsahddhebslepgaidhe new
hallway ma IS RA rmey.D Na.; 053216-0373130 Grid Angles. In
one exempl)g%s %g%gl?r%%%r%@%pﬁgn&t;{%&@A %ngr%\gﬁﬁo?irs %%&oé%%%%ﬁﬁlés?ﬂ%ﬁtgoégﬁ%d as 200,
though othefoRliies HigAkiBe dsedh1ob58sIsmeatkivrer MEESHHY Hathinadaossb) saearatation.
implementatierkpilersnatahisg ihesdeiected halway.segmentsdteoesistingbatwmaysatheinfiation check
may be restricted fo flation. Size, This is dHe folg example togtg%factt att}su%vtﬁral buichQr%s have

seaiments. Consecutjve orthoconal erids or shapes the tected wi e errqr
separated hafways that are lined Up with-one another, Bt Rot continuous, simitar 1o Jine Segments on

a line. Therefdreoifetiied sa ke drdidaenplisl leteprsd dnjatiackmghattosegmenteseparatetdetsbre than

Inflation Length.they.pray.bedetecird A%,5eRaLais intwaysplisagddition, though unlikely, if trackees
traverse a | rqe rlojg]rg in s‘rﬁraight trajectories with different headint%ls, this. may result in multiple
1

hallways beifit forhEa *FHEEs ConBitis AL TP (eI Re B OF e kivirng a Rer HaRgifg Fiivday s,
[0590] Detewtithg-amdt&edredatgng TRoomkbnd 05 Ul Adcidrgdingytcthan laspedttofdhsiinwahtonckagms can be

detected s RRFCATHRAENL SRR IS 300 j v%%géeﬁ&fgq%%;llg&%%fﬁéigaﬁbmlkﬁﬁgga&oints

originating from a matched hallway and returning to the same hallwa e Room Tracking Points may

be first rotafSdel RIERY 5t drevfited Pofrtel\rRREe siSpresBirpiatal MR hissrasd hiereh ¥e minBB
for the Roomesledekingrdiontsreayotherihe aatWatediansbthan theiokBngaydee s@tatediabout the
first point counter-clockwise by the slope .of the hallway. If the minBB calculated far the points does not
touch the hgﬁ%glﬁl}?egicgﬁa?gyit%rﬁgﬁa %%?(Liselﬁe ‘gtt:is { %Ig%l %o. hﬁ%tl%:né}t\el?%rﬁ‘éec%?ﬁﬁé?ﬁw%eaéa 59%%%%rmining
the point of iptBedueiisis ardHesRiobith Cupasspaffeidiesiatao the hallway and the hallway edge closer

to the room/d925)2} NexhAephack Sayhbeimads dehepy-eihies Jaoms sstested @A@ﬁggéb%ame hallway,
on the same side of the hallward)lrlﬁ.| If arg%a he oth%r@m rooms have their outer edge further than
1é o

of
the one minBE EFEATRH TRE Fu ARG Hiage 8BRSV S BRRiIESHRRSHARY from the
hallway as.meyrbc)mnﬁ@'mhe&h@ iumzh'ebvédigggﬁdd@maﬂwhﬁpﬁsemuﬂwﬁhgegmmmmmdmm, a
determinatign 'Zlﬁ‘bés%%mﬁg%ﬁé-éeﬂ'gﬁﬁeﬁ‘S@ﬁ@ﬁb%@é%%ﬁﬂ%&ﬁ@ﬁ@%%ﬁ%ﬁ&vmm g Widgh of a
hallway of the outer edge of the detected room. If true, it may be assumed that no other landmark can
fit between the Building edge and this detected roogy, and the outer edge of



PATENT Attorney Docket No.: 053216-0373130 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 expa¥deeo10e8981 E.MAP BUILDING AUGMENTED WITH SHAPEQROMESIR38T8594] 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., discpv%ﬁé@}? eecg@&g%g&?gbé?sc&%asing the correlations in the shapes in their tracking paths.

This may increase' t I ﬁccuracy of the map generated and the corresponding tracking estimates with

time and extgntf RIUIGING.HIFEONEr ke JORRD-hE Ganied ImodIIUSHARYEEXAUPRIE P flowehayd of

processing operations for a map building method augmented with shape geometry and parallel

solution conffStREtn. B0 RIS SHaRES BiRy peralions Hishierednrne e S Merie etomlished
using some etragHsahiihelsydie mscaniponsnts desdribibevin detaibabole epolcitssane daplementations,
various opergti : f in differe ther implementations, additional
operations ey bE e S e B D B Gther
implementath3fis Shiacorliib s s AadPEATaSL PR HO FRSEH S TR AR SIS Y AEsD i8i gy hee
operations agrtustiateci@nduwlesTsibed i greatordatal belon) A eisxamplar: simaitie ang: as such,
should not be vi%v%%g/as Iimiting.l£0596 ﬁ_g;or,[[.ﬂg%to nta&l%ect ggrtgediré\éteanﬂlon, partlleﬁssolutions may
IS di

be utilized by Rapping application 130 when i icuft'to make a Elolce batveen miftiplé competing

tracking estireaterssinaaiipelitieutaiinstépiin theaplioth orkioraxanple, infdheegengoniagdrdatarfiagion
method usedjngmap building, when a shape that is not aligned to the building grid is processed, the

building grid correction method ma roe&afg_ate two solutions, one with the shape corrected to the grid
angle, and a/r%fﬁéﬁmtho%“ﬁ'm?ﬁéﬁ é’(?%%pecially when two choices are close in rotational,

scaling and/@s#@nstatiatingarrestiopsred theed veetime enastha dnidrghmiaksd 1059 Tdk Aslithustpatet] in FIG.
22, the grid goriecied; SEUPRE MAVP&ISRRIALIEE YD e S&5%AN BAEENT 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
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, there may be certain landmarks where a certain path and/or
motion type is feasible. These path and motion types may be defined as Events, and checked for
while analyzing the tracking data. If a given Event occurs, it may be matched to the

corresponding landmarks in the building, and the path may be corrected if a match is found.
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Attorney Docket No.: 0532164373130 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 WP?8EKEHE68he shape alignment tool may be utilized to find th@gidatestsgasidp 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 l?e%ﬂ\‘i\?ﬁ%/ capeggocg%%gt%qstg lie within the generated hallway. Hallways bounding the lines

may be created foF OPheT sats of es Whose separation width is less than the maximum estimate width

of a hallway /{36608t 25n9i% Ralway hespeen generated for lines with an undiscovered gap of more
than a predetermined threshold, the hallwa may be broken into two separate hallways to account for

aligned hall&ySUr piiligiry S Har e s ot aaberfrttshanlsifrine ) B ietgedhd dingle
hallway whenaviore érealinrbiedueaenttietieis travinged dreauachs sividditpevitepsudO Gt shfighta hallway

detection ang.gencration, 2rafs.ing Along. e NallwayRIiay e stanfed o1 e lapRingssggmens

that may be bounded in a box with restrictions as discussed with regard to the proximity-based map

building metk®d. {0867 PPHe g5aricie eordiraintBaRErg dhiptHis comettdiatsratomisd sy c=1/8blution

may be compargchio o ase: thedseshsplstions AkerativelysiabieN each stepy(aaaiasessingeperation)
in the method, the constr irhts violage QX %?(l?’hﬁ tllf)n may betchecilﬁjed if mutltiL)Ie sollflftiont are
propagated.rgsad/luteicﬁlrclfc,o{]ﬁ%fSV|‘J’odIéll e tAiA Fonstraints Y)’f/y more than a prse%oerf%?rlﬁmrélaytﬁresg old may be
removed frofrathmsphiltidn the msihed frdperyaie b dodhendextebtepa{o 80811 FuBD EFERMENINGITHE
ELEVATION,OF: &) TRAGIC EEINSIRE- O fiA-BUID NG 06041 Detarminingdhaisigyrtianata trackee

inside of a building results in a 3D position estimate. Elevation may be determined as a measure of
feet, meters%#oﬁ?&sﬁf’ﬁ@%})ﬁ&/@vﬁrﬁBﬂﬁﬁl?&}@ﬁyﬁﬁwgf}ﬁﬂ e thay B AsIE ARt NN 2hd report
elevation estimabirs: imdétiddor

[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, H4LL FLAG, high whenever it detects that it has been going straight without
a tumn 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 fit” 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.

[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.

89



PATENT Attorney Docket No.: 053216-0373130 environments as a floor number when feasible.
Though determining a floor number can be more challenging than determining absolute height, it
represents AMPaHBAZIB location in a more interpretable format. Almost alPElilMASANZS Wlow
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 g@ﬂ&rﬂglﬁgcmte@%@ m B%pl{]% and map _building methods. The change in elevation may b_e
tracked by first of‘efectmg Sents that 3frlgger elevation such as change in the reported number of stairs

encounterediay ia ffagkerin thedack ?’@Jékﬁxg?{f?é £hange B We.slevation helght gepaitqd in the

tracking data. The elevation change t %e stairs, elevators, etq.{} may be resolved by the trackee's
tracking syst@m'4R8 RclufiEd i7f tRe™iiRKirg H3t heikhEaYeRidtaibt @ lensth shcafartb@ thfgers
(number of StiYsHaleVBHGN NG TE R Al ThcdniBlatedwatith the dhesrtrakicingadada sisela as an (X,
y) estmate tg,(esolve e, iayalian doands bne: Anasheslawalion.chanae e, 5 dejemined. the
event may be compared to features for elevation type, matched in case of map matc?ung and map

building whet& i faaitsréraskisesapf coriptiintnyistetn e, sl cteae datHetvids. Befloey diselemay be
resolved usigigt#aclepsation thangenf tersibie:s The felpping hasagteristics of elevation change type

may be use?/ eé,lf) resolye el ion changes. [0606] Stairwell Characteristics. [0607] Almost alll
buildings ha oﬁ% §aff?’stté‘frtv’€§?§}(}:%‘%£ﬂ’ i'r%%d’l erent floors. In most buildings that are not high-rises,

stairwells ar@/fié/ grineary meamswitchrangier floofs:qgktaltviellomdizfearoimected togaciifleor in the

bu?lding,.or Q@@Hﬁﬁ%@%%@ﬁ%ﬁ%ﬁR%%e?ﬁ@@tl‘ﬁ%‘_@?}@ﬁtr ah %@ﬁ%t@i%ﬁ"f@%ﬁ MNQGORSRGY lyedloors in a
building is often similar (e.g., within a couple of stairs), especially for the same stairwell. However, the

number of sFPE BERVEERTHRISRIOI AT E R SHPRED AR fodnt (G bBAifFEET At T3 4HE tendency
of 1st floors inpeanrytbdilding gdontayedd poghenceiling thanpthgsothenilbnrs. dn itheseingiancds, the
number of sfairs hetween the PATENT Attorney Docket No.: 053216-0373130 Ist floor and 2'd floor is
greater than the number of stairs between other consecutive floors. Smaller apartment homes often
have small I€Hdfds petviBelsmerE witheddn exariplenapisiestisthbslyhestidfd 16Tt tBametirst floor,
approximatehedidt thataigsiteigetde thennaxilows pad sbiaskibargefebuildiags Fave heem sugveyed to

i stairs) between landin nd often approximately 24 stairs
%%J.{W %cﬁ‘u P.n X{) g e

often have 1g pte?'ril';isﬁ C%ll‘orl‘p L%Zl}tl?ll%sel‘? ];l.lg*a device may also a segmen I
elg tofsa‘pproxmugieeiy - 7'inches,

between each oor. Twenty-four stairs, With' an average tiser I
corresponddreskine snarh gadidt naighvast apprelkimistdligdaed 4iftet 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 “line of best fit” analysis described above.

[0559] If 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
matched to the hallway may be determined from the average current direction of the tracking
points when the Hallway Event is detected using the HA4LL FLAG or a segment number from the
inertial tracking device.

[0560] If a “line of best fit” method is used, the heading may be obtained as the slope of the line
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[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 beWfeat2dhed 2"d floors, and basements and | floors. This make&ReepRMPHEOf 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 stainvells 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 catettdfi¥ed f(?(r ean££?6_0ass: 1%10) none; (2) clockwise-looking up; (3) counter-clockwise-looking

up; or (4) both BEher EstBgbIed Ay be defined/used. [0609] "None" may represent straight stairwells

that do not tyn,glithe langlings, (6,885 ofiRnHaund img)béy%%%Q@%%"@Q%ﬁ?ﬁ@gé@%iHgvyg';limp"es

that while going upstairs, turns are made either on the stairwell, or at the landings to the right. [0611]
"Cou nter-clo%?%%&%?n@“?ﬁeﬁ FRRESR e Boin g el Bedrhs s }Pﬁa@;@&ﬁéﬁ‘ BREWRE stairwell,
or at the landiffgeiicctbaetn [p6dR} B atadis patelssdceureng stenriecoBptsng, rexample,
stairwells th"%}h@&i raightyp 19,2 1apding gopnected fo B"evocﬁié%%r%mcﬁﬁ%t%ﬁéété“resct‘i% Q. further up -
one to the left and one to the right - where traversaTLfb may be ac ieved: y winding clockwise or

counter-clockigider EEpHEe R aaiHt tnitfueweNDNGHGskiNdupoirtsmsipihsa Bsaptatsidyoing

downstairs, the CoALENTrAUaMeyROeket NG RDSL 46593633 iackae Mt dEnindhe-ppposite
direction to that needed cgot%o ug. [0613] Detecting tEIevza[ﬂoanhalnlge vent and its T 1p§ [0614] A
Stainvell EVERTRAYBE A& e tEd By a thoger 4e€8 GArsa i StaraIFdaIE A 8‘%}%{8?(?85/ data. If a
stair count idimchade thiththe/trapking datafecymaytheniberatdad inclbtsesios.every up-stair

encountered{omz] PRCTRARRS I YREY HAWVRSIAL), &c0angRdntne coHPLOfRlAls PAY HigaRr the

Stairwell Event check. In instances where only elevation height is reported in the tracking data, the

change in eleVEHdRINAY S erds dray e fighare Al aihy seredrimpel (nresirtrabring Bsta to

determine if ikiévelahgadbasmadesdria stabatiel.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 Correction Offset may be updated to the offset between
the first point and the terminal point of the hallway line closest to the first point. If the first point
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
region may be obtained by inflating the rectangular region by an Inflation Size (Inflation Width,
Inflation Length).
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[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 ¥V elRtiBA%kRight) changes, a bounding box may be spawned R6HEREASEGRHfvhere
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
trackce 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 g%ﬁ%z\ﬁatiog&h%gg%%gﬁsig, smaller than a threshold size and the change in height is

large enoug aofllgor dhange, It'may be assumed that the change was in an elevator. Also if the

trackee’s 2DyjkgekiRgbRAEY R, N0t chancing while elevation changes, it may be assumed the change
was in an elevator. [0617 Resolving Floor Changes for Elevation Change Event [0618] Trackees may

use stairwelldEPEi Ao iRRbmsaitihot A8 hsHG B aTRrAfrSReEY! &f dhs draciingr dtfy Ssgsrtsl hdors.
Trackees may atsckego upravadown @ few stansand than etthn teildiessamme Aaor. Themethed used to

track the flogp,changes may he sejected.depending on the elevation data type.in the tracking data.
10619] According to an aspect of the inventEi{on, a%‘(’)sr cﬁan%e? r%;rali} e Sgéltségsmtlhnaé ki tﬁgsglg%ation

change is alBRAdRAteH THAES RERDPSBfldRY faditaterssmbiikkieastnensts S e wiitbminerheight of a

floor. A buildiagctyperspnabeuseid iedeuTav fosresabintihal fieorlumbes.PATENT Attorney Docket
No.: 053216; 30 when there is a multiple floor change, High-rises, for example, often have 15
stairs in bet\{/@,\%g g{é)(ﬂwmﬁc%r"‘, E\?v%((aﬁm 8§86 leé%la? gcgl Sl Prlzggf‘ée RN %ﬁﬁ%@g&awg its
between eathnfidowiBibildatigs sadheagthospitadslanbeHotels awddiery, might cegitgssiadthefirst floor

and the secgpd flgRr spay bednighihighelutigndthesaverage fiaor haightMapningapplicatior 130 may

map out the approximate height of each logical level encountered, and use the building type to resolve

the floor nurfBEP AGRHESHAIRTEH Rar it HedonadRaY bR/ asrh Jesyitcdt Arfretieht dbntmisall station
during an emergssicy mcidentoitoiherpaitudtiop)dhéiiogh muenbenohcedadnstiaekemsareain e input into

the system, and the.faer AARRS f oS J5ackRES MandSRLARYAL AR CIEdbased e ihe input

point, and then exits the covered area.

[0567] 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 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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[0620] Winding of stairwells may also be used to determine the floor number of the trackee. For
example, if a trackee winds 180 degrees and walks out of the stairwell area, it may be assumed that
most floor tréesAM8H82H¢Re building are 180 degrees apart. The total degre8STWorad3sEaaden 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 /0622.1 In one implementation, an elevation change may
bc used to correct the location of the trackec 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 corr§§ff§n§ qﬁctkae?ﬁﬁ;%%ﬁ19.rﬁ¥§%{)5|y discovered stairwell or e_Ie_vator, 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 undigaonared flepisibatwesndhe siad-dloeskend the new floor may be added with stairwells or
elevators atf}ﬁ%ﬁfgwe 2D.location. [0623] VI. OUTDOOR TRACKING METHODS [0624] According to
n

an aspect o @ﬁﬁoﬂf"\'f\?ﬁ%‘ffltracking personnel and/or assets outdoors, it may be useful to utilize
GPS data alitigabithdmeitialttratiasigad atath) 6281 iNE RE bR S{FakS bhAls GQRIATE Mit G X

ALGORITH wom@a@ylpmv@oim@ms%'&%name‘wﬂ%&%&e%&0&3@42%@;3@0%%9&?9&&@fei” as

the "IGX PATENT Attorney Docket No.: 053216-0373130 Algorithm") may fuse separate inertial and
UPS data fof @H4EGHGIPAM HLDE SRt 1291 estimate. Since accurate UPS data is, for the most part,
generally onjysvasable suidams bgdds X Algorithm primarily functions as an outdoor algorithm,
although it C?J} 5} rﬁ[xirc])lﬂee i%%?e‘%%gtg%gqgﬁa%g]arogcg?rggti%k}lemae So scr:r?a}g LllgEGSdOHGCtiOHS 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 shapes may be obtained by using the PPS
segmentation method, and combining PPSs.
[0573] In one implementation, the approach of fitting combinations of PPSs into combinations
of Proximity Regions may be utilized. This may be used for large buildings with hallways since
the hallways provide the building connectivity. Shape matching may be attempted for the entire
tracking path, a stretch of the tracking path, or for a collection of disconnected stretches of the
path. The latter may be used particularly when a complete description of the building is not
available. In one implementation, only PPSs above a predetermined threshold length may be
selected. For each PPS, a list of hallways (feasible hallway list) that may contain the PPS is
computed. This may be accomplished by determining whether the length of the PPS is less than
the length of the Hallway proximity region.
[0574] Next, if reliable heading is available for any of the PPSs from sources such as the
compass, the angular rotation of the reliable heading to each hallway in the feasible hallway list
may be computed. This may result in two possible angular rotations representing both traversal

headings on the hallway. If the angular rotations required to correct to the hallway are greater
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[0627] Various advantages achieved through the implementation of the IGX Algorithm may include, but
are not limited to, for example: generating a single location estimate obtained by the fusion of inertial
and UPS tra¥Kkingoadgametes; enabling functioning without a compass; the dBtiSPO0Y/ &rtdtfeous UPS
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 UPS data in a wrong location when
a trackee is heading straight); recovering from inertial drift when UPS 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 UPS data; and continuing tracking a trackee
indoc_)rs Withﬁﬂ?ﬁ@ DTCQQQJQQM@]Q.Q%%{%ﬂng that a tracke_e's path has transitioned lindoor"s. UPS
location estimate errors may range up to tens of meters in some cases. The term "good," as used
above, may fgreforeibe-msed riafsrio M RioeatiRNesimaiesithin.predeicrnined igiance
accuracy (e.g., within 3 meters). [0628] Examples of IGX Algorithm tools enabled by mapping
application 1%] g aE BUtisre not limited to, one or more of inertial track segmentation using
polygons (e. @3 18chamglés) a ShapLARdichingeCartectinnédd pdlyijons, (reaiabilai antaiparicle
system-basedcongitalolaqlvalnidReN Iy 2 A exemplan. sl ion.alpiRsessINg,oRgrations of

the IGX Algorithm, according to oné implementation 1e invention. The various processing
operations déictetPinnEltioB fray s dbEormpmsHut tragsBrd ormirdiafeBysteRcRMTBdhents
described in:gigtaiabeveBOBa v SOMEIMPEPPSNAaRS: vauorsRR.ANeNSIMaY Reaetfemed in
different sequences. In other implementations, additional operations may be performed along with
some or all ﬁﬁg%%éérlé%ﬁ§ gﬁgjvsvﬁn?r\{qﬁé? %’ %%tgf/ g?ﬁgrg%fg ementa uﬁgﬁp(f)(e)ﬁé%grc?ﬁrg% Ocl)lperations
may be perfétiietisimultaticbe siyniaebor dindtyn theroperationslzs e stritd h{hmay dodgibethin greater

detail below} areiexemRIERYIRARIIE RRdbR:SMEDN, BhRuIdootbe vigwesas JIMmiing, PATENT
Attorney Docket No.: 053216-0373130 [0630] Inputs to the IGX Algorithm [0631] According to an

. [0631]
aspect of th&HReftid IR IATBRh ATt d8a s hbui e i feoanab ark 215 IBEahsn
estimate in metbngs(amdtheth unltsloalongyviithsimuftarfesitslitycdectebkaPliStimeg-byrohrorized UPS

data. Optionally, 583 NAGAIALS (6rOme RIS aﬁ’@?}ﬁﬂ?ééycé'ﬁ'c?;%@ i {}?91%11‘%1%7; Qumber plisatellites,

Satellite signal strength, and azimut), compass angle from an inertial tracking unit, and gyro angle, and
building out/HEEY&iR¥s A8l &hAc B3 Esmaleis) may be utilized. 106321 In one implementation, the IGX
Algorithm tagey ginput B rBttiahivachingeRARTE: 3. 08 ieHaly Nickatanieinsy angh iR Sdata
sampled at g Jower rate. Thismay imply that only some oé;pese INIJ. data points have an associated
UPS Iocatio%I\J/?/Hl)c ﬁsfé‘b"értstegﬂé tk@%ﬁ%ﬂé#i?nﬂé% &'UbS ocations ﬁkﬁf %?eé‘é%n@d 2 meter
offsets from GEEEA PBIRUIOBIS RAIG. 24 is an illustration of an example of bad UPS input 2410 with

good inertialpatk) INPYE2ARQ10634] FiEnids iR-an@xamplaryiliustation af . gemdn GRS Hatay2510 in
the same path while inert_ialop th dajlta 2520 has drif{ed away. It may be opserved Tn’?lt the jnertial and
UPS paths r%séiséh%ﬁl%ﬁlgﬁg."é%g’e‘ﬂgﬁé? SR ARt I LS LTS5 11 W BT ™ §o0d"
when the acturacyroitR8ddoatiors éstimatesistalbitiz bt datvithih anl dveragetelistancetadograey (e.g.,
within 3 metgrs); URI0aye . dgsmedn 800410 certain instances even if there are outliers since the

mapping technolo%y is capable of matching the general shage of paths rather than being dependant

on each indiftAIEBHE o Eesed GitirasattiBr Generation Methods

[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.
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[0636] In one implementation, when the first NU data with CPS is reported, the inertial path may be
offset to the first UPS point (which is assumed to be good if UPS quality indicators are good).
AlternativelyVth&{éRidbpath may be initialized to a manual start point or otfe€F/ PSP SUE Hs, for
example, a location of an emergency vehicle (e.g., truck) at an emergency scene for emergency
personnel (e.g., firefighters). If compass and gyro data are available, the inertial path may be rotated
by an initial rotation equal to the angle difference between a first good compass value and a first gyro
value. In the absence of compass and gyro data, the paths cannot be fused PATENT Attorney Docket
No.: 053216-0373130 before a segment of at least a few meters in length is available with good GPS,
and the fusett*&timate is the GP ted. [06371 Inertial Path Segmentation [0638] Next, the inertial
path may be “f’éﬁgr%)?ﬁ 'Btslgt%'é%%rlw sogjﬁ% Polygonal Path Segmentation (which has been described in

detail above), H%. 28 A@RictD amexgmplay seomeniationebaninerial path- I08ZACRR iy Inertial

Segments [0640] For each inertial segment, a corresponding GPS segment may be created by
including thes WP Aed (AR AL R g MG IhE@anf: TilebntdiRr Bk theshettialtataor that
segment. [O6kihtnsadshtianroutliersman bereshodae s axapapdestih theltistanae beiweantwo
consecutive > DOINES o 1 i e.9.. 3x). the inertial distance, both of the
outliers may%ggggn%%geéb %ﬁﬁg{%ﬁ%rg%%&ég%gﬁ%?g Iggg?nﬁlr%ﬁrtgg%? s%%t(térl %tlgg : ann%bggge?ﬂﬁeéssst}lglﬂ’gths may
be used to detdfeniedrE ey Seiftiraig Bengderddciosaz]irefl evsing Bathdraskasdval addipmimum
oriented bougpdingrher{MinBBY) (whichagheesgesciigd incdetail abayglidnay basalgulated for the
remaining UPS oints.tTtijﬁ magan%esult in a se(#{ence lg)f ine ttial se rpe;[gts andas quence of
corresponding GP S Segments. THese Sagmants may comprise polygonaoatir a8y menisit hat they
include a grough ef peilstsuaridrthe/aninOBB of the points. [06431 FIG. 27 is an exemplary depiction of

GPS Segmepiy gspociaieswitlssashinerial»ggment from FIG. 26. [0644] Choosing Matching

GPS/Inertial S%gments Pairs i L ) L
[0583] In several buildings, especially larger buildings, hallways often provide connectivity

between different parts of buildings. A building’s structure typically restricts the way a trackee
traverses the building. In most buildings, long straight paths are highly likely to be in hallways
since the only other usual places where they are possible is in very large rooms, or in open
spaces. Also, rooms usually contain obstructions making it less probable for extremely straight
paths to be contained in them. Hallways are created when there is a high probability that a
tracking path is on a hallway. If future paths confirm the area is a large room or open space
rather than a hallway, it may then be removed from the floor plan. For each group of points that
could possibly be on a hallway, a determination may be made to see if any of the currently
known hallways directly include it, or could include it if extended within predetermined
threshold limits. If so, the hallway may be updated to include the new tracking points after
correction to the hallway. If not, a new hallway may be created at a chosen orientation.

[0585] In one implementation, the tracking points may be grouped into Polygonal Path Segments
(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
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[0645] In one implementation, a list may be generated of the longer GPMNS segment pairs where
UPS and INS match in length, and the UPS heading is close to the compass heading. [0646] As an
initial step, Y 8rR8%MBIA%entation, only GPSINS pairs may be selected whet€ KRS INS/ ER@grient
matches (in length) the corresponding UPS segments. The INS segments must be greater than a
LENGTH_THRESH, and within a WIDTH_THRESH which is half the maximum 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 PATENT Attorney Docket No.:
053216-0373130 matching, however, may be insufficient. [0647 Next, a confirmation may be made
that the GPS"STGQEn%Qt he%d|5|%2|§ %IS%%(}O the compass heading. If not, the UPS/INS segment pair may
be removed Hom the-fist. Bh eac?w segment, good compass data may also be considered. If there is no

good compags daa AR headinoandac 2o Bmay; RS RESERIRLAS OIS tINEGRIRARS.gata may

be confirmed to be good/rcliablc, “for example, by considering the variance of the compass heading
e

versus the gWB%é@&lﬁd’%‘i‘/é‘FW@%emﬁéﬁfxﬁﬁp gRTGEARE MRITRtSALSE e o At awata, etc.
[0648] UPS dﬂm&mmmeimmabmnwﬁﬂaﬂmgwﬁthetshadﬂmemwidmgsnmtmu%]lO(ﬁ&Iﬂaﬁ

estimates b f fr e d nding on th tellites chose frthe fix.as.shown in
me ﬁg}t f% Jgh %ec?ﬁ%f gﬁgt gnngaﬁ) F:‘l‘lgy%% gm&%%o as to rh f'?“[?

FIG. 28. Particular plcte two GP segments match up extremely well with their
correspondlﬁgqlﬁégtlaP%ﬁﬁ’thé Wl%tﬁ%ﬁ&%lé}ﬂw VBt shaotndrieenHiglshap ecqosd9] SHape
Matching [Oéﬁﬂhﬁaeerds?@rﬁatrbasgemaaé [thecin@rtignyshape ﬁa@é@maganwsbﬁeumeﬁo gdrtermine

which GPS %egments Et:ageall (&cl:ur 1095 J Thus ftar ali tofUPS/Ié\Jé ent air have been
created. Thesd &6 the oné%’? segme ]Pweﬁl Mma ccorrﬁpﬁw%dv (ﬁuaﬁyaln Sizeand ﬁ1p g5 8ad|ng

Each segmemtrvagy thén lmlmeMa@m%gmmlMp@mamhTj}bc?:amparmgpme preivious and
current inertial ;3egmentee e R QusARA GUIFRN! RS SEUIPENIS ARk SiMilarka e segment

shape match is_ checked with the current and foIIowmngegment If either of the Erewous or following

segments mafchAHe Ho SSEMEN LS In 2asiG EALERY madisvér Sagmhdhe sy b hbsen for
correction. Thedsteftial-shvapeRamayobentegnistatbdsamd fbtaied as thelshepenmaish-istichbekathe[0652]

Two- Segme%?Q%B&%I&P&Q%@%XJ’@I%QHQEH}%Q)@AI %M«z&fmmge'%weut?#o%egnm Lcompparisons.

Herein, the term "shape" may be used to refer to a group of segments (€.g., the two segments chosen

in the merﬂa.‘l“bﬁﬂ%ﬁlbks"éﬁ%‘%ﬁ R eCogethennRetdigmentt thermathpst éﬁ&]ﬁfétﬂn@?ﬁaﬂ dHaheldare

referred to asili L2uandthe b BepmMeRtsintiesaconesshapeat wefewediioas Ml Ma(UPS). The
shape matching meth may use he rect e line f each segment.for. e rectangle
line, as dlscEss(?egl p(t}e?/%us 7 ma fatfé Be‘h%ﬂ% as the rr?gnigl jient colé%e% ﬁégjt &rg pomlPs Of the
shorter edgés é¢fal¢é@m%gléhqng fihesvetues, 1y bR are

[0587] Additionally, in one implementation, the tracking points may be preprocessed and
grouped into PPSs. The hallway may then be created by inflating the rectangle of the PPS that
triggered the hallway event, to the typical hallway width, HALLWAY WIDTH. A typical
hallway width may, for example, be defined as 3 meters (approximately 10 feet), or as any other
pre-determined width. This width can later be modified by future detections. The required
Inflation Size required to achieve this has an InflationWidth of the difference between the width
of the PPS minOBB, and HALLWAY WIDTH, and an InflationLength of 0. Once the hallway
shape is created, the closest grid angle to the curent slope of the new hallway may be
determined. If a grid angle is 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
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PATENT Attorney Docket No.: 053216-0373130 referred to herein as lineLl, lineL2, lineMI, and lineM2
respectively. lineLl| may be first corrected (e.g., rotated and translated) to the center of lineMl. lineL2
may be adj)¥feaByth¥&Eame transformation. The acute angle to align line [ECHGUSREMD TAEAS be
computed, and the transformation is made to lineL2. After transformation, the distance of the end
points of lineL2 to the corresponding end points of lineN12 may be calculated. The decision of whether
the shapes match may be computed by determining whether the individual lengths (lengths of lineL I,
and lineL2) are within a PERCENT THRESH of the length of the base shape lines (lineMl, and
lineM2), the second rotation within an ANGLE_THRESH, and the distances of the end points for the
second segri&f#are again within PERCENT _THRESH of the length of lineM2. PERCENT_THRESH
of 30% and ARBPE FRRESI’ 812086 rees are used in one implementation of the invention,

although Otheﬁmgm'% m&@&%&lﬁ%./ﬁﬁqﬁ&%qnhgl?&%n%%bhﬁ ARG LR pRICIMA ANskMy

respectively, in single length chec owever when compared using the abovetwo segment shape
match, the sERBRE FEHARLR me dbauEh A PosaEEBIY 76 ¥édrees, resulting in no shape match. [0653]
Correction tgiGégiser4binG oS agmensHabodlsIn one implementation, the chosen segment pairs (inertial

segment an segment) may then be used to perform carrectigns. The inertial segment of a
chosen segzogfﬁ;%grgrﬁgy%%l%%%é%%d,“r/éh)lt%te ,?%%n s?ééele%gtec? ﬁéi?\l%ﬁ\gzﬁPs sné:’élr%zﬂt.e?ﬁ%l%loes not
fix points to 8HEvarothe inButarrheebsnmabetiesindeddp Sellphentigoed hisroudls. the vegiole(fitshof good
IGF;]S poinlts.f%dﬁha%és@n sasm@@( m&%&%}@ﬁ@&gﬂ&%&ﬁh@%@lﬁféﬁruﬁ?&fﬁ?@gg%x(&ﬁ&{%@%‘z’l (t)hpioess]
ighter-colored squares), UPS (depicte the darker colored squares), a iscontinuity .
Restoring In&HiA @H%p%‘ﬁ%‘lﬁ %‘égt?é%“é‘gf\/%‘}_a[g@ée] 8 re ijl%?n?%eaggl%aéﬁ/lfn‘%ﬁ%‘?ﬂfgéby
discontinuitie¢sdhtheftsedstrackingrpatiad Thesedistonfiniities Irmgtb,eti&mm@dbbydam'agdaaparticle
system basesgpqgsséﬁcéﬂma%lwgrmGBma%llm@Olﬁﬁ&rérf]g?%iraéé%%' ahaye)-.The,patligle;sqlyapis provided

with the fused tracking path, with fixed segments wherever corrections to UPS have been made, and
constraints 3P SnE Tt Cigcradiramitis ottt e SnpkerwHiersiaytwdve iseen
violated by thendi@riediansucEhik: ceastiaitisbre made etpediveansecutive segments using the two
points that afﬁsﬁbﬁ% 39 RATENT, Altorney. Docket No.: 053216-0373130 one another, providing a

. ing'an 00HIS. . . . . ?
distance constraint, and an angle constraint. The particle solver in each iteration attempts to satisfy

constraints tiaf Hré<apTais PeBumptF i hhath iraereseamb e the dastiedhape WithagriHeent.

discontinuiti&®aen the Room Event is triggered by a series of tracking points originating from a matched
hallway and returning to the same hallway, the Room Tracking Points may be first rotated
clockwise around the first point by the slope of the hallway they are along. The minBB for the
Room Tracking Points may then be calculated, and then the minBB may be rotated about the first
point counter-clockwise by the slope of the hallway. If the minBB calculated for the points does
not touch the hallway rectangle, it may be extended to do so. This can be accomplished by
determining the point of intersection of the Room Edgés perpendicular to the hallway and the
hallway edge closer to the room.
[0592] Next, a check may be made for any other rooms detected along the same hallway, on the
same side of the hallway. If any of the other hallway rooms have their outer edge further than
the one minBB created, the furthest edge may be extended to be at the same distance away from
the hallway as the room with the furthest edge. Additionally, if the Building outline data is
available, a determination may be made as to whether the closest edge of the Building is within
the width of a hallway of the outer edge of the detected room. If true, it may be assumed that no

other landmark can fit between the Building edge and this detected room, and the outer edge of
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[0657] The output of the IGX Algorithm may comprise a fused UPS/INS path. [0658] B.USING
BUILDING DATA TO NAVIGATE OUTDOORS [0659] In instances wherein an outdoor to indoor
transition hA¥Ma¢t9eRm0dRtected (a trackee is known to be outdoors), the I@C KIS 2A2Y 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 OIit;B?th building polygons., Solving this constraint last may enhance the tracking estimate
by ensuring t“35"8%%&6%%31&%%3;&22%5&ear to be indoors, and can override corrections that have

been made gii0iLo. (G HAIMOREIRRILINGS RRINGHEIRNSONS LS dhe RASSINYHAUG RRWIENTS).

Additionally, the method may associate UPS quality with locations of the outdoor map. Areas close to

buildings wHEPEEPE 4RSI f8-198 B oRbtidental 1% sk &y as not to be used in the fusion
method. [0668]9¢]. BESIN GVDE BAILKNGA GiNnaN1SD RENGH AP DAFOMEROM SATELLITES [0661]

Analyzing Spjeliie Signal.Sitengihe [0G62LInadeitien o Analyzing.the, UES.andyM Baihsusing
| c? I ?e y an

mapping techniques, signal strengths from individual satellites may be analyze mapped to

determine wHegies Sianst B BPRChiasREb R BeEhiamiorekianbiysisimay drdiBe pb@ietherpret on
which side afaiuidinga thagkeermaybbrilecaied, wapetiatlyinaieas slanedtobyilding.edgss that
obstruct satellite view. [0663] FIG, 30A depicts a trackee's path broken out hy sections (indicated by
arrons A, B B S R 8 F R oo G ARe S SRRy DR B HEALA Briig A
Building B, anchBuilblirg@)ariPASHENT cattopreiyr Mo keerNonios 32 16037880 §06649sFGar88B depicts

satellite strepgihs measuing {onthesecliansifoRrld) 80d0N IdRR Uackeers RRBemisatelites with

east-west azimuth. FIG. 30B shows that the trajectory in section B and section C have very low signal

strength frofiSSHENEL BH BALERRRA S, iM S SinE el arec bitkel sy TR BTG ) Pese
indicate thatthedp@Sitgoatthing esmbeunidliahteahckrayBveldibe dgonoved.even if the satellites

geometry (?PQ@}‘?CQ%%&H%J&&&%%&%BE&”&?%iﬁ%@ﬂ?@@?g&&?ﬁ@&'&ﬁ?&?%ﬂ signgths

improve and UPS may be used for location eStimation.
building method augmented with shape geometry and parallel solution computation. The various
processing operations depicted in FIG. 22 may be accomplished using some or all of the system
components described in detail above and, in some implementations, various operations may he
performed in different sequences. In other implementations, additional operations may be
performed along with some or all of the operations shown in FIG. 22. 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.
[0596] According to an aspect of the invention, parallel solutions may be utilized by mapping
application 130 when it is difficult to make a choice between multiple competing tracking
estimates in a particular step in the method. For example, in the sensor and data fusion method
used in map building, when a shape that is not aligned 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
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[0665] In another implementation of the ICiX algorithm, the locations predicted by the INU may be
further improved by feeding back accurate UPS locations when available. However, since UPS may
often be coM§)dly/Mdt¢8urate, continuous feedback may potentially degraB€ THE 248G $nstead,
each UPS 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 rust UPS location available in the system for a particular mobile unit, or by
a manual cli kT%iF oghq(rtiggy&%ggﬂ% @Oon a Geographic Information Systems (GIS) map of a target

area. [0668] ubs q&ceﬁt repor at contain inertial navigation information may be used to apply the

increments predigtedh Ry.aetial Ravioatige.loHhe RIgViuatkRaWDIocatoRLhednetsmpntdistances
are as predicted by the (x, y) location provided by the INU in meters (or other untis) using the path

based on th@%ﬁﬁ@ﬁ%. The beading direction is rotated to the compass direction predicted by the INU
if the compa®s 18linbiityfis Bettenthiznaddhreshalduatoed @ghsthersisditteabrtnockaraghetibapterference

which is gengially the6a56 PLIdaRLs) f MG £2TRASS BRGIS,'S INACGH alk, NIG.RA WAy & ypdated

using the current gyro anglé rotated to the rotation of the previous point. [0669] If the report contains
both NU andiGPiBRafA, Hegbrb it RicAtmRFistimdteshRY BesUpHARaeRPtharAeRmatigle
increments. NextnthebRS serserddatadgiialitie adag ehpeeviaus ¢iae PATENT Attorney Docket No.:

053216-037 rind of a predetermined length (e.g., the last 5- econds, or other time period)
ey be toot o L ICHE B AR Of P abtn O e o Bt St e By e
acceptable threshoidds Mhe 4 BOF deydas shieamstitallitevgdibmBtiic ofithil isdeedlitdbaphoseriforma position
estimate, ang|gwddDhcan.indicate tb%ﬂ%ﬁ@ﬁk@&@'ﬁm@kSspfcﬁﬁqrfwtﬂg theskyybargas high

HDOP can indicate that satellites are not separated well enough to result in accurate triangulation. A

GPS locatiofPESita R s 12s M5 60 PR ARG ALY AR iIRREXTrSke 19 A HIEh & humber of

satellites maymssued\hafidicatdaiiony s éhaiden ) S lifteneiote, dtdred PiSodatasavert thoepredatermined
time period Q@p&atﬁi&@vﬁ?ﬂc{%ﬁ‘%)ﬂﬂsﬂfé HRQM?@&M%&&V%%%W“ and the Number of Satellites

is greater than 3, the UPS &nﬁf/ be deemed acceptable for consideration in the position estimate.
I A

106701 Sind@%i{é ¥R THevBsAcEatd fArtieeshah tBiRdire oS sa B\ thd ¢hort
period is neyt@ettpaned figdheld Nkt pativte validaieiiah aceuracyphiie WRSdacationoddisnenables

corrections (g the, INWtrack which canbe correct n the shartterfn hut may, be offset fram the correct
global p05|t|or1g%y feedlné back accurate GPS data. 7 g
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 constraint solver, and the constraints violated by each solution may be
compared to choose the best solution. Alternatively, after each step (or processing operation) in
the method, the constraints violated by each solution 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
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[0671] FIG. 311s an exemplary illustration of an MU path (illustrated as circles), a GPS path (illustrated
as squares), and a UPS best fit line (depicted by the dashed line). To compare the IND path and the
UPS path, tReOiaeiitRIaPncrements in the short-tenn (e.g., 1INU1-2 and GPEIL/RS4A8 07RAD®-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
UPS and INU locations may be used to correct the position estimate toward the UPS position. 106721
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 aﬁdrg‘t’ér%dsz e.%J S d&tan es corresponding to the same points can also be created and
ocket : % -

scanned for Humbers Simifar to the ihertial rigid body distances. This method may allow for good

sporadic GRG.pintziR belacaiednwhen tbey.compaisuslite-the.inetiabpathindhe shotkiarm, and

then fed back to improve the tracking estimate. [0673] Other embodiments, uses and advantages of
the inventiofAHPHECE DAt I TS BONTE REFSR SR BOEKa IR V5 3D EUEPR 130 $K9Mfed in the
art from consideratibie dbthe: speeidicatidnixditepraatite oflbainventing disclospdsbe inulhe

ificati | [dere: | ly. and.the,sc f the invention is accordingly
et R R TR, o

computer-infHEHREhtEY Aiethidsol harRiify actemied PotINGY6rs AP srsalators 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, efc.) may be resolved by the trackee’s tracking system
and included in the tracking data. Alternatively, various elevation change triggers (number of
stairs, elevation height, efc.) may be correlated with the other tracking data such as an (x, y)
estimate to resolve the elevation change type. Once the elevation change type is determined, the
event may be compared to features for elevation type, matched in case of map matching and map
building where a feature exists in correction distance, and created otherwise. A floor number
may be resolved using the elevation change if feasible. The following characteristics of
elevation change type may be used to help resolve elevation changes.

[0606] Stairwell Characteristics.

[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
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comprising:  receiving as input, at a computer, tracking data for a trackee, wherein the tracking data
includes tracking points, and wherein each tracking point includes at least two-dimensional location
coordinates¥VO 2009 #tidg the tracking data to building or sensor data featRe€E tIAP¢e7the
accuracy of the tracking data if building data has been received, by the computer, as input;
generating, in the absence of received building data, features of a building based on the tracking data;
and displaying, via a graphical user interface associated with the computer, position estimates
generated based on the tracking data. 2. The method of claim 1, wherein the tracking data includes
inertial trackigg data obtained from inertial sensors, and wherein the tracking data is correlated to
building or sefS0f datg featu ct for angular drift and scaling errors of the inertial sensors. 3.
The method %?Oéfg?drrl?oﬂ‘ W (é'réglﬁzfﬁ'e(ﬁ?r%g ing data includes data obtained from signal- based location

systems, ang-wheseip ihetracking dateisieariglateehie-uilding ersarRzAstlataRatuies i igentify and

correct or remove tracking point outliers. 4. The method of claim 1, wherein the tracking data includes
received sign 317 RgH FRHcAABYIS (R 88! a5t a HRYulPBERGR T TR b l90ss 1tht 45RRers1BERNon, the

method furthenpcotinprticding 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 [2-14 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
example, as: (1) none; (2) clockwise-looking up; (3) counter-clockwise-looking up; or (4) both.
Other categories may be defined/used.
[0609] “None” may represent straight stairwells that do not tumn at the landings (e.g., as often
found in lobbies).
[0610] “Clockwise-looking up” implies that while going upstairs, turns are made either on the
stairwell, or at the landings to the right.
[0611] “Counter-clockwise-looking up” implies that while going upstairs turns are made either
on the stairwell, or at the landings to the left.
[0612] “Both” is a less occurring scenario 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
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determining, based on the RSSI data, in which region of an established grid of regions for a building
the trackee is located, wherein the RSSI data is based on transmissions received, at a portable unit
associated With2W8/68k&e, from radios located at a predetermined numbePOTAe$PHER PEints
outside of the building that are used to establish the grid; and determining the heading of the trackee
based on variances in the RSSI Data. 5. The method of claim 1, wherein the tracking data includes
received signal strength indication (RSSI) data acquired when the trackee is at a given location, the
method further comprising: averaging and filtering the received RSSI data to smoothen the RSSI data;
storing the RSSI data for the given location as a location signature; and using RSSI location signature

matches to iﬁ‘ié‘i%‘ﬂs the rq?1 it atching the trackee to a previously-visited location. 6. The
method of cl‘g‘ur(ﬁnf,y%ﬁqé?e%ﬁ"t %griéc}:%?\%le building data includes a building outline polygon for a building,

the method futher sMRASIAG. oppd@iemBiRg &rif.anales fergthg,building, the grid angles comprising
the angles at \glhich Ior%% straight edges of the building outline polygon are oriented,; dividing the

building outiA& SoRGEHIIRE pAAHEIE Sh888° I tHEH&E HiRed grid angles, wherein each partition is
associated i dnfefpactelll Rathwayaprienfatiordbangtegandastiliziteg thiehgsidrant|dstand partitions to

achieve heaﬁ&@ﬁl&pﬁ@gh‘?qsstair 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 arca (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
be assumed that the change was in an elevator. Also if the trackee’s 2D tracking path is not
changing while elevation changes, it may be assumed the change was in an elevator.
[0617] Resolving Floor Changes for Elevation Change Event
[0618] Trackees may use stairwells or elevators (or escalators) to change elevation by a single
floor, by several floors. Trackees may also go up or down a few stairs and then return to the
same floor. The method used to track the floor changes may be selected depending on the
elevation data type in the tracking data.
[0619] According to an aspect of the invention, a floor change may be determined if the
elevation change is above a given threshold. Building regulations impose restrictions on the

minimum height of a floor. A building type can be useful to know for resolving the floor number
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7. The method of claim 1, wherein the tracking data includes data obtained from inertial sensors and
signal-based location sensors, and wherein the position estimates are generated by fusing data from
the inertial S¥AsWY/aAGhe signal-based location sensors. 8. The method SLAIAiRIPSMRETEIN a
collection of tracking points for the trackee comprises a tracking path, the method further comprising:
dividing the tracking path into segments of tracking points, wherein each segment includes a group of
tracking points contained within a bounding box having a threshold maximum width; and determining
whether one or more the segments can be matched to building features. 9. The method of claim 1,
wherein the tracking data includes inertial tracking data obtained from inertial sensors, the method

further com@h’éﬂ :Dockq%tgrbgggiﬁ_%%g&!al tracking error estima_lte_s for one or more trac_king points
based on error accumulated by the inertial sensors; determining bounds on corrections to be made

for the one qgPretEaskinguRRIRtaRASaEhe! trgiiatelninedJinpitiddtacking eripreslimairs, and
making correctjops to the one or more tracggln (gf?ﬁgf if the co_rrectlor%s fall within the determined
bounds.  10°HHe RHHAGTET AR 5755 AL LIRER L FPACKIS GRAERE TR £ TR BT ARG S obtained

from inertial Beitbogs sasidaghensinlaaod lectiohot trackingh peilitgfonttie fisckKpercom grisescadracking
path, the meihad {utherempEriPgAMiding,fie Hagkieg ol SegnaRisakbacking.paints;
the approximate height of each logical level encountered, and use the building type to resolve the
floor number. Additionally, if real-time feedback is available (e.g., at an incident command
station during an emergency incident or other situation) the floor number of certain trackees may
be input into the system, and the floor numbers of other trackees may be set and/or corrected
based on the input.
[0620] Winding of stairwells may also be used to determine the floor number of the trackee. For
example, if a trackee winds 180 degrees and walks out of the 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 clevation 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 same 2D location.
[0623] VI.  OUTDOOR TRACKING METHODS
[0624] 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.
[0625] A. INERTIAL-GPS FUSION ALGORITHM (IGX ALGORITHEM)
[0626] In one implementation, an inertial-GPS fusion algorithm (referred to herein as the “IGX
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identifying segments, having a length that exceeds a predetermined threshold, that are approximately
parallel or perpendicular to one another as being on a path grid; correcting the identified segments
to a relative Wyl 489éidietate error accumulated by the inertial sensors; andReAtERAEBSAE7Eth grid to
building features. 11. The method of claim 1, wherein the tracking data includes tracking data
obtained from a gyroscope and a compass, the method further comprising: selecting a segment
comprising a series of tracking points; determining a compass prediction for a heading of the
selected segment, using each tracking point in the series of tracking points, by rotating a compass
angle at each tracking point by the difference between the segment heading and a gyroscope angle for
the tracking v At lga(teetmg 0@?}18(3%31 s-gyroscope correlated heading estimates for the segment

heading; an o etermining a st probability compass heading for the segment heading using

the cluster dengifigsanthan fRANING. I BERG ither QuUiliarsdn ANk lewerdensity ¢lusiaes, k- The

method of claim 1, wherein the tracking data includes compass data, and wherein the received
building dat&THRRIEeE5Gi ARG H h GRS He s R i Afred BB iy 2vailable outdoors, the

IGX Algorithm primarily functions as an outdoor algorithm, although it can continue tracking
outdoors or indoors in the absence of GPS.

