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1. Introduction

Biometricsare not perfectand many suffer from social and
practicalproblems.Onemayneedto make physicalcontactwith
systems,for examplefingerprinting,or suffer social embarrass-
mentwheninterrogatinga voice recognitionsystem.Biometrics
thatneednophysicalcontactsuchasfacerecognitionaremoreac-
ceptableto usersbut canbelimited by practicalissuessuchasface
visibility. Gait is oneof thenewestbiometricsandhaspotentialof
overcomingmany problems. It requiresno contact,is not easily
concealedandusesthebodyasa moreaccessibletargetwhich is
why it attractsmuchinterestandresearchfor possibleapplication
in identificationat a distance.Thereis a rich literature,including
medicalandpsychologicalstudies,indicatingthepotentialfor gait
in personalidentification[4]. Early medicalstudiessuggestthat if
all gaitmovementsareconsideredthengait is unique.Murrays[3]
work indicatesthatgaitcontains24differentcomponentsgiving it
therichnessnecessaryfor a successfulbiometric.

Hip rotationcanbemodeledasasimplependulum,whosemo-
tion is approximatelydescribedby simpleharmonicmotion and
can be expressedas a Fourier series[1]. This hasalso beenex-
tendedto includethe lower leg by usinga bilaterally symmetric
and coupledoscillator model[5], where the signatureis created
from the phase-weightedmagnitudeof the lower order Fourier
componentsof boththethighandlower leg rotations.

CarterandNixon[2] usea modelbasedperspective technique
to correctmeasuredgait anglesfrom geometricallymarked limb
positionstransformedunderoblique trajectoryanglesto the ob-
server. They show that gait signaturesbasedon phaseandhigh
orderamplitudemeasurementsareindependentof pose.

We generalisefurtheron this modelby including cameraele-
vation angle. We analysethe effectsof different trajectoriesand
elevation anglesfor multiple periodsof syntheticgait andshow
thatsubjectpositionis important.Wedevelopanew techniqueand
experimentallyconfirm that anglescanbe successfullycorrected
which shows promisein normalisingmultiple periodsof human
gaitundersimilar conditions.

2. Gait Signatures and Pose

We considera modelbasedtechniqueto correctmeasuredan-
glesundersimplepin holeperspective geometry. Anglesdefined
betweentwo points, say the hip andkneepositionsor kneeand

ankle,aredeformedby theperspective transformation,motiontra-
jectory angle,andcameraelevation angle. Previous work[2] on
viewpoint invarianceshows thathumangaitmeasuredalongvary-
ing trajectoryangles � to the cameracan not be simply cosine
correctedfor the trajectoryangle,but that the angleof the plane
of theleg swing � , with respectto thevertical,mustbetakeninto
account. ���	��
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Equation1 describesthetruethighangle



in termsof themea-
suredangle

�
, the trajectory � , and the inclined thigh � angles

undersimplepin holeperspective geometry. This impliesthatthe
true hip anglecan be calculