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METHOD FOR STEP DETECTION AND GAIT DIRECTION ESTIMATION

CROSS-REFERENCES TO RELATED APPLICATIONS
[8601] This application clanns the benefit of U.S. Patent Apphication No. 13/791 443,
filed March 8, 2013 and U.S. Provisional Patent Application No. 61/649,178, filed May 18,

2012, the disclosures of which are uxcorporated heremn by reference m thew entireties.

BRIEF DESCRIPTION

[8002] A method s described for detecting a lnunan’s steps and esiimating the
horizontal translation direction and scaling of the resulting motion relative to an mertial sensor,
regardless of or i spite of a changing torvo mouating location. When a pedestrian takes a
sequence of steps, the displacement can be decomposed mto a sequence of rotations and
translations over each step. A translation is the change i the location of the pedestrian’s center
of mass and a rotation is the change along the z-axis of the pedestrian’s ortenfation. A translation
can be deseribed by a vecior and a rofation by an angle. The cumulative rofation over a path 1s
computed using gyro miormation. The method can nse only accelerometer signals and works

rebustly with a torso mounted location.

STATEMENTS AS TO THE RIGHTS TO INVENTIONS MADE UNDER FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[6603] This invention 1s based upon work supported andfor sponsored by the Defense
Advanced Research Project Agency {DARPA) Special Project Office under SBIR Contract
Number W31P4Q-12-C-0043, enttled “Handheld Applications for Warfighters™, adnunistered
by DCMA Baltimore, 217 East Redwood Street, Suite 1800, Baltimore, MD 21202,

REFERENCE TO A “SEQUENCE LISTING,” A TABLE, OR A COMPUTER PROGRAM
LISTING APPENDIX SUBMITTED ON A COMPACT DISK.
[0004] Not Apphicable.

COMPUTER PROGRAM LISTING

[8605] A histing of sonrce code 15 provided m Appendix A.
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COPYRIGHT KOTICE

[800¢6] A portion of the disclosure of thiy patent docurient coustaine piatersal which 1
sahject to copyright protection. The copyright owner has no oljection o the facsumle
reproduction by anvone of the patent docnment or the patent disclosiwe, as o sppesrs m the

Hatent and Trademark {4Tics patent §ile or records, bt otherwise resarves all cogrvright righis

whatsoaver,

BACKGROUND
B80T Torso-mounied werhial sevsors arve typresily sftached of the wast and cewtered

o the front or in the back i crder to be olosest to the center of gravity wheve there s fess

)

extrapeniis rpotion. Uther rominting locations, such as i a vest pocket arg feauble Ingt they
change the character of the motion stimstores. Mowving a svstem destgned for was! miounting o
another focation on the body can canse performance 1ssues dependmg on the motion models,

{08 Torso-mounted wertial tracking systems thiat use microelectromschadcal
systemn (MEMS sensors sre typieally developed as a pedomster based systems {hough this s
not abways the case 1 gddibional velooity sensors are avarlable 1o provude corvections).

{0088} The simplest of the pedoneter type svstewss detects each slep and usex » fixed
predefined step leneth fo compute te distance ravelled, assunung ol wotivws are wallang or
vurmnng forward, See, Indd, T, 4 Pervona! Deod Rechoning Madhde, m JON GFS. 1997, Kansas

Q

Caty, MO, Thus type of svetem provides adeqguate performance for rumners and other athlstes

with at approxivetely fixed pace attempting fo record srune msasure of theyw workout distance.
{HHB]  Step detection iy a optical fnction 1 any pedouetsr systern. Frgrs 1 shows

fvpreal mw z-axas accelerompeter data from a waist mooonded sensor For & person gomg up 8 seres

of steps. A ool mark at the hottom of each of the acceleromster signals indicatss a hesl stiike
assroated with each step, which is based on a local puninw m the accelerometer data. Whale

one nught expect that the maguiude of the signal would be conasfent when performing waform
motions, o 18 olear Fomy flus sanple that there can be significant magminde vanstion m the
accgleration while gomyg up steps. Ax illustrated wn Fimwe 2, that varation can be gven roors
exirene over different prdions. I the variafion m pwagoiude iy signuficant, # Cag CABSE I3suex

with massad defechions becsuse, for exsmple, w ovder to elmmate false defechions, vahses less

than a threshold way be ygnored. Thiy may catse 3 sunple detector 1o muss soft steps.

{0611} For exmuple, Figure 2 shows tvpinal three axis avcelerometer dafa taken while

3

walkmg m an office bulding, The x-axis dada w illasivated by g dash-dot-dot Iing, wlach

=

%
i

{grgely obsenred by the veaxwis data, whach s shown as a solid e, The z-axis data s dlostrated

~ ¥
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by & dash-dash boe. The data collected and ilustrated i Figuve 2

/

watked dowa 4 flights of starrs, dows 2 hallway, and up 4 flights of stats. A visual inspertion of
this acceleromeier data suggests the shality to differentiaie between willang down statrs, opstans
andd forearsd based on signal charmetenstics, as mdicated m Frgoee 2

{1 2] More soplustinated pedonreters moinde motivm micdels to better estunate siep
lengih. In the context of pedestiian tmcking, the mobion models fypreally referved to mn the
Hewahwe deserbe mobion type Gwalkmg, rannmg, orawhing. ) and step length and Becquency,
Sen, 4 Funk, 8, et al., Method and Swtem for Locating and Monitoring First Responders, 1S,
Publication Nugtber 200880377326 Fank™).

{88131 For example, step lengdh can be estimaied based on g fracked sabject’s height

step frequency, and other factors. T gepersd, for walking, the speed sud step longdh morvease

when the step fraquency inoreases, and for a given step fequency, step length remaos fawly

1HIC Ot onunal valng), Constdering the an body’s
ribution abowt a povueal valug), Considering the lnynan body

locomotion snd phvsical resinictions, different methods have been proposed o approxmnste the

step length, Linear viodels have been denived by Hiting 3 Unear combanation of step frequency

and rpeaswed acceleration magnitide o the captured data. Pedvuneter svstems roav also provide

a mechanism fo ‘iiai:i“ GPA or other measiges to ads i;?*l‘ E",

N TORE U S S . s T Frg e 5 n
Aee, Ladelio, Q. On foof norvigation: candinmians step calibration v

=] ]

caerfrian Navigar

iy, Mexico, Fang, L.,

Festrian Dead Reckoning SvatensThe Noviote Experience.
vop 2342 2358 Ladetta (., et al. D¥gita/

wnted Safider Porition and Nevigagion, wm Afifitory

0. Fort Wortly, T 10N

A Review of Analvtical Teclnig

fods. Gait and Postire, 2001, 130 p. 49-66 and Chan, T, A Review of
Analvricel Technigues for Gt Dara, Pave 2 Newvad Neswork and Wovelet Methods. Gadt and
Posture, 2001, 13 p. H2-120, s review of snalvtical techmiques s presented. The techniques

bave the potential for a step data anwlysis, wchiding Fuzry Logic (FL), statistical, fractal,

Artificial Neural Network {ANN) methods.
3

s

wavelet, a
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{8613}  In ovder to accomy frw maotion dipsction, pedeaneters may break the tvacking

T

e,

problern down oo mohon classification and then scaling, rot asswning, foy exampde, that every
motion s forward, They provide g mechantam {o classify the motions as forward, backward, up.
doven, left, nght, ete. See, Funks Ladetto; and Sochren, W, and W, Hawlanson, Profarype

Personal Navigation System. IEEE AKE SYSTEMS MAGAFINE, 2308{Apnl} {"Sochre

»

m

=
Thile prior olavns bave been made regarding the ability o clsssify motion based on comparison

with sfored motion dats or 1© we neural networks fo olassitfy motion, hitle detail, and certamiy

W

yeof enatding disclonwes have been provided regarding how tus is dope. Aside from the nse of

vision systenss for classification, pubdisbed work i miotion classifization 1 honted, Ladetto
suggests uanig the antero~-postenor aceeleration divided by the Inters! accelerahion as sy mdicator
of divectiont {ogether with the lateral acceleration data peak augles o deteroune leff versus nghd

sde steppang. Scebven uses ap abrupt change m step freguency 6o detect watking versus
mwamng. Funk describes a neural network olassificativn method wherg sensor data i1s seguentad
mito steps and then nopnmalized {re-sampled) to roake s consistent nmpber of mpais to the neural

etwork classifiey that o mdependent of step frequency. Thus vrethod bas been wsed to clasufy

stapdard pedestrian rpotions as well as more ntilitarian job related motions such as orawhing and

RRIEF DESCRIPTION OF THE DRAWINGS
{80151 Figwe 1 s snlostration plottng seais accelerometer signals over tune with
Beel strikes mhicated

o A

{07 Figuve 2 i3 an dhistration of raw acceleronteter segnals froon X, v and z-axis
chwmyg typical pedestrian molions;
8018] Figwe 3 s an ilusteation of acceleromster ovientativg]

8619} Figmwe 4 15 an llusteation of lup motion over a sride;

{80351 Figure 3 18 an ostration of a sinde model shovwmg hip elevation changs;
{80311 Figuves A anvd 6B are dlustrations of & relative divection of motion test setap
and the corresponding results;

of a senery offset detestioar test setup and the

w0

{1221  Figures 7TA and 7B ars dhstrabon
gorrespondig results

{80231 Figre 84 15 3 PI mnplonentation of ontentation esinnator;

[0824] Figwe 88 dhstrates the orentation setimate of Figure 84; and

[8038] Figwe 8C dlusteaies the tlt computation of Figee 8AL
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DETATED DESCRIFTION OF ILLUSTRATIVE EMBODIMENTS

j0026] A roethod for sstipfing hup slevation and nsing that extipate for step detechion

bed ped

andd sealing based on the exiremia of the estunaied hup elevation has been developed. The relative
trapsiaiion direction for esch step may alvo be compaled

{277 When 2 pedestrian wearitg an zocelercaneter device takres 2 seguence of steps,

the displacerent of the devices and therefore the pedestuian may be decornposed indo g seqnence

of rofations sud transiations over each step. A franslatzon 15 the chayge m the location of

pedestrian’s cexler of mass and 2 rotation is e chang

T

arierano malation: miay be dexeribred by & veotow and a rofation miay be dexertbed by an

r
,.
x):J

angle.
[6038] 1o an embodnnent, yansishons way be conputed using only sccelermmeter

stgnals. Rotafirgs mav be coraputed using gyvro heading infomoation. The algoniion of the

st to forso rponnting location. The coraputer
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progrant stings of Appendiv A dustrste an endbodument of sovrce code mstruchons for
algreitho which may be mydemented o a conyter svstem molnding 2 non-iransient (ERory

and a storage svsteny o si‘miz}g wmetrnetions fy snplememtimg the source code mztmotions, a

central processimg uod for executing those mstructions, and mputioutpat svstens for recetving

mp and other mstmetions aad oulputimg resulls and displiving dats. The souree code

yistructions set forth wn Appendix A, wineh are mvorporated hergin by refevence in theiy entivety,
are as follows:

File NMame
fupStephistentor header
hipStepDetector
peuralMet? header
nenrsiN
reuraiNET4GWeiglis

frackerd

{80291 The steps of the algonthm dlastrated w the source code mstrictions are as
folloows (38 nod otherwise stated, caloulated or processed data ix stored 1n memory for subsequent

1

168 )

gt

[8038]  Sample 3-axs accelerometer dats, Tn flus embodnpent, the samphng Sequency
tested was £ = 40 Hz bal any requency above twice the Nyqunst fregueney for the mobion will

work. Oneg the acvelerometer daia ix collected from the device, which may mclude a smartphone
tvpe device, the acceleromeler daty 13 stoved 1 the non-transtfory wemory of 8 computer having

J PYOCQSSOY.
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j0031]  Asllustrated in Figwe 3, the accelerryneter devive, represented by the ring 10,
i onented within the navigation foawne 11, such that the 7-aux s up and down from the device,
the R-axiy pomnds o the nglt and lefl of the vt device the y-axas posnts forward snd backweard
from the device. [Wihe accelerometer device 1 tHed from this navigation or ground frame {offen
there 1x a sheht &1l when people are walkang}, a mathod of repwving 1l must be nuplementad.
Assaning 2evo {ov near zers) non-graviiational acceleration, the accelerometer data can be wed
o obtam g nosy measiwenent of preh (nich data) snd roll roll data) relative to the ground

franie hased on the X-axis, y-axis and z-axis data from the device. Tilt data can then be ren

usinng cely the accelerometar’s vapart of X-axis, y-axas and z-axis data. The accsler

P

with the il dats removed w referved to as Srsf nmproved socelerometer data, wihiach 1s they stored
m the non-transtiory wemory. More reliable tilf conpensation 1 possible i¥s-axiy, y-axis and 2-
axis data from a 3-axis gyroscope i the device 13 also avalatde, In thus embodiment, the
orientatica: filter desortbed balow, which uses bidh acceleromster and gyros mremation was used
o remove it

{8632} Quce ootented m the navigation frame, estabhished by the Hest improved
accelerometer data, graviiational accaleration san be removed Hom the z-axis acceleration

follows:

(;3 =, g
where a; 15 mnproved accelerometer data for the z-sas, g 18 gravity, and §; 1 soproved

accelerometay data for the r-asus munits gravilational acceleration,

{86331 as the smopled accelerometer dafa {a,, o, &) Uwough 2 band pasy Slter o

ER s

1 fregneney noise. In tas ewbodupent, the band pass filter

(S
s
122
=,
G

remove any addihona! bias ane

fas a low frequency cutoll af 0.07 Hz and tugh frequeney cutoll at 4 Hz, however, any hlter that

repioves bras and ligh frequency noase 18 suificent.

e

[0034 Compute the lup elevation estimate by drmlde ugegrating the flfered =
acoelerometer dats ss follows
£
i, = —§§ &

The mifegral s negated siee 3t 13 dessrable o have the hup elevahion morease m the positive z-
axis divection (1.8, uph
{0638} Fero the mean. The bip slevation showld be a periodie function abwat srune

2

colevometer signal the hip

.r

mean elevalion. Because of noise, bias or offiey evvors i the acg

elevativn setivwte reay dnft away froroe the mean. A method for dnft removal pmst he
unphuverded. In fhus embodiment. the mean was remwoved Srom the recent hup elevaiion data

-y~
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prass

wuffe

4

sach yne a pew vahie was conputed. The taffer oof recent poants w this ew

8835] Fd the extrena (e, Tocal mumron and local maxims). Each local mimmpam
e,
marks a step. As dhistrated 1w Figee 4, the local nunmma coowr, mdicated by the figure Isbeled as

%

coattact™. The local

“down”, shightly after each heel strike, indivated by the figwe Inbelad ax

masnng ooewr, mdioated by the Howre Iabeled a5 Yop”, shightly after a passyee posttion, mdieated

by the Sowe labeled a3 “pass pos™. Smoothing the signsl prior to finding the extrena can vednce
extrapecis detections. In thix ersbodunen, to reduce extranects detections, a fest i perfrmed

¢ nunina {obums other than local rabuma} within a 21

fore and 1 samples after m;is widows of other

neighboring nununa are detected within the sample window, the neighboring nunima ars nn

{80371 Classification: a thyee gadl newwal network classifier classifies the gast mio one of

these classen:

2. Up {stars, ramp, ofo)
3. Dyonwn (staurs, ranys, efe
arhage gait s
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deternuned W a separats process to denote motinn that does it rodue dzspiacmnisi}? {1f 1t doea

uot satisty certamn oritena then it s consdered garbage).  For examyle, numnng m place would

be garbage miotion. The neural net nsed wm tus embodiment 15 a feed-forward back propagation

retwork that has 2 hudden layers, as further slustrated m Table 1.

Layay Mumber of
ndes
Input &7
Hidden layer § 43
Hiddan laver 2 28
Qutput 3

TABLE
The mputs to the peural net should be chosen so they arg wrvaniant o motion speed, arpplifude,

and quiekdy caprs changes m the subjset’s motion. Also the mputs should be nonoalized so
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that ao mpi s madvertently waighted move than anothsr valne, To acoomplish thux,
classificating 15 dope on a per step basis, The sensor data taleen over each step is re-sampled to
provide Hivalues regardless of the motion spesd over the step. The dats R each mpat valie s

3

nomialized {o be between +1 and -1 by referencing g very large data set of huwsn motion dala

and determunuig the range for each mput valae. The oputs o the newral petwork are as follows:

Onge a sfep s detected, the &

oo t}gmso;i‘tcd {navigation frame) angadar veloowy and acceleration

valnes are mtegrated over the sfep fo produce 3 sequence of angle and veloeity veclors. The

o

angle, velocity and acceleration vectors ave then novmelired and re-saropled to give fen values

each fiw the x, v, aud = comporents of the angle (&, Q. 8, and veloetty {vy, vy, ¥} These are

the Hret 60 mputs nofed v Table 1. The subsequend sevey miputs uoted i Tabde | ave the

acosleration maphtuds difference over the sep, man{e ) ~punda)

meds 3 roinfe, ), the poshure veolor (P, Py, Pe) (Lo onieniation veolon) al the

w5, achisves iy minhmum

. I
and the index where magnitade of the X ¥ plane acceleration. ¢,

b

value, These set of mput signals wers selec erant contunation of nput dats and

selecting the data set that produced the best olassification ancwraey. The tested siguals yrelnded

acceleration, velovty, displacement, sugulsy velootty, sud angle vectors as well as thew
amphiudes, means, vanances, and shdmg windowed vanauces.
{0038} In the tme mterval batween the local mimina (shost tme after heel stitks} and

follrwitg paxane (oid shrpde), mtegrate filleved ¥ and v acceleration to find the displacement

13 for each step

d, = %jay
%( .
Note that, for the nse m findmg movewent direchion, it 1 not pecessary fo mdegrate over the

enfire wterval as long as o and o ave miegraled over the same miterval.

{39 The weosiation divection, D), for each step s computed as

D=t fd
LR RO
whare 90 degrees i) forward, § 15 side right, -9 s backward and 186 13 side left, The wovement

direction can asstne all other possibilihies between these foar cardinal directions,
{6048 The 2D movement displacement {stride longih) 13 calonlated g8 2 fimchion of the

change m Inp elevabion betwesn the maums aud maxims of hup elevation /. I s sinplishie stnde

model iy assumied, as s iinsdrated n Figwe 5, 1v which the lege (Jength § form the sides of an
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Reabstic walkmg nwodels ave shghtly move complex, such as 15 ilistrated by Figre 4. Othey
siride length wodels are possible withont assumng any knowledge of the soabject’s leg lengih

For exaraple, siwe &, and 4, are X and y movenwent computed across a portion of the stride,
another possible sinde estimate woudd be

stide = &

Yyt

a oosfficient that st be ssiatsd, m thes oo

23

whers § 1 where the imfegration ilerval X

ot
s

between the local rommne and following maxima, the distance 15 about hwlf a stnide so & should

spproximately eqgual o 2. In the embodiment, 1t 1 asswuned there 18 no aceess o leg length so0

¥

change w hup elevation betwesy the minma and mexima of np slevation

R

IS 2

It the embodnpent, & 4.2 sullnneters/meter was used and produced good resnlts.

[841]  If the gt 1 classified as np or down, then elevation change s calouiated based

{0842} The acceleronetsr based transiation divectivas conputatinn s conpplatmantary to

a gyvroscope heading; o does pot caphwre sfandsrd furns (rotation abont the ¥ sxas) wduee §

connplete path, the gyro heading 1 cowputed, m s ermbodiment, by sanwnng the changes m

angitlar velooity and adding theny to the ol heading, which 15 then adde lation
direction

{B043] The patli 13 ppdated by applving the duplacement vector m fhe compuied
feadmg direction and the elevation change to the last poant of the path and addmg the new poant
io the path.

{88441  Classification of sub-gaits: moving i 2D space 1 broken down to 6 sub-gaus,

{1} forveard (2 backward (3) side nghd (4) sude et (5) run {6} gavhage. by chavacieriang each
aait based on the moving divesticg: and other guantitizs thet are desoniptive of these sub-gaily

X

{e.g. varianses, mgan, vagaiitde, and differenve m mwertad data: meluding acoeleration, veloity,

d;»p-,z amvient, angular veloeity, sud sngle over the thne window step was happening). These sub-

gaits are nd considerad whan updating the path location, but are reportad in by the algonthm
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j00458] A rehebility mieasure iy assovisted with each sstimwte based i wdenhifving

2%

pa

easonable bunwen motion constraints on angle, hup elevanion and distance traveled over each

ple, the change m angle along x-dwection should be bounded witlun s ressonable

i¥
wange. For each constramd that 1y nod met, the rebalalily of the estimate s lowered. The goal in

conpputing velability §s to provide a method o deteromne if the subjsct’s motion 15 cansing the
subject fo change Jocstion (for example, not mst swaying back and forth). In the embodunent if
three constrants sre ot met, the stride length s set o zero.

j0046]  There are two mam sowrvex of srror 1 fhe congpadation of movement direction

that snter sto pedometer based wertial tracking systgrox.

¥
i

Movernent s relative divection that 1v not handled b

caphwed by a gyroscope or compassy;

3

Placement of the mertial s
{47 Thaee types of ervers are difficult fo corrset with a crenpass o gyvoe withont
miormation on the frue heading because they are caused by evther tanslation of the sensor

without change #1 Sensor (vieniation o ervoneous mnhialization sssuuygdivms.

{0048]  Noveroe diverhion erross sed by hustng the possible dirsctions

mation relative to the sensor. For example, of a8 mechamsm is provided only to classify the

fid ~

wmotions as forwsrd, backward, left, or nght relative 10 the heading of the sensory, Hlus

classification of the mpotion o fowr possible cavdinal directicas leaves roose for srvor, In this
case, tf the perseat 1 wallang sideways but thew body oniented at 45 degrees to the dwection of
wravel, the wotion divection compired would be wmcomrect sinee the motion relstive fo the sensor
wonld be 45 degrees. As desoribed below, the enbodument enables estunaie of say movenment
divechien regardless of the sensor reientation

{88497 It s fvpical with pedometer tracking sysiems o assune 2 placement location
andd onientation of the mertial sensor. Given this mitrmation, when mwovernert 18 computed it s
velative tx Hus onteptation so if the placenent assamplion 18 moeorrect, errors are miroduced. For
examyple, i & waist momnted werhial xensor was expected o e centered, bat v fact was slufted
off b the lofl or nighd by a fow degress, the movement for each step would bave 3 heading ervor
sepeal 1o the amout of the offset. As desoribed below, the embodiment provides a mechamsm
for datection of the offset positinn.

{66307  The fests descubed below and with reference to Fignres 6 and 7 show
performnance of the algonthy m corvecting movement direction ervors. The dafa shown s fora

single subyect, but tests have been perfrumed using the sane algrwithny with differsnt subyects

&

- 10~
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o

vith sumdar resulis. The step detection shovws an ability to accurately

slow/soft movements

as well as motions that do not it mto the set of ola

%

{86311  In the tests, the sobject wears the mwertisl sensor at the waist posioned center

frond. The sabject moves o differsnt directions bud mamiams a fixed onentation {(owmg the

sawe dhvertion 13} throughouwt the test. The algorithm s alide to conyate the relattve dwrection of

movement nsing the slgorithm desenbed above,  Figore 64 shows a fop view {overhead) of the

WD
I

5

placenent of the nertial sensor and relative heading divechions thal ave tested, and esch of sig

consesutively pumbered actual gast divections {1 — 90 degrees, 2 - 43 degrees, 3 - 0 degrees, 4
1353 degregs, 5 — 180 degregs and § — 270 degrses). Figure 68 shows the resulis of the

algorthun’s estimate of the divection for each step over tim zovital hines of the
graph widicating the divection degree and the cud pomts of the vertiesd Iines showing

. 1RG4 that ave detected. Most of

approximats divechions (~180, 135, -BG {270 ~45, §, 43,26, 13

the sad pomts of the verhical hings ars circles or squarss, mdivating 2 lugh leved of reliabibity, bt

one slar mdicates 8 low level of reliabalny.

{0032} The fest provedurs was as follows: With the body facing i a fixed dwection 12,

the subject walks for 35 meters forward (1 — 90 degrees), then still facing o the same dwectinn

ywatks sdeways fo the gt (3-8

g the same Somg dwechion 12, the subject walks of sinangd

%
i

e trgrmes
£ DERWEOR

f’)
&
o]
[£]
I
v

-~ 1R degzeea}, ard ﬁmiiy

=

walks bacloward {6 — 270 degress).
m tornw of degrees, with the average evvor over the fesf estimated o be 3.5 degrees,

{BB33] Dol thai becanse the subiect 13 facmyg w 2 constant divection bad moving n
different dasctions, 8 gyroscope would midicate a relatively fixed hearhng throughout the test.

The fracking algonthn may conthine this new motion wiormaton from the accelerometer with

ARV FYTO-COMPasS ﬁ‘ﬁ{:,&’_iﬂg algonitian to provide maproved 2-D motion eshmation withow the
peed for coroplex motion olassifiers that are afferted by reounting pmmui
{341 Tn a second test velated fo deferiouung sensoy onentatiosy, the subpeet wesars the

merhal sensor al varving positions sround the wast while wallong forward The algonthan s

.
. N

able {0 compaie the onentation of the sensor with respect o the divection of movement. Tlas
yoav be done usmyg the wdentical algonitbm wsed fo conputs the relative divection of 1povernent as
above. In this case, the algovittun would have o defect that the sebyec! was walking forward

{perhiaps with suother classificabion algonthng or make an assunpiion that the magondy of

viotions woaihd be froward i order to compute the offsel. Ax ilustratad in Fiowe 7A an

4.>

vavhead view of the placsment of the mertial sensor x agamn shown, and each of sleven
-1}~
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raunbered forward divestions ars noted {1 - %0 deg

137 5 degrses, § - 180 degreey, 6 - 270 degrses, 7 -8 &e,{ire\ & 225 degress, § - 45 degrees,

ik

10 - 675 degrees and 11 — 90 degrees. Figare 7B shows the results of the slgorthm’s estunaie

{ for ench slep over time. Agamy, the hovizontal ines of the graph mdicate the
direction degree and the end pousls of the vertical hnes showing approecnmete dwections {180, -

TAS, S 3730, 45, ¢ GG, 135, 180 that are detected. Most of the end pomnts of the vertioal

hnes are cweles or squares, mdicatmg a high level of relislality, but stars wmdicates a low level of
vehabiiy,
J0038]  The fest provedurs was as follows: The mertial sensor starting posifion s center

fromd, Figure 74 {1 — 90 degrees). The subjeot they walks forward 33 meters, the merhial sensor

3

o forward

7»

13 then mwved shghily to the teft of center {2 — 1113 degrees), agam the subject walk

7.8.9, 10

g forward

&

3% peters. The mertial sensor s then suweessivaly moved agam o
I at M3 degrees, the center front starfing postbon, with the subject wall

35 meters from each postzon. T tlus {est the locations sve approxamated based on the

asswnption that the person wearing the nertial sensor ix & cvhinder, whuch clearly theyv are mot.

fe

Ax iHlustrated m the table of B , benause of the placement niwertamty, the average srror

over the test is estonated to be 9.2 degrees, which 1s shightly higher thari the previous tesl
{86381 The step detection sud gat dyechion estumation embodiments disclosed herem
can alzo e extended for contintious fracking wsing & handheld or body-vicandted sepsor wut
{such ax a supwriphoste}, without axanaing an mbal onentation and allowng for orientation

fransthons {1e., gnswerng a phone} duving trackme. The only assunphions made ave that

i The majordy of steps ave w the forward divechon, sud
2. The tlt-cosppensated vaw ortentation between the semsor wit and the person’s

bemyg tracked forward dwection do pot change wnless fransthonmg.

{86371 Upen nutralization of the sensor wat 1 an uoknows orentation, fhe onenfation

filtey, desonbed 1 roore detai] below with refarence to Figwes 8A-8C, will deterpune the sensor

data m the level frarpe. Thas will fix one degree of freedom of the gronndnavigation fame {the

1, constramng the s-axis and yeaxs 1o be slong the level plane. In order o fix the

groamdmeavigation frame conypletely, the moat frequent drechion of franslation (assumed fo be

o the v-axis.

ok

forward}, will be comvented ¢
[6058] o oue mnplementstion of an algovitho for caleulabing the most fequent

dirsetion of franslation, the possible directions of motion are subdivided tuto divection bins, and

A ropnug average of total of esch tun v nwidamed along with the munber of steps m each in

The most or lnghest frequented but’s averags 1s considered the forward dwection (by
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assipnphion}, For mors rediable daten of forward divection, fwo sgpavate dirsction fuas should
be rpmntamed for even and odd sleps. Dhuing stable frward gast, even steps will be to ong sids

of the forward dirgction and odd steps will be o the other. These two divections canthen be

averaged fogether to find the forward direction. More sophisiicated chsterng technyges can

racted from the

alse be nsed fo deternune the most frequent divectizm. This “step biag™ 15 8
franslafion direction of all steps so that the forvand diechion o motion will corvesponsd with
frwrward franslation. The level Blter and most frequent divection of wotion complelely speerty the
right-handed vavigation frane, allowing for conatstent gayt diventiont regardless of ryientation as
ong ax the sensoy ontentabion s fawly static relafive to the person™s forward divection

{8639 Abrupt changes m the ortentation of the serwor, snch as moving a smariphor

answer i, will change the Drward step bias (8%
accummlzated gyvo reaswentent {affecting the rotatiog: dwrection} These transtion pertads can

be detected by mmomtoring the oyientation over a perind of time. If thus change sxceads a

fe

{although steps can still be detected and an estmwetion of the step luas can be retroactivaly
apphed st the end of the travsition pertod). Addionally, simee the accunnidated measiwe of
votation with respect o the body can change dning this travstion, the rolefion aconmdsted wid

X pad

the hegimmmg of the transition pertod s axaiuned constant ﬁaﬂm;hom the trapsition. At the end

of the frapsition peniod, the navigah
orienfation and slep bias, bal after the Home » established (st less! ong step 1w needed), the
wostahion and travalation will agsin be consistent.

18860} An ad

winzal class of motion, distingusshed frous e static handbeldbody-
montted class snd transition olass desertbed above, 18 pertodie movemend, snch s 1w a pants
pocket or swmngmng m the band wlole wallong, This case can be dedected by penodiosty m the
gyroscope seneoy data, which can be used for stap detechion w addition o, or m place of,

acoslermumeter data, B

oA

P using the gyrrscope fo extract the step perind, a sunilar procedure
above could be used {o detect the relative “ywving direction™ and allow fransibions betwveen sl

3

three classes of motton while producing & congstent sof of rofstions and translations.

j0061] Hecause many mértial meastwement voits (IMUs) x accelerometers

andd -axas gyros, by uemg brnowledge of the gravifational field dvection, msaswrements from the
accelerometers may be used fo provide dof? free redondant estirnates of prich and roll that are

v gocurate when fLi:‘ SEGOYE 15 ROT IDOVE g, 53 VIQEQOPC &1l d aveelerometer measursments Hay
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{0062} Uleally, the gyroscope mgastwrements alove may be sufficient to determuns

criestation. However, due fo sepsor vaperfection, nimse, ansd bias enrvgs, such estimates rapdly

accnnmlate ervor, Forhmaiely, sddibional ortendation mformation i avaslable via the
accelerometer serwors. Assmng the devies 18 at vest onthe garth, o wall expenence Igof
accgleration w the diventiog: of the cepter of the cavth. This fact vonstrams the possthle device

orienfations o & plane that fives the puch and roll with respect to the earth rame of reference.

Yaw mfonmation {earth frame) 13 not avalable dae o the fact that yawing the device will not

change the dwgetion of s gravity vegtor. Yaw udormoation may be corresfed Usmg compass
whan good corppass dafa s available.
{86531  Mathematically onenfabion estimiates nmay be represented as a quatermion {3 4~
dumensional vee f real numbers). The gagtervuon representation 1s wsed {o avond the
singilanities m the Euler angle parametenization when putch approaches £81. As tustrated 1

Frgaws 84, onentation estinates 22 may be developed b a 20, sueh as the angular

os, as frther dhwtrated m Figure 8B, and g 4l estinate computation 24 based

By

3

vate fromi the gw

on the estimation of the divection of gravity nung the accelerometer o

s Figure 80, This gyvro sstmmts s good over the sho
sabration evrors that canmiot be conmpensated withoot saddional mdormsation. Assonung e (or

pear Fero} non gravitabional sccelevation, the socelerometer data can be used to obtam a nosy

measurernent of pitch and roll velative to the grownd fravpe. An srobx
for conduning the bwo estinmiss m & way that ndtigates thewr mherent drawhacks,

{80641 The gyro and accelevometer estimates ave formulated as quatenmion estipates

and the fimion of the estunaies 13 acoomphished via a spheneal bnear mierpolation (SLERFY. The
sion s dong assupung the gyro conynied vaw s correct, By connbuung the fwo estumatex, it 18

possible {0 {ake advantsge of the best properiies of both messnraments. The combued
measirenment elurunstes the wonutigated evvors i piteh and roll while sinoothmg the norsy
accelersunetey roeaniwenient

{H5]  This SLERP combmation s forroniated m terms of a proportinnal feedback
gontrol loop as Hostrsted m Figare 84 The benefit of the feadback formulation 13 that well
kunwn methods of feadback contral can be easily applisd. o the emboduneny, the aceelorometey
vector s uxed fo perform an seror compuiation 28 that mwludes an “arvor quateron” and an
“grvor sam guaterson” that are fed back mio the onentation estumate 22 vpdate by the gvro
measurementis 20, i tlus sense, the mplementation 1 sivular fo 8 conventional PI
{proportional-ttegrall contradler, exvept that the proprational and integral terms ave quatermons

mstead of sualars or vectors. The effeet of the control ix that even if the gyroscopss safiwats
- 14
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momesntanly becanse the fracking svstam hax experienced a violent motion, the IMU s athitids
estimate will be rapadly corrgetad.
{86661  The hiter's state consists of three varmbles: the orentation eshimate g, the “error

ne

quaternion” Gaw. aud the

I e
vl

erroy san qualermon” Que.. 1 0e {ilter has two parameters: &, whah
analogous to the proportional ferny “gain” and &, whieh comrgsponds to the tdegral tenm “gawn.”
{B067]  The present embodiment 13 an unprovement over prior noplementstions at Jeast

becsuse the signals weed for step detection and mpat 1© the classifier ave less atfected by nowse

and the 2-D movement diyection ix able to produwe any angle rather than quantizing i wotc ong of
fowr possibie divectionts and berause of this the shape of the path 1s move detailed and acouwate,

[6668] The methodologies desoribed herein mayv be woplemented by vanous means
dependimg vpon applications accordmg o particudsy examples. For example, such
3

vrethodedogies may be muplementad i hardware, fmvware, sofbwarg, or corshinations thevend,

in a havdwars voplemsndation, for example, & provess e woplemented withun one or

wove application specilic mtegraled cowds (CASICs il procesaors (CDSPE™,

digital xigns “RISPINT), progravuaable oga devizes {"PLD™), fisld
progranyoatide gate arvavs { "FPGAR™) processors, contrndiers, migro-controllers,

mroroprocessors, electonie devices, other devices vl designed {o perform the motions

deseribed beren, or combinations thersof
{5 Somme portions of the detmled desorniption incladed herem are pressnted u ferms
1k

of algesithms or svinbolic reprasentations of operations rw binary digital sigaads stored within a

memory of 8 spectic apparatus or special parpose compiting device or platform. Tu the context

Ry

o iR
+ g v it
1

of thus particwdsy specibication, the te 1o apparatos or the hke mehades g genemd pripose

conynter once i s prograpmed fo perforny partioular sperations pursnant to mstructions from

program sofhware, Algonthone desenphions or syaibolio representations are exmoples of

technicpies nsed by those of ordmary skall m the sigoal processmg or related arls to convey the

Py

substance of they work fo others skalled m the art. Ao algrasthnus bere, and genarally,

comsrdered {o be a seli~connisiant sequence of opsrations or winmlar signal processing kkading toa
deswed vesalt, T thus contexy, operations or processing wmvoive physical mampalation of

vaieal quantities. Typreally, although not necessanly, sach quantities may fake the formn of

1 signals capatde of being stored, ansterred, combined, corapared or

[

otherwise mampudsted. I has proven conventent al times, prmeipally for reasons of conunon

usage, to refer to such signals as bits, data, valnes, elements, symbeols, chamacters, e

pumbers, numerals, or the ke It should be understood, bowewver, that all of these or sinnlar

forms are & be assoctated with sppropriafe physival guantiiies and ave merely convement labels.

- 15 .
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Unless spenificaily siated stherwise, as appavess froon the discussion berem, i i appreciated that

m

DrOCEssg,”

b

thronghount thus specification discussions utilizmg tern computmg,”

“ealoudating,” “determmmng” or the hke refer 0 actions or processes of a speciic spparstus, such

a3 a special propose computer or a simlar ape

X

cial purpose elecironic compating device. Inthe

(=5

congtext of Hus specification, therefors, a special purpose comyatter or a sitnthar special purpose

glectrowe conputing devies 18 capable of manipulating or fransformimg signals, typeally
represented as plivsieal electronie or magnetic quantities witlun mwemornies, registers, or ofher
mformmbion stigage devices, transomssion: devicas, of display devices of the spacial purpose
cougnuer or suntlar special purpose electronis corpputing device

{86791  Reference thronghont flus specificahion fo “one example,” “an example,” andfor

Sl

“guother examyple” shouid be conaidered to mean that the particular features, sfructores, or

may be combined 1 one of more exaaples.

characferishi

/w';

{88711 Winle there bas been iliustrated and deseribed bevein and i Appendixn & what

are p}‘esemi}f considered to be axan pie feahwes, ¥ will beun

derstood by those skilled v the and

modifications may be made to
mia;*i a ;,oziicuiar sifustion o the feachings of the disclosed s } of mater withoud deparimg
from the ceniral concep! descnbed hevemn, Thevefore, o 1s infended that the disclosed sulyect

matter not be lnw
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; P

ch

rights vesasrved.

_TRACKER HIPSTEPDETECTOR

# _TRRCKER HIPSTEFPRETECTG

=

plusplus

b
cymedaef struct
3T
N
1

uintis_t
uint3ia_t
uink3z_t
wat

uintiz_t

steapNumbex; i
sampleusber;
laztitepSanpleNonber g
steplength; ‘
stepTims;

steplirsetion:
I3 fxa 3

iy
[

reliability;
roiv LG, 18], &
locationX;
locationy:

s facinghirestion;

in radian

nintlie t gait;
uintis t© netOutput:
Aou okl ;
doubla out?;

Aouk ok 3 ;
Acukle ok ;
Aokl e ok
Brubie oube

} steplrackex;

TRYE_EXTERN void had indv{voldl:

atepTracker* hipStepletec
float gylav, Fleat gzRav,

1
-

TRA_EXTERR

[2EAUERL wine32 i sanpleNumber,

#ifdef  cplusplius

N

-17 ~
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MR ]
Gy

lnyommuD hx

nyLll ‘modbuffer.ha
ifthetect. . i®

ckear constantsg.h®
!Sudllbf“ath.h”
Stepleteacoowr.h”
t/tracker/atep_ detsctor.hs>

pd 1..

A
ot oot -'L
by
m

[V

¥ g

S
Pal
[

BUFFER_ LENGTH &4

FILTER_ T LENGTH &3

MIN_ SAMPLE BETHRESEN _LOCAL MINIMUME 1
MAX SAMPLE QF_ STEFP %0

MAX _STEP_LENGTR 1.5

LOCAL MINIMA THRESHQLD -330

un

medkaf_t
medkaf_t
modbuf ©
modbuf ¢
modbuf ©
modbuf
modbuf
modbuf
modbuf
madbuf b
modbuf b
modbuf b
modbuf b

TRt et ot

inci6_t

J’f;
s
2
I
e
™
pa
ol
e}

void blacksine (filcat* hh, iat sampleRate, fioad

void hsd_dait Peoid)
{

intis v xx butfer {BUFFER_LENGTH];
intis v yy_buffer {BUFFER_ LENGTH]:
intlis v zz_bu LI{BUF““R LLW“TH i
intlie U oxxi ;
intle U oyyE “‘fﬂrLBU“FE LEV TH];
int16 ¢ zzf huffer [BUPFER LENGTH] ;
intls v heBuf€ _buffer [BUFFER_LENGTH] ;
intlée_t haesmo nEu;;_Du;fsl[BUFILR LENGTH] ;
intie_ v Axi_buffer[BUFFER _LEWGTH];
int16_t Qyf buffer [BUFFER LENGTHI ;
= intis bt angxf buffer [BUFFER_LENGTH]
3t intie v angyf buffer [BUFFER _LENMGTH]:
=1 inti6 ¢ angsf buffex [BUFFER_LENGTH] ;
baffIadex = 0;
modbuf indit {sxx, xx buffer, BUFFER _LENGTH, &bufilindex};
modbuf_indit {avy, yy _buffer, BUrFE;“LEN 3TH, &butfindexi;

S8 -
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r\hipStephetector.c

modbuf_dnit {kzez, gz _bufifer,

modbuf_dnit &xxE, xxf_huffer,
medbuf_dnit [&yyE, vy buffer,
medpuf_indik {&xed, zzf_buifer,
medbu{_indk {(&heBuif,
modbu{_init (&heSmoothBuff,
medbuf_indt (&dxf, dxf_buffer,
madbuf init (&dyf, dyEf buf fmr,
wodbuf_init (&angxf, angxE
wodbuf iniv (dangyf,

modbnf init (gangzf,

stepTrackers hipStephstector{fica
gylav, float gzRawv, uintld2_t

zztamp=0, yvtemp=J,

= 0
ount = 9
= FILUTER LEWGTH-1;

AdAxFinal=93;
dyFinal=0;
9 = Gy

:

g,
G,
adin
xxInteg=2,

yyinteg=3,
zzinteg={,

sampleRate = 40;
sumdl = O
sumiL = J;
cuboffEH =
cutocffHL =
maxHe =
minHe =

L e A

6.2
4

s
K

e

~1G;
-10;

]

[N

;
1T uintiz

¢]
pir
|0
T
)

_t LastSampl

st angxz = U;
51 angy = U;
i angz = U;

maxingx = 0;
minfngx = 9;
maxangy = 9
i nAngy 9

MAXRALYE =
iadngz =

553

553
we e e M

BUFFER LENGTH,

heBuff buffer,
J&“m~ﬁfﬁ3uf1 buffn

puffer,

LeNumbar

EUFu“R _LENGTH,
BUFFER_LENGTH,
BUFFER_LENGTH,
EU

-
FER

BUFFER _LENGTH,
_BUFFER_LENGTH,
BUFFER_LE

t axNav, flost
samplelumbex,

XRLemp=U;

‘zampleRate;
‘gampleRate;

«l;

- 19 -

LENGTH,

BUFFERmuhNGTH,
BUFFEN LEWGTH,

sbuffingdex);

EhuffIndexi;
gbhuffIndex};
&buff Index);
Ehutf Tadex) ;
BUFFER_LENGTH,
abuifIndex\:
ghuffIndex);

EbuffIndex;;

SROTH, &bufflndex);
shufflndaexni:
shufdIndaxi;
ayNav, fizat xaNav, float gxNav, Tloat
int netQuuput, int bSSample!l

J

4
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LT KK PTracker2\zroiCioommani\portable\trxitrackerihipSteplerector. o

.

XxuBumI =

[53

yy3umd = Dy
223umz = Dy

o]

X¥EIUW =
yySumw =
TRIUM =

oo

maXxxVars=0, xxVar=0, waXyyVar=0, yyVar=0, maXzzVar =0, zaVax=(;
ma¥xxSun2=9, malyysSum2=0, wmaXzzSumi =0;

neuralfetcailt ¢ galt;

inklé_t conater = D

[

int BampleSinceNNStep =
int MNgait:

doubile wyNav=0;

{
M o= M+l J ANIVES simpl .
§
B
oy fi=0; 3« (Mai}; 1+3)

3
—
%
3
o
4
)

P

nhidl = 2*M P
Dl i} = 2*M P

1
ige

PR IR
n

fhidl = (ginf (2 M _FIrcutoffBE* {(1-M/2))/ (i-M/2}) * {0.42 - 0.
13 /M + 0.08*cosf{{4¥M _PI*L] /M) ),
H1{1) = (wink (2*M_FIl*rculoffHL* (1-M/2))/ (i-M/2}) * {0.42 - O.8%casf{ {2
1Y/ MY+ O.DS*CQSf€EQ*MMPI*iifMJEJ
i
sumHH += hhiil;
sumHL += hi{il;

by
sy
s
Ied
[l
13
o)
=
P
o
-
-

mid = ceiliMi2);
ah |midi = hhlwmidi+32

BLEVRTION
{(intls t}{azNav)i;:

{sampleNunbey < BUFFER LEHGTH}
limit = samplelumbey;

*oosf {{2*M PI¥

'y
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fi=y delimit; f++)

zriemp += {floab)modbuf read{zz,-i) * hiil;

5

modbuf_write{zzf, (intie_tlisebempli;
zzbemp;

b eey;

£80740;

e = v 222Int

= o= 05
5%mp;cﬂvmher » BUFYER LENGTH}

or (i=0; i<BUFFPER LENGTH; i++)

hetemp += modbuf readi{haBuff, -~ij;

heTemp = h2 * BUOFFER_LRNVGTH:

hedvg = heTenp/BUFFER_LENGTH;
madbuf write (hefwoothBuff, (intls

odbuf readi{zm, -1} * h([il:

modbnf write{xxf, {intle_t) {xxtewmpl!;

modbu;‘write(yy,

yytemp += {flcat}modbuf read{yy,-i} * hiii:

.

medbaf write(yyf, {intis t) {yytewmpl}:

heading ++ gzRAv/40/180*M_PI;

¥xInteg ++ (floatimoedbuf read{xxf, -106};
¥xX2Integ += xXxInteg;

dx = xx2Integ/40/40;

yylnteg += ({{in sodbuf read{yyf. ~10};

yydinteg += yyiI

-21 -

LB ({fiost)modbuf read{heBuff, -0} - hedvg}l);
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xysav

modbuf rea

xxSumz2
xxEum

2

yySum

axvVar
YyVar

yySum?

®

H®yNav
xyNav;

= XrBumi/
= yySum2/

%ﬁmodbuf:
D iwadbuf

medina g
abtmodbhnf

rwad{xx
_read

xyMNav;

[
i
%
3}

i
%
3}

Mo
1%
P e P

2]

(a1
1%
13

modbuf
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2

i (e,

Alyy,~1}:

dfzez,~1);

2EVAY = szBum/3 Zalum/ii*ze8un/ 10 10,/9;
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dyFinal = modbuf rpad*myf G:fl‘

naxHe modbuf readfneSmenthBlff

.
.

Yoe

~LGi;
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{modbuf_read{angyf, - Y smaxiAng
raxAngy = modbnf_read {angyf,
{modbuf read{angyl, ~10)<mi ﬂﬁnxy}
minkngy = wmodbuf readi{angyf, -10);
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maXxxVar = xxVar;
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maXyyVar = yyVar;
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ma¥esvVar = zzVar:

“h

et

2 X

¥ (exSum2amaXxxSum )
maXxxSumi = xxSuwm2;

18 {yysSum2-maXyysum2}
HaXyySumi = yySum2;

if {zzSumZ-maXszduml}

maxzsSumz = zzSum2;
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at.netfutiput = KNgaiy,

at.bhe = wodbuef _read (heSmoothBuff, -10];

s vl thie last e
LE_ B BTIS ;
¥ \rmunt == 10 &% (\humplek"mbar - LastS8amplelumber) > ¢

MIN SAMPLE BETWEERRN LOCAL MINIMUME

nner haw

WES ¥

Fry oz

_'J
—
i
7
B
=
e

&x%Ag - irnd ng\);lu;
axAngy - minAngyl}/i0;
axingz -~ 11nAngz);¢Of
maxHe - minHe)/10060;

Em
= {m
{m

counter++;
if {dmy = 13
count erss;
if (dmz o> 13
counaberse;
if ((dmby/ Ayl <4
CoUntET++;
if (tdmz<1233})
CounLET++;
if ( (dmxe?))
SounLer+s;
it ( (dmhed}
SOUNLEr++;
Y {{(dmhrdmy * dmx*dmz) =10
SOUNLRL+ s}
3E C{dgmx/dwyl«
SOUntRrs +;
¥ {{sgrif (dxFinsl xFinal+dyPinal *dyFinal; /5/1.2) » £.05)
countexy++;

¢ »

f {{counter>7)}

= dmdh;
= manchr;
= wRXzaVar;

= X
= dmy;
= dmme;

gamplefumber =  samplelNuaber -10;
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st . lagtStepSanpgleNumnber = LastiamplaNumbax-310;

t.stepliirection = standf {dyFina
t.gtepTine = gamplelumbey-Lazesd

e
B
-
2
%

¥ LENGETH)
yth = MAX STEP _LENGTH;

t = NN_GARBAGE;
abs (st .steplirection-M_PI/2)}aM_PFI/

£ =
st.gait = 1

gait = NR_88 RIGHY;
st.gait b

af=

NH FORWARD:

v

[

T {{{fabs{st . steplivaction+¥ _PY} <M PI/4 } 1 ({fshsist.steplivection-

7y
el
P
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P
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gait = MNN_S3_LEFT:
st.gait = 55

}
i {{fabs (st.stephirection+M PI/3;}«M FI/4} || {(fabs{st.stephirection-3

*M_PI/2) )=

M B

st BPL/S2;

st.steplength = getSteplengthi{flcatst.stepTime * 0.025, =t.gait!l:
3
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;
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=
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modbuf read {haswoothBuflf
modbuf read{heSwoothBuff, ~103;

{maxHe -

Csteplumber++;

docationy 4+« sinf{st.steplirecticn + heading}
docationy +s cosfist.steplirection + heading!

==255) &£& {(faumpleSinceliStep«40) &&

counter~5&;
h = st suepkength/2;

counhter;

acingDirection = heading;

L1000

modbuf read (angxf, ~10};
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nodbuf read
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foounter<Bl;
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maXxxVar = x=xVar;
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maXxxsumd = ¥WSum2;
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;
»;
k3
+ 2113 &
innluds cbry/comnunon, b
nolude cbrx/util/modbuffear he
¥include «brx/util/errors.h»
ginclude cbrx/math/Quacternion. b=
LA
Yann . ht
"tracker.h"
"neuraliNet2. h®
Bined VYtracker_ constapnts.n®
#gincliudgs "noavralN2048Waights  h
R
S

modbuf U *axdav;
modbud U *aydav;
woGhbul b vaxyNaw;
madbuf £ *azNav;

modbuf £ vgxMNav;
modbuf & *gyMav:
modbuf _© *gzNav:

modbuf £ *vxNav:
amodbut syyNav:

modbuf £ fveNawv:

lud

_& *fixNav;
modonf £ s#fyNav:
modbul _t *fzNav;

¥

modixg

bid *postureX;
modiaf
£

L *posturel;
_E *postureld;

INPUT NODES_SIZE
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»
b
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. RumZ {iatl6_t *inputData, doubls *weightPtr, incié_t numiInpuutst;
InputNodesZ {iatlé t startiteplndex, intlé_t stopStepindex};

dbuf_t *a&X, wodbuf bt *a¥, modbuf t *af, wmodbuf £ *a¥¥, modbuf b +*gXy
. modbuf _t *gZ, modbuf_r *vi, modbuf £t *vY, wmodbuf t *v3, modbuf_t *fX, ¢
*£¥, modbuf_t *£2, modbuf_ v *pX, modbuf_t *pY, modbuf t *p3); ¥

I . e T e Y
of last anmputad

Gulbpuh W

Vg S G G

X, madbuf_t *a¥, nedkaf_t *aZ, wmedbuf bt *aXY, modbuf t *gXy

inirNeuraldetZ (modbuf_t *a
. modbuf_t *g¥, wodbuf_t *gZ, modbuf_t *eX, medbuf v *v¥, modbuf t *vi, wmodbuf t ¥{X, o
modbul_t *fY, wmodbuf_t *fZ, woedbuf_t *pX, modbuf t *pY, modbuf t wpi) ¢

L
axNav = aX;
ayNav = a¥;
axyHav XY;
aalav &

QEMNav = g
yav = g
g

griav =

vENav = X
vyNav = v¥
vzNav = @

fuMav = [X;
FyNav =« [F¥;
f2¥Mav = [,
postureX = pX:
postura¥ = p¥:
posturaZ = pi:

inte4 r getRodeSum2 (intlé_t *inputData, dooble *weightPiyr, intls t numinputs)

1 L= *twelabhiPhy;
Intls ¢ otestZ = *inpuldata;

2y {1=3; icmumInputs; L3+)

sum 4= {(*iapubBatas+) * {(vweightPtre+):
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*netInpuat)

1t}

float* netouin;
ntie i, k;
.

tomaxIndex;
maxValue;
outputVectoxl {440
outputVector2 {24
sutputVectors {31
nodeSam = §;

*ygightMatrix = &hiddenWeightl 2;

1;
1

e 40; 1es) /7 Icr each ontput

ki}/A192 * hiddenwWeightl 2[67*i+k];

nodefum += gutputVectorllk] * hiddenWeightd 2 {4C*i+k];

¢

!

acdeSum += hiddenBias2 2[i}l:

surputVector? (i} tansig { {{lostinodaiun; ;

[

{

node8umn = 9;
for (K = 2:;k =« 24; R++)
{

nodelum += ocutputVector2 [kl * cutputWeight2 (24*i+k];

LA

nodedum += outputBlas2{i
ouatputVectoriii] =

aaxvaloe = -100;
far Y o= 0;1 < 3

{

[N

4+ F
if {outputVeotor3il] > maxValuael
maxValue = outparVectordii];
maxIndax = 1;

(S99

[ 03

maxValuex>-0.5}
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nklé b *geuNetInputFodes2 (inuls _t startSteplndex, intlé _t stopst

”}

plIndex;

stie inkls_v inputVodes {INPUT_SIZE] !

tls ¢ tempBuff{izg];

inuls_t aumSamples:

inun 1‘) FON

£ioatixd postursVecotor;

uint8 ¢t anfFilagsIndex;

nnFlageindex = SYRESAMPLE SIZE;

numSamples = stopStepIndex - startStepindex + 1;

ostureVector. . x
ostureVector.y
artureVector. =

modbuf read{*postureX ,stop
imodbuf read{*postureY ,=io
sodbufwxeadi*posturez BT O

Stepindex}:
Stepindex}:
Stepindex}:

n

,(_1 ,(_1 ,(_1

madbul copy (*ixNav, fewmpBuftf, -numfamples+i, numBSamples);
‘up"“mpleszenp?bif ZinputModes {1 * RESAMPLE_SIZR}, numismples, RESAMPELE_SIZR}

modbif copy (FfyNav, tempduff, -numSswples+i, nuwmSamples);
_upssmplez (tempiuff, sinputNodes{l * RESAMPLE_SIGE] ., numSamples, RESAMPLE_SIZE;}:

modbhf_copy(*izNav, tanpduff, -numSsmplas+i, nunSamples});

_upsanple? (tempBuff, SinputNodes{z * RESAMPLE _SIZE], numSamples, RESAMPLE_SIZE};
madbuf copy {fvxWav, tompBuff, -numSamples+l, namSamples);
_upzawppleZ {tempBuff, &inputNodes{3 * RESAMPLE _SIZE], numSamples, RESAMFLE SIZE};
modbuf copy {(*vyNav, tempBuff, -aumSamples+l, numSamples};
_upsampleZ (tempBuff, &inputWodes[4 * RESAMBLE 3I2E], numSamples, RESAMPLE SIZR);

modbuf copy{*vzlav, tempBuif, -numfamples+l, numSamplas;;
_upsanple? {tempBuff, &inputNodes[% * RESAMPLE SI2E}l, numSamples,

inputWNodes [nnFla
FEEG A

lnde\++] = modbuf_ awng{*azMav, startSteplndex,

g8
inputNades | nFLagsIndex++} = modbuf_awnp {(*axyNav, startSteplndex, stopSteplndext:

inputModes ; mdbuf _amp {(*azNav, startSteplndex, atopSteplandexi};
i

inputiodes = _tlpostureVector . x;
Iy

inputinode é =~ [intl6_tlpostureVector.y;

inputhiod is ; :T;det++] = (inhié_tiposturaeVector.;

inputRodes {nn¥Flagsindex++]

= ftintié_t; { (modbuf minindex{*axyMav, startSteplndex,
stopStepindex! - stopSteplundex) / (floatinumSamples *310060); 77 Min axy iadsx

[95]
[y]
o
v
4
Hh
[y
pool
[N

I o+ {inputNodesii] - coeff2{i]})+148};

raturn inputNodes;
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~0.153547,
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3 de <ctrx/Filter/iirf. ha
aluds <trx/filter/iixt fiwxed. h»

&

~stdic.h>
<grdlib. b
<math.h»
<string. b

<trx/ocommon.has
strx/util/modbuffer . >
<trx/inu/inu.h>
<trx/devica/inud . hs
stex/device/inus  hx
stex/atdiib/math hx
ctex/atdiib/srdint  he
includs ctex/math/mach.he

#ianl r etex/marh/quaternion.b»

: ehex/math/vector. hs
ehex/filter/LevelFrame. hs
enex/filter/maglensor¥usion. >
ctrxfutil /meszages . hx>

“igu ma .
“gser gait.h*
v a

PR S N XS Nt ;
#incindes "neuralket2.h®
"step _detector.n
"srepbestector. b
"purn detector.h?
"srackerbiata.h®
Prrackerz . hv

"Lracker constants.h®
"fragefalibetect . ht
“syrrorBounds. ht
"alevatorbetector.ht
*stairwellDetector. . h”
fhaliwvaybetector. b
"hipStaphetector. ht
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s
B
L PSR E R IR AN IR B RIS N R E R EEE B IR T T I
;i

gde IYR_NATIVE_USE_FIKRD

Hede i

#de LB BUY ALIGN H
#Qaf STEE_RUFSLE

#def FILTER_BETEP_OFFSET

$daf W _ACTIVE THRESH

gt IVE_THRESH

EEEEETEEEEEE R EEREEEEREEREEE XS

SampleHistory ¢ smpl¥ist;
SampieHistoryMem t smplBuis;

a2t PathMistory t pathHist

gt PathMistoryMem t pathBufs;

statio Orientationdistory_t bodyToRarthHisy;
statio OrientationdHistorydem t hodyTouBarihBufs;

Intice v accliiNavBuffas “{PAM“LE'BUFUIZJ C3D_ONLY ([
intle ¢ accliMagBufifer {SAMPLE RBUFSIZ} C30_ONLY ([

3 {SAMPLE_BUF _ALIGH}}
} { SAMPLE_BUF_ALIGRK} )

o

i
ks

intls v filtYBuffer [SAMBLE BURSIZ)
intlé_t yawingleRistBufl ‘o1 I SAMELE

zratic modbuf t accliZWawv, acclMag)
gratic modbuf t fiitY, vawAngleHist:

ter STEP %UF
v

sTap

static modbui L stepfample, stepingle, stspRlavation;

¢
by - - Bn gt o Y 1N et ~ -
I RATE DG RrEesuy 8l .

(0, 0,0,0,0,0,0,0,0,0,6,0);

tatic sryoxBounds t ervorBounds = {0,
tario dmertialfStste t inexnialStatest

gtaric init lastUpdatafSawmple;

- 100 -

30 OWLY [ XBER {SAMPLE_BUF_ALIGK}):

121 ; i Iy

evationBuffer [STER BUFSIEY: i

B

, 0, AR_TGNORE, MM _IGNORE , NN _IGKORE, 9,0,0,3,06,0,01;
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_ER TrackeriisreiC\commoniportaklie’l tracker\trackerZ. o

RucningStans ¥ acoyStats;

*“SDEIL‘i:
rv&tenNum}OL = O}

racxﬁ ~Data_t* ;nlLTrackﬂrPx cesgor? (voldl
{

= AVE FUSICN ANGLES ERROR _INIT: £

tracker leﬁistaryMAm(d =mplHist, &swmplBufs, &Ssamplelndex):

tracks hQHistoryMem f&DathHlst, & athBufs, &p athHlEtIﬂdeX); iy Ve

wed puffers ‘“; patl higtory

trackerm arynen(&bodyTDEarthﬁistj sbhodyTo¥arthBufs, &samplelindex):

sodbuf _initc (gacclizMNav, acclZiaviuffer, numints {accliflavButfer), &samplielndex!

7

nodbul_dnit (&acciMag, accelMagBuffex, numines (acelMagiuffer), &sanplalndex) »

wodbif_init (&€118Y, filv¥Buffar, aumints {(£ilt¥Buffer), & v

EEY ;lptndex}

modbinf_inih (&yawdagleHist ., vawdngleHistBuaifer, aumintsiyvawAngleHistBulfer), & v

sampleindex);

S0 = wod bufia: TOX By shep indsw

mJJLuF inic{ssteps amp e, Sany , numints istepSampleBuffer), &stepIndex};
~uf~ln1t{&s epAngle, stepAngleBuffer, numintei{stephngleBuffer), &stepIndex};

modbuf init{&stepElevaiion, stepLLewatAﬁnEuffer, numints {stepElevationBufier) . & @

stepIndex);

i3

™ £

F

jle i

ggsetTotalAng

Wl

td.aMag = &acclMag
rd.zNav = &acc lZBav~

detecclteplnit {kacoliNav)
td.debugBuf = getStepFiltResult();

atvitudedistory = bodyToEarthHist; £
carion gquate o

initNeuralRer2 (&ampliHist . gsmplilist.az, &snplHist.axy, &smplidist.gx, o
EsmplHdist . gy, &amPAngt.J ‘ N GsmplHist.vy, &smplnlst vi, &smplHist.fx,
EsmpliHist . fy, &smpllist.fz, &smplHist.px, &smplHist.py, &smplilist.pel;

initFaliDetectord
td, arrordounds =
el leConfidencs

ved . gaivlonfl den\:S amo= 05

fd. FFHACCL_THRESH, FF TIME THRESH}:
I 3

1w

rd. pathHisgt = pathHist;

pathBEistlodex = U7
td.totalPathlength = §.40;
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n-\LT KX Trdpt srZisro\Cicommen\portableltrxitrackertracker2. o 4

e

ssflalibratedbataZ (inu_calibratedbata *oal, K prassure, leat pregsureTemp, ¢
locaifagintensity, floan lcocalMaginclication, wint3Z bt timed
{
..'
;
q@a ~ernion qﬁadyToFthh; 4
"4
aNau, glav, wmidav:
mREefEarth, mRafBody, wRsfdav;
floatIixl sref = {{C.0, 0.0, 1000.0}}); i
intlé t yElevations
intlé_t victyTemp:
intlé_t angllewp;
fuoat totaAAcbpleraxlvw = 0.G;
£ o = G
Loca on = {6, O}:
T el
.o Ftanc
statio uinei2 epand =~ 07
intl6 b starbst
intlé b stoplteplndex;
intli6e _t wxRef, vyRef, vzRel, fxRef, fyREef, f=z2Ref;
intls b owx, vy, vz, fx, fy, fz;
intle t
intie b InputbDatas
¢

S5 neurali¥et

t & & L netodunput:s
neuralNetdait € te

@NetOutput:

5}

R R FERF R R L E R R RLNE AR AA LR R T A AR T AR AR TR AR LD

U

td.trip = KULL;
td.segment = NULL:
td.bElevatortrip
td.bElevatorshatc £
td.bStairPlight = falas;
td.b8tairStaivwell = falser
td.bHallSeguent = false
td.bHEalld¥allway =

- 102 -
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2 ALT_KK Trackerzisro\Cleomponiportableltrx\trackeritracker2.c 5

sert {&td.lvState, call;

= LevalFramez getBodyToRarthistd. 1vss
] dylahav = LevelFrame getBodyToVav{itd. 1Vbtdt },

td. qyfo@rqlc = getTotaling
and botas

ot jad

11

gle <

Coors ax
allav.z -= lOGﬂ G
DR T COMEONIANG .

allav = quat trangturmthodjTanV cal-raccl)
. . . : oy h e

gifav = quat_transform{gBodyTobay PEREET it S I
miav = quat_transform{gBodyToNay cal-emagl;

agField = mNav; A

Galta

AN S S IR I S A O A - A U E i R

{dft@ LFr m“F:Lll {
tad. fallletect =

{totalhcoeleration » HIGH IMPACT ACCL THRESH)
td . impactDetact = 17

N
RN

td.postureVestor = guab transfora{guas_cont (qRodyTeEarth), zref);

4 "4
2ll 2
vd. btiserlrawl - alse;
cd.blserUpright = false;

2iss 1f (abs{yvElevation} » POSTURE_YRELEV CRAWIL,_THRESHI]
td.bUsexrrawl = trus;
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2 ALT_KE_TrackerZierc\Cicommoniportableitrxitracker\tracker?.c &
2lge if {yRlevation » FOSTURE_YELEV BACK THRESE && yElevation < "
POSTURE YELEV CRAWL THRESH]

Q.hbserdprlght = RYus;

if {vBlevation » ¥FOS T.’RE_INVERTED__MIN && yElevation « ‘:’OSTURE_INVERTEL‘_M&X)
cd. invertedlount ++

td.invercedCount = ;

EP WA LT AL LA XA AR RXARFATEIRAF AT RS FI T A AALAIRA L TRIRR IR R RS

{pressure > EEGQﬂD‘G}
pressure = 130

1f{cd.panmplalunbay « 4@]

td.av grxegt\x? = pPressure;

¥
alge

td.avgPressure = ewmaFiloer{pressure, td.avgPressure, 0.085%};
td.prassureTeamy = pr&sgureTcmp,

R R ABERR LN E R XL TSR TR

.samplieNuwber == 2080}

-rRlevation = -{flost)
P A -

o

FEXTXR KA I T AT ERsRARAN TS

modbul_write

> (gmplHise.ax, {intlsé ti{a
medina g WLLLp{5mp1115t.ay, fintlé_ti{a
{ {5
§ {

wodbnuf write{smplHist.az, {intlé_t}

¢ N

modbnf write{smpllist.axy, {intlié_t] sgref{alav.x * slav.x + aNav.y ¥ adMav.yll;
victyTeap = medbuf read {suplHi , able_u) {aNav.xj;
wodbuf write{smglhlst.vx, {intlé_t) wvlet

modbuf read{suplHist.vy,

9 (i
¥ H
v, O} (LT LE_t) {aNav.yi;
{smplHist.vy, {intlé_t; vchyTemp ;
g} i
¥

modbul_read{ (suplEist vz, + {intls t) {aMav.z};
{SmElHlSV.JZ, {_nLl(_t} elr Temp! ;
modbuf write (smplHist.gx, {(intlé v {gNav.x]!;
modbuf write {smplRist.gy, (inklé r‘iQN& Y
modbuf write {smplBist. gz, {(intlé_v) {gWawv.eli;

anglTemp = modbuf vead{smpliist.fx, 0) + (intle £ (gNav,x}:
modbuf write {swplHist.fx, {intlé_t} anglTsup);
+ {intle_t} (gNav.y):

modbuf write{swplHiat Iy, {intlée i
anglTemp = modbuf read{smplEist. £z,
modbuf write{swplHEist.fz, {intls t}

Q
a
angiTemp = modbuf vead{smplHist.fy, 0}
&
Q
a
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2:\DLT KK TrackerZisrc\O\common\portable\trx\trackeritrackeri.c

mnabuf _write{amplRiat.mx, {in tiical--mag.x * 100,001, A
. i Ay ]

oot
o
@

- s £

el

c
h
#
2
%
-t
3o
44

_wy 1telnmpLH33t,mz,
modhuf_ write{swplRist.pressure, {uwintls_t) lcd. avgPressure / 2)1};
mocbuf wy 1t9!4mpl

modhuf write{ampl
modbuf wy te\wmpi

{intlé_zitd.posturaVectar.x);
Zs;.py[ {intlé nitd.postureVector.y):
is {iutle_nitd.postureVectax.z);

modhbuf writelacol2¥Vav, {intls ) {aWav.zli:

modbuf ited bouyTo arthsi ldexpf {gBodyToEarth.w, QUAT BUFFER _EXP}):
A¥in [e3t} B aa seeled fixed poiat int

modbuf Wy ;r$‘bnuchF tk%L’
modhlf write ibodyToRarthii:
modbuf write ibadyToRarthilis

3 =
b idexpf{gBodyToeEarth.x, QUAT, B‘“FER BXP}
}ldexpf {(gBodyToEarth. v, ”UZT BU“FER EFP}
i X}

A A pA

dexpf {(gBodyToEarth. =, QUAT BUFFER_EX

¢ rotal anoel T ¢
mﬁdbuf writedacclMayg, (int v H

vERST R F A AW R R LA AR TR I AT EXFI TR L XA AR IR T LR R T E A

Y § oab 1s (N
td.neuralle tIﬂﬁuLD&Lu = NUL
shata = ﬂlpstﬁpDELECLleawav gNav.x, gRav.y, gMav.z, td.
samplaNumber, 0, 0}:
{sData-»steplumber - prv

start8tepIindex = {wintisé_¢){ shData-slastlteplawpleNumber - td.ssupleNumber +11;
stopStepIndex = \u;ntiémt){ sData-ssampleiunber - ‘d‘uampleﬂuwter +3;

vxRef = modbuf read{smplHist.vx, startSteplindex);

vyRef = mcﬁbuf r*ad“*maliiat vy, BrartSteplndex);

viRef = modbuf read{smplHist.vz, startStepindex):

fxRef = modbuf read{swepldist.fx, startSteplndex);
fyRef = modbuf_read{swpldHist. Ly, startSLﬁp ndex) ¢
f2Ref = modbuf read{sapldEisc.fz, startStepIndex):

for {1 = startSteplndes; i< stopSutepindex+l; i++)

)

i
vx = nsdbuf _read{smpiRist.wx, i};
wmodbuf_writel{smpldist.vx, (inulé_t)} (vx ~ wvxRaf})
vy = uodbuf resd\ﬁmpgﬁlst.vx, iy
mcdng _writed{smplEist. vy, {inti6_t} {vy ~ wvyRefl}
vE o= ayuf_read\ampkHiat.vz, s
modbux _writelgsmplHist.vz, {intlé_t} {vz ~ vzRal}t;
fx = wodbuf read{smplHist.fx, 1i};
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@ \LT_FK Tracker2)\src\U\common'portable'\trx\trackeritrackerd.c 8

modbuf_write {swpliist . fx,
fy = mhmbhf_re d{smplHist. €
modbuf write {smplHist.fy,
tz = modku f".ead{smplFi

~ E£xRefly):

~ £yReafl);

~ fzRafl):

3
I

neuralMstinpu
tempNetliutp

wa

nputliata = getNatInputNod leg i atartstepd 1dax, stopStepindax]
ut = tegtHsurallen?d insurslNet] T

td.netdutput = templettutpub;
tempNetlutput = (neuralMetGait_t} sbData->gaic;
if {{ed.metfutput == NN_2D) }

{

it {{tempNetfutpat == WN_FORWARD) || (teopNetfutput == NN_BACKWARD) || ¢
(temp¥NetOubput == KN_85_ RIGHET) §§ teupletQuipul == NMN_55 LEFT) |} (tempNeifutput ==,

WN_ R 3
td netOutput = tempNetQutput:

$f {tempNetOutput == NN_GARBAGE)
td.netOutput = NN _GZARBAGE;

td.b8tepSample = trus;

td.location.x = sData->locationX;
td.location.y = sData->lotationy;
td. stepNurhear = sData->stepilunber;
td.stegLength = alata->steplength;
if {sData->gteplumber == 1)
td. t~rthlﬁ “lao = 1;
Ll ﬁ*@pD‘releOﬁ = {float)medbuf read{yawdngleMist, -{td.sampleNumber - sData-» g
samplsiunber) i + sdata->stepbirection / M PI + 1839 -30;

ti.ﬁa~t°tap8amp;ahumk r = shata--last3tepSampleNumber
td.currentStepSampleNumber = shata-:xzampleNumber:
modbul_writelastepSample, {sData->sampleMumber ~ sData-»last3tepSanpleNumber)): W&

modbul write{atepflevation, td.locationZ);
modbuf writelatepingle, shata->facinglirvection):;
gwikoh {td. netdutpul}

¢

< 3]

apdateLocation{&nd.location, td.stepbDirecrion, td.steplengthj:

Lreak;

case NN _DOWN:
if {{itd.gaitlounters>=4§}
td.gaitCounters += Ox00406;
updateLocationistd. location, td.stepbirvestion, td.ateplengthi:

byeak;

case NM_ZD:

sage NN_FORWARD:
case NN _BACKWARD:
nage NN_SS_RIGHT:

NN _S%& Y‘“FT
NN RUN:
¥ {fitd.gaisfounters»>0} & O0x0003} « 3)
td.gasitCountars += Ox400%;
updstelocation{&itd. lacation, td.stepDirecotion, td.stepLengib):

hraak)

gl
TR

[

m

\
4.

43
i
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CALT_KE TrackevisrelClicommoniportakliescrx\crackeritracker? . ¢ 2
td. lastNerOutput = td.metdutput;
Sl ¥
avery step
czhog, {intie_w) {td. lovation.x *10)); i in W
modbuf write{pathHist.yl Jitd. logavion,y *10));
smodbuf w“ita’pa*hﬂ gt.zl {td.locationZ * 10));
'Ddbuf writei{pathiist . pressure, (uwintié vl {td.svgPressure / 2)};
Ladbufmwrlte {pathBist . gyro, {ictis_ritd.gyroldnglie);
modbuf write!{pathRist.compass, relis _tibd.compassAngle);
modbut Nr&“efpa‘ aHist . vimelE, {uintls *}\tle;m\ej);
mmdbufmwrlwe[pa‘ Hipt. vimekh, {(ulntlé i) {time & OxFFFF});
modbui write (pathHist.gals, \hlntlﬁ_t;tﬁ.n&tﬁutp ut};
modbuf _write(pathiiist . ptindex, pathPeointProcessed);

modbuf_wrine (pathiist. flags, 0} ;

P

intlé b zMin=0, zMax=0;
uintd_n i

uintd b lookbscklLength = 5;
2Min = modbuf readi{pathifist.zloc, 0}
2Max = =¥Min;

i
Lt

if {(pathFointProcessed < §)
lookbacklength = pathPointProoessaed:

fovii=t;i<lcoxbackhength; {i++]

t
intls_% z « nmodbuf_vead(pathMist.zloc, -i);
i (zezkMing

if {{zMax - zMin} < 10)
modbuf write {(pathHist.flags, Ux0010};

aj i

oo

il (pathPointProcessed -

L Bewplag

{
td.segmant = JdetectHallsSegment {(pathHist . =xlow, pathHist.yLoo, pathBist.gyro,
pathiHist . conpass, time};
ifind. gegment s NULL}

]
1
if{td.segmant-~>segmentiD > 0)
i
td.bEallSegment = tru

Yy
updateHall¥aliwvay {td. segmant) ;

fit

£

Cseguent->halliway == 1)

P -

td.hallway = cutputHalldallwayl);
td.bHallHallway = tyvus

THIE PARY,
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1
B
pathiistindexs++;
pathfistIndex %= PATH BUFSIZ:
pathPointProcesseds+;

sevSteplumber = alata-s>stepNumber

if ftd.BSteps

tapMumbst = 2)
ey

\c*e-;mgile = getitridelngle (steplngle);

td. gy roLOPANgle = getLOPAngleistepangle};

if {destectTurni{td,.stridedngle
i

td.pPrintSample = frus:
cd.bUserfurning = true;
cd.bHaliwvay = false;

AF (deteetTurnEnd{td.atri

int3ample =
erTurniag =

o
t‘f
g_u
=

d. segmeat Nunber++;
4. segmeat Lengbh = 0;

o

}

td.pHallway = true;

;

da

td.stepNumber} )

Ragle, vd.gyrolOPangle,

H

repiumk

- 108 -
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2 \LT_RE TrackerzisroiClcommoniportabledtrx\tracker\tracksr2. ii

1

td.bUser3topped = detectStop(td.samplieNumbey, td.curremntiSteplsmpleNumbexi: 7/
Etoppsd

td.bUser3till = detectStill{{intlé t)totaliccelaration}; i
e i1l

b

td.bUgerstill}

ey

—pte

td.grillburation = i+ {uintié_ti{itime ~ ud. =35} g
}
2lge
v ‘

if{cd.gtillburation I= 0}

td.mocicnlnterval++;

td.stillPuration = §;

td.astillsStareTing = time;
1

R S R R R R R R R R N R I R R R

aobBlavatorTrip ((intls_t)aVNav.z, time, {(intlé_titd.locationZi:

td . bElevatorTrip = tYﬂm;
alaviocation = td.location:;
glavator = 1;
updateRlevatordhaft (td.trip) ;

—

disrance = et egro il
location.x - ffio:t]ele chatluw X i
fleat)td.iccat i

{float )elevuacariuﬂ X ) * {4
\(lf'“d“‘fd.JCCit*Gn,f -~ v
13

5\
]
;

:

td. shaft = outputRlsvatorshaft{};
td. hElevatox!
slevator = 07

Shatt = tvun;

§
¥

R A I B T I I A R

{floatixl pormical ~»mag) > 0.Q0) S
rd. compassingle = (avan2fimVav.y, wi¥av.z} * {£ioab ) RADIDEGY -~ 95.9f:

if {td.compassdnglse < §.0}
td.compasshnglia += 380,07

fusionAngleRryror « updateMagfstimate (cal-wmag, g3udyToRacth, 1td.dUserSuopped, v
igcalMagintensity, localMaglnolination, smBafBarth};

mRefBody » guat trassformiguat_cond{gBodyTokarthi . mRefBarthl;

mRefBody = I} 3ct.x1 normalize {mRefBadyl;

mRefHav = gua trangturm\qud rToNav, mRsftBodyd;
mRafNay = flio ar 3x1wnornallzu{mQEfNav};

= ewma¥Filcer (fusicnAngiekrror, td.avgfusionAngleRrror, »
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cd.fusionkeliability = td.avgifusiondnglelrror:
td.fusionAngle = {atan2f (mRefNav.y., wReflav.x} * (flogt)RADDEG) -~ 90.08;

1if (td.fusiondngle < §.0}
td.fusiondngle += 360.0;

td.compassReliability = @
localMaginclinaticon};
slz= FACompaEs seEnEny
{
i

td. fusriounkeliabilicy = Q7

td,compass elia-zLit
td.avgbusio ks
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nd.inertis . yor = driftlleteson gyloanq 2, td.oompassingls, td.ssuplelumber);
rd.gyrn 3tj ERO SCALE‘ BRROR_PER SAMPLE;

td.gyro

rd.gyro td. sampieNumbsr / v
{£i0atiGYRO_SAMPLES 3“; hOUR}

ta.gyraError = td~gyroot5g thrur + td.gyroWalkBrror + (floai)fabs{itd. gyroScrlisError)

T oo
i

culats Lhoerroy
mrrmxB@xr ds . headingDriftFlus = &d
sampleNonber * cal-rsamplePeriod;
ol

d

inersisl wa

sryorBounds, headingdriftMinus =
.sampleNunber * cal-»samplePeric

f{td.neuralNetInputlata != NULL}

!
1
loac* netfutput = nn_getlfubputArrayi)
spead = getSpeaditd.aMsg):
loar timeSincelastsStep = {td.samplelNumber ~ lastUpdateSawnplel* cal->sanplePeriody

td. samplafunber;

I3

lagtUpdataSanple

td.apeed = speaﬁ;
td.stepTimse » timsSinoslasuitep;

uvpdavefrrorBounds (nstfutpuer, speed, timeSincelsstStep, td.netfutput, t©d. v
gteplLenguh, td.srepbirection, {errorBcunds t+*)ierrorBounds finertislstats LH}k v
inertiaiStste);

vd. ﬁca;&Cuw*iﬂcwcaSum += {1 - errorBounds.scalsConfidence):
rd.gaitConfidenceSum += {1 - srrorBcounds.gaitlonfidence};

TG

Hot art.

-hpaaLPPunnLngstaf {&accysStats, cal- >a”"l yi == MOTION LR
aul_.f “Lats. = {; e iR

{accy8tats.var » MOTION DETECP VAR _THRESH)

td. lastMotionSample = td.sampleliumber:

i

td.moticnlevel = accoyStats.var;
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What is Claimed:

1 A computer-implemented method for detecting the steps of a person and estimating the
person’s three-dimensional (3D) movement to track alocation of the person, comprising the
steps of

collecting accelerometer data from atorso worn or person carried device that includes an
accelerometer, the accel erometer data representing an x axis, ay-axis and a z-axis movement of
the person over a period of time and storing the accelerometer data in a non-transitory memory
of acomputer having a processor;

removing by the processor tilt data from the accel erometer data for the x-axis, the y-axis
and the z-axis to produce first improved accelerometer data and storing the first improved
accelerometer datain the memory;

removing by the processor gravitation acceleration from the first improved accelerometer
data for the z-axis to produce second improved accelerometer data and storing the second
improved accelerometer data in the memory;

filtering by the processor the second improved accelerometer data and the first improved
accelerometer data for the x-axis and the y-axis to remove additional bias and high frequency
noise and to produce afiltered accelerometer data for the x-axis, the y-axis, and the z-axis;

calculating by the processor a hip elevation estimate using a double integration of the
filtered accelerometer data for the z-axis and storing the hip elevation estimate in the memory;

correcting by the processor the hip elevation estimate if the hip elevation estimate drifts
away from amean over time;

finding by the processor alocal minimaand aloca maximato detect each step by the
person and storing the local minima and the local maximain the memory;

classifying by the processor to classify the person’s gait asalevel gait, an up gait, or a
down gait based on at |east the local minima and the local maxima of the device;

finding by the processor an x-displacement along the x-axis and a y-displacement along
the y-axis for each step by the person based on the filtered accelerometer data for the x-axis and
the y-axis and storing the x-displacement and the y-displacement in the memory;

calculating by the processor atwo-dimensional (2D) movement displacement for each

stride by the person based at least on the x-displacement and the y-displacement;
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when the person’s gait is classified as the up gait or the down gait, calculating by the
processor the elevation change of the person and storing the elevation change in the memory;
and

on astep by step basis, calculating the 3D movement of the person based at least on the

2D movement displacement and the elevation change in order to track alocation of the person.

2. The computer-implemented method as recited in claim 1, wherein the deviceis a

smartphone that includes an accelerometer.

3. The computer-implemented method as recited in claim 1, wherein the accel erometer data

issampled at afrequency greater than twice a Nyquist frequency for the device.

4, The computer-implemented method as recited in claim 1, wherein the accel erometer data
includes x-axis, y-axis and z-axis data for the device, and wherein the step of utilizing the
processor to remove tilt includes the steps of:

establishing a ground frame oriented around the device with the z-axis up and down from
the device, the x-axisisright and left of the device and the y-axisis forward and back of the
device;

determining pitch data and roll data based on x-axis, y-axis and z-axis datarelative to the
ground frame; and

determining the tilt data based on the pitch data and roll data of the device.

5. The computer-implemented method as recited in claim 1, wherein the device further

includes a gyroscope adding to the x-axis, y-axis and z-axis data for the device.

6. The computer-implemented method as recited in claim 1, wherein the step of utilizing the
processor to remove gravitation accelerationisbased on @, =, - g, where & isimproved

accelerometer datafor the z-axis, g is gravity, and a; isimproved accelerometer data for the z-

axis minus gravitational acceleration.
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7. The computer-implemented method as recited in claim 1, wherein the step of utilizing the
processor to correct the hip elevation includes correcting the hip elevation each time a new value
is calculated for the hip elevation.

8. The computer-implemented method as recited in claim 1, wherein the local minima

occurs after each heal strike and wherein the local maxima occurs after each passive position.

0. The computer-implemented method as recited in claim 1, wherein the step of utilizing the
processor to find the local minima and the local maxima includes the step of utilizing the
processor to reduce extraneous detections by determining if there are any neighboring minima
within a sample window of n samples before alocal minima and n samples after each local

minima, and not counting any neighboring minima within the sample window as alocal minima.

10. The computer-implemented method as recited in claim 1, wherein the processor utilizes a
neural network to classify the person’s gait.

11.  The computer-implemented method as recited in claim 10, wherein the processor

classifies the person’s gait on a per step basis.

12.  The computer-implemented method as recited in claim 11, wherein the step of utilizing
the processor to classify the person’s gait includes the steps of::

inputting to the neural network n values of each of the x-axis, y-axis and z-axis
components of angle vectors for each step;

inputting to the neural network n values of each of the x-axis, y-axisand z-axis
components of velocity vectors for each step;

inputting to the neural network a minimum and a maximum acceleration amplitude
difference over each step;

inputting to the neural network an orientation vector at the end of each step; and

inputting to the neural network an index where a magnitude of the x-axis and y-axis plane

acceleration achieves a minimum value for each step.
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13.  The computer-implemented method as recited in claim 1, wherein the step of utilizing the
processor to find the x-displacement and the y-displacement is performed in atime interval
between the local minima and the local maximafor each step.

14.  The computer-implemented method as recited in claim 1, further comprising the step of
utilizing the processor to determine atranslation direction for each step, wherein a most frequent
direction of trandation is assumed to be forward, and wherein the ground frame is corrected to

the y-axis.

15.  The computer-implemented method as recited in claim 1, further comprising the step of
utilizing the processor to determine atranslation direction for each step, wherein a most frequent
direction of trandation is determined by assigning each possible direction of motion based on
each step to a bin for the direction of motion and the bin with the highest frequency is considered

the most frequent direction of translation.

16.  The computer-implemented method as recited in claim 1, further comprising the step of
utilizing the processor to determine a translation direction for each step, and further comprising
the step of detecting a transition corresponding to an abrupt change in orientation of the device
and discontinuing the step of utilizing the processor to determine atrandation direction for each

step until the transition has compl eted.

17.  The computer-implemented method as recited in claim 1, wherein the step of utilizing the
processor to removetilt data further includes determining an accelerometer estimate of pitch and
yaw and an gyroscope estimate of pitch and yaw and combining the accel erometer estimate and

the gyroscope estimate with a spherical linear interpolation.

18.  The computer-implemented method as recited in claim 1, wherein the step of calculating
the 3D movement is further based on determining the person’s 3D translation and rotation, and
further comprising the step of determining alocation and a heading for the person based on the
3D trandlation and rotation.
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