[0627] Various advantages achieved through the implementation of the IGX Algorithm may
include, but are not limited to, for example: generating a single location estimate obtained by the
fusion of inertial and GPS tracking estimates; enabling functioning without a compass; the
detection 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
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 implementations, additional operations may be performed along with some
or all of the operations shown in FIG. 23. 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,
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clustering compass angles of tracking points, around grid angle headings to determine the highest
probability grid heading for one or more segments of tracking points. 13.The method of claim 1,
wherein theWete&d2b0fkling data includes grid angles and partitions for a BGRAIRgIAd24Herein a
collection of tracking points for the trackee comprises a tracking path, the method further comprising:

dividing the tracking path into segments of tracking points; and for each segment:

(i) identifying

a building partition the segment crosses and/or lies within; and (i) rotating the segment to a
probable heading based on a grid angle associated with the identified partition if the correction is
within determined correction bounds. 14.The method of claim 1, wherein a collection of tracking points
for the track@?t WBER‘*&"&F@%&%%‘J" the method further comprising: determining when a

defined conétraintis violated

y one or more features of a tracking path; and performing required

corrections tgshg Fasking PRIRGS sipksshe violated constraint while propagating the effect of the
corrections to all tracking points in the tracking path by enforcin glhysjcal constraints, on mgvement to
FP?‘r%i

remove any B4/ dises 1§ GreatBErby tHacareRiBhshe 16

gorithm utilizes as input, for

example, an inertial 2D location estimate in meters (or other units) along with simultaneously

collected and time-synchronized GPS data. Optionally, GPS indicators (e.g., Satellite Geometry

(HDOP, PDOP, etc., 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] 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] 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

such as, for example, a location of an emergency vehicle (e.g., truck) at an emergency scene for

emergency personnel (e.g., firefighters). If compass and gyro data are available, the inertial path

may be rotated by an initial rotation equal to the angle difference between a first good compass

value and a first gyro value. Inthe absence of compass and gyro data, the paths cannot be fused
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15.The method of claim 1, wherein desired matches or corrections are defined as constraints on the
tracking points and/or building features, the method further comprising: utilizing a constraint solver to
satisfy one SY@r9f8/eFHé defined constraints 16. The method of claim 15 PURYSRHSHPESHg:
ranking each tracking solution, from among multiple feasible tracking solutions generated by the
constraint solver, according to the degree to which defined constraints are satisfied by the tracking
solution, and the change required to satisfy them; and selecting the best tracking solution, based on
the rankings. 17. The method of claim 15, further comprising: executing the constraint solver to
constrain indoor tracking points of the trackee's tracking path within a building outline; and

executing th&@8Hstraint %o %roain outdoor tracking points of the trackee's tracking path

ocket

outside of thé Buifding ou ?Lﬁé%&%e method of claim 1, wherein the tracking data includes magnetic

data acquiregeyshen dheqtackes i8R 2 QveRlecatias. e metadidurtBeL CANIBISIAN te fused
estimate is the GPS reported.
[0637] Inertial Path Segmentation
[0638] Next, the inertial path may be broken into segments using Polygonal Path Segmentation
(which has been described in detail above). FIG. 26 depicts an exemplary segmentation of an
inertial path.
[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 been
described in detail above) may be calculated for the remaining GPS points. This may result in a
sequence of inertial segments and a sequence of corresponding GPS segments. These segments
may comprise polygonal path segments in that they include a group of points, and the minOBB
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
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
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defining a magnetic signature at a location as a series of numbers representing a total magnetic field
strength of a series of tracking points around the location; comparing the magnetic signature data to
stored magNefic¥lgfate®s for known locations; and correcting the tracRed'3/pYiBTEESimate to a
known location when a signature match is detected between the magnetic signature data and the
magnetic signature for the known location. 19. The method of claim 1, wherein the tracking data
includes short-range radio received signal strength indication (RSSI) data relating to the trackee's
proximity to other trackees, the method further comprising: determining a distance range between
the trackee and at least one other trackee based on the received RSSI data; defining a length
constraint b b énDtr cltjkng &9&51&%3@§§3%ciated with the trackee and the at least one other trackee

ey Docke 0,

based on the detérmined distance range; and  utilizing a constraint solver to satisfy the defined

length consiraiptwhile seiing AllethelEenrztraints to improve inter-trackee and overall tracking
accuracy. 20. The method of claim 1, further comprisﬁgé determining, based on the received
d

tracking datd SfHeN et AriEReHAL s dBfsd Hohe FaBSR I Gextinh o ks Hibs c RSN,
wherein thetdedargidfition tislEREMNGNsonecar panranf Enrincresisédm @GR Sidnoriroptet dilttion, of

precision (HROP), aredugtion,in,satelits siiength: e ehsence, oL GRS: Adectsass. in;siond strength
from an outdoor reference point, or an increase in magnetic field variance.
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 buildings, with GPS location
cstimates 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 niatching 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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21. The method of claim 1, wherein the received building data includes a building outline for a building,
the method further comprising:  determining, based on the received tracking data, that the trackee
has transitioN@®#dM2asdutdoor location to an indoor location when an outB6&APAPEIAGRA B the
trackee overlaps the building outline. 22. The method of claim 1, wherein the received building data
includes grid angles and partitions for a building, the tracking data includes compass data, and
wherein a collection of tracking points for the trackee comprises a tracking path, the method further
comprising: dividing the tracking path into segments of tracking points, and detecting path grids;
associating the segments and the path grids with compass angles and grid angles by clustering and
building partﬁ@?ﬁfeﬁti&%ﬁgggg -35'%1%6 segments and path grids to the building grid angles. 23. The

method of claim 1, wherein'a collection of tracking points for the trackee comprises a tracking path, the

method further.gempyisinandividing the;tiacking.path Jnio srumentsof tackingiPoints: 80dirst
correlating a sengﬁgt to a buildin featLire ig itis determlnﬁj tq\% thle SEgmen%m%tpheg %he}lljundmg
feature. 24 FHE o0 SPHRRACL AIRASE CSfisrigRigt of lineML. 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 lineL.2. 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 scgment 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
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triggering a hallway event, indicating movement of the trackee in a hallway of a building, when a group
of tracking points are contained within a rectangle having a threshold maximum width, and wherein the
length of théWe AR ®Rceeds a predetermined threshold. 25. The method® 6T Alad /0 T&iiter
comprising: determining an event based on the received tracking data, wherein the event
corresponds to one of a path type, or a motion type; and generating a new building feature based
on the event if the event cannot be matched to an existing building feature. 26. The method of claim 1,
further comprising: generating multiple feasible tracking solutions when determining best tracking
estimates while matching segments of tracking points to choices of building grid angles or building
featu_res; utiliz:lt{fﬁg Sgcﬂgttm)i.péﬁ%ﬁ%q?gatisfy one or more define(_j constraints; and _removing
tracking solutions, from among the multiple feasible tracking solutions, that violate certain of the one or

more constrajtsRyerosR Hhana RiadeierRinashihiesheltheR tolhaimethod L qlainhly Whetgin the

tracking data includes elevation ¢change data, the method further comprising: . calculating floor heights

of a building TGRS BT AHoH A TG TR Hrh ¥EBRIMY treUdiEs dil dh R AL 5o Rdor
numbers foritipetisu#ckingthsmmng¢hisscaltulited floor heights. 28. The method of claim 1, further

COMPIISING: 154577 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. Arcas 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).
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triggering an elevation change event, indicating an elevation transition of the trackee, based on the
received tracking data; and determining whether the elevation change event can be correlated to
an existing 8Y&/21903898 feature on a floor plan included with building datal CRYSTHE/Higifbd of claim
1, wherein the tracking data includes inertial tracking data obtained from inertial sensors and GPS
data, the method further comprising: comparing and matching the shape between an inertial tracking
path and GPS tracking path; improving position estimates when the trackee is outdoors by fusing
an inertial tracking path estimate of inertial tracking points and a GPS tracking path estimate of GPS
position estimates into a single tracking path estimate; correlating the single tracking path
estimate Witiﬁﬂ’éagt nebuijlding outline if available. 30. The method of claim 1, wherein a collection
of tracking poimts for the rﬁ’(’:ﬁee comprises a tracking path, the method further comprising:

determining yypeineidhedeagkings Rattlal e frarkae.MAlENsSs B.ulding faatre oL secongdrackee’s

tracking path bﬁylfﬁ . 1) dividing the trackee's tracking path into segments with associated segment
lines, the as&BErafet Ry fiem: TiEltEd Rk Sy werinptngtt FinddBathigws 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
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] If 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
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i) testing the shape fit, overlap, and/or match of the input set of lines into one or more base sets of
lines stored for a building feature or a second trackee's tracking path to determine whether the shape
fit, overlap aME/&EEW{uality qualifies as a location match. PCT/US2008/072378

PATENT
Attorney Docket No.: 053216-0373130

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,
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 comrect 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
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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:

1. A computer-implemented method of tracking a trackee both indoors and outdoors,
comprising:

receiving as input, at a computer, tracking data for a trackee, wherein the tracking data
includes tracking points, and wherein each tracking point includes at least two-dimensional
location coordinates;

correlating the tracking data to building or sensor data features to improve the accuracy
of the tracking data if building data has been received, by the computer, as input;

generating, in the absence of received building data, features of a building based on the
tracking data; and

displaying, via a graphical user interface associated with the computer, position estimates

generated based on the tracking data.

2. The method of claim 1, wherein the tracking data includes inertial tracking data obtained
from inertial sensors, and wherein the tracking data is correlated to building or sensor data

features to correct for angular drift and scaling errors of the inertial sensors.

3. The method of claim 1, wherein the tracking data includes data obtained from signal-
based location systems, and wherein the tracking data is correlated to building or sensor data

features to identify and correct or remove tracking point outliers.

4. The method of claim 1, wherein the tracking data includes received signal strength
indication (RSSI) data acquired when the trackee is at a given location, the method further
comprising:

determining, based on the RSSI data, in which region of an established grid of regions for
a building the trackee is located, wherein the RSSI data is based on transmissions received, at a
portable unit associated with the trackee, from radios located at a predetermined number of
reference points outside of the building that are used to establish the grid; and

determining the heading of the trackee based on variances in the RSSI Data.
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5. The method of claim 1, wherein the tracking data includes received signal strength
indication (RSSI) data acquired when the trackee is at a given location, the method further
comprising:

averaging and filtering the received RSSI data to smoothen the RSSI data;

storing the RSSI data for the given location as a location signature; and

using RSSI location signature matches to increase the probability of matching the trackee

to a previously-visited location.

6. The method of claim 1, wherein the received building data includes a building outline
polygon for a building, the method further comprising:

determining grid angles for the building, the grid angles comprising the angles at which
long straight edges of the building outline polygon are oriented;

dividing the building outline polygon into partitions based on the determined grid angles,
wherein each partition is associated with an expected hallway orientation or angle; and

utilizing the grid angles and partitions to achieve heading corrections.

7. The method of claim 1, wherein the tracking data includes data obtained from inertial
sensors and signal-based location sensors, and wherein the position estimates are generated by

fusing data from the inertial sensors and the signal-based location sensors.

8. The method of claim 1, wherein a collection of tracking points for the trackee comprises
a tracking path, the method further comprising:

dividing the tracking path into segments of tracking points, wherein each segment
includes a group of tracking points contained within a bounding box having a threshold
maximum width; and

determining whether one or more the segments can be matched to building features.
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9. The method of claim 1, wherein the tracking data includes inertial tracking data obtained
from inertial sensors, the method further comprising:

determining inertial tracking error estimates for one or more tracking points based on
error accumulated by the inertial sensors;

determining bounds on corrections to be made for the one or more tracking points based
on the determined inertial tracking error estimates; and

making corrections to the one or more tracking points if the corrections fall within the

determined bounds.

10. The method of claim 1, wherein the tracking data includes inertial tracking data obtained
from inertial sensors, and wherein a collection of tracking points for the trackee comprises a
tracking path, the method further comprising:

dividing the tracking path into segments of tracking points;

identifying segments, having a length that exceeds a predetermined threshold, that are
approximately parallel or perpendicular to one another as being on a path grid;

correcting the identified segments to a relative grid to eliminate error accumulated by the
inertial sensors; and

matching the path grid to building features.

11. The method of claim 1, wherein the tracking data includes tracking data obtained from a
gyroscope and a compass, the method further comprising:

selecting a segment comprising a series of tracking points;

determining a compass prediction for a heading of the selected segment, using each
tracking point in the series of tracking points, by rotating a compass angle at each tracking point
by the difference between the segment heading and a gyroscope angle for the tracking point;

clustering the compass-gyroscope correlated heading estimates for the segment heading;
and

determining a highest probability compass heading for the segment heading using the

cluster densities and, in so doing, filtering out the outliers in the lower density clusters.
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12. The method of claim 1, wherein the tracking data includes compass data, and wherein the
received building data includes building grid angles, the method further comprising:
clustering compass angles of tracking points, around grid angle headings to determine the

highest probability grid heading for one or more segments of tracking points.

13. The method of claim 1, wherein the received building data includes grid angles and
partitions for a building, and wherein a collection of tracking points for the trackee comprises a
tracking path, the method further comprising:
dividing the tracking path into segments of tracking points; and
for each segment:
(i) identifying a building partition the segment crosses and/or lies within; and
(i1) rotating the segment to a probable heading based on a grid angle associated

with the identified partition if the correction is within determined correction bounds.

14. The method of claim 1, wherein a collection of tracking points for the trackee comprises
a tracking path, the method further comprising:

determining when a defined constraint is violated by one or more features of a tracking
path; and

performing required corrections to the tracking path to restore the violated constraint
while propagating the effect of the corrections to all tracking points in the tracking path by
enforcing physical constraints on movement to remove any path discontinuity created by the

corrections.
15. The method of claim 1, wherein desired matches or corrections are defined as constraints

on the tracking points and/or building features, the method further comprising:

utilizing a constraint solver to satisfy one or more of the defined constraints
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16. The method of claim 15, further comprising:

ranking each tracking solution, from among multiple feasible tracking solutions
generated by the constraint solver, according to the degree to which defined constraints are
satisfied by the tracking solution, and the change required to satisfy them; and

selecting the best tracking solution, based on the rankings.

17. The method of claim 15, further comprising:

executing the constraint solver to constrain indoor tracking points of the trackee’s
tracking path within a building outline; and

executing the constraint solver to constrain outdoor tracking points of the trackee’s

tracking path outside of the building outline.

18. The method of claim 1, wherein the tracking data includes magnetic data acquired when
the trackee is at a given location, the method further comprising:

defining a magnetic signature at a location as a series of numbers representing a total
magnetic field strength of a series of tracking points around the location;

comparing the magnetic signature data to stored magnetic signatures for known locations;
and

correcting the trackee’s position estimate to a known location when a signature match is

detected between the magnetic signature data and the magnetic signature for the known location.

19. The method of claim 1, wherein the tracking data includes short-range radio received
signal strength indication (RSSI) data relating to the trackee’s proximity to other trackees, the
method further comprising:

determining a distance range between the trackee and at least one other trackee based on
the received RSSI data;

defining a length constraint between tracking points associated with the trackee and the at
least one other trackee based on the determined distance range; and

utilizing a constraint solver to satisfy the defined length constraint while solving all other

constraints to improve inter-trackee and overall tracking accuracy.
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20. The method of claim 1, further comprising:

determining, based on the received tracking data, when the trackee has transitioned from
an outdoor location to an indoor location, wherein the determination is based on one or more of
an increase in GPS horizontal dilution of precision (HDOP), a reduction in satellite strength, the
absence of GPS, a decrease in signal strength from an outdoor reference point, or an increase in

magnetic field variance.

21. The method of claim 1, wherein the received building data includes a building outline for
a building, the method further comprising:

determining, based on the received tracking data, that the trackee has transitioned from an
outdoor location to an indoor location when an outdoor trajectory of the trackee overlaps the

building outline.

22. The method of claim 1, wherein the received building data includes grid angles and
partitions for a building, the tracking data includes compass data, and wherein a collection of
tracking points for the trackee comprises a tracking path, the method further comprising:
dividing the tracking path into segments of tracking points, and detecting path grids;
associating the segments and the path grids with compass angles and grid angles by
clustering and building partition testing; and

aligning the segments and path grids to the building grid angles.

23. The method of claim 1, wherein a collection of tracking points for the trackee comprises
a tracking path, the method further comprising:

dividing the tracking path into segments of tracking points; and

correlating a segment to a building feature if it is determined that the segment matches

the building feature.
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24. The method of claim 1, further comprising:
triggering a hallway event, indicating movement of the trackee in a hallway of a building,
when a group of tracking points are contained within a rectangle having a threshold maximum

width, and wherein the length of the rectangle exceeds a predetermined threshold.

25. The method of claim 1, further comprising:

determining an event based on the received tracking data, wherein the event corresponds
to one of a path type, or a motion type; and

generating a new building feature based on the event if the event cannot be matched to an

existing building feature.

26. The method of claim 1, further comprising:

generating multiple feasible tracking solutions when determining best tracking estimates
while matching segments of tracking points to choices of building grid angles or building
features;

utilizing a constraint solver to satisfy one or more defined constraints; and

removing tracking solutions, from among the multiple feasible tracking solutions, that

violate certain of the one or more constraints by more than a predetermined threshold.

217. The method of claim 1, wherein the tracking data includes elevation change data, the
method further comprising:

calculating floor heights of a building using the elevation change data; and

resolving the elevation change data into floor numbers for the building using the

calculated floor heights.

28. The method of claim 1, further comprising:

triggering an elevation change event, indicating an elevation transition of the trackee,
based on the received tracking data; and

determining whether the elevation change event can be correlated to an existing elevation

type feature on a floor plan included with building data.
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29. The method of claim 1, wherein the tracking data includes inertial tracking data obtained
from inertial sensors and GPS data, the method further comprising:

comparing and matching the shape between an inertial tracking path and GPS tracking
path;

improving position estimates when the trackee is outdoors by fusing an inertial tracking
path estimate of inertial tracking points and a GPS tracking path estimate of GPS position
estimates into a single tracking path estimate;

correlating the single tracking path estimate with at least one building outline if

available.

30. The method of claim 1, wherein a collection of tracking points for the trackee comprises
a tracking path, the method further comprising:

determining whether the tracking path of the trackee matches a building feature or a
second trackee’s tracking path by:

1) dividing the trackee’s tracking path into segments with associated segment lines, the
associated segment lines comprising an input set of lines; and

ii) testing the shape fit, overlap, and/or match of the input set of lines into one or more
base sets of lines stored for a building feature or a second trackee’s tracking path to determine

whether the shape fit, overlap and/or match quality qualifies as a location match.
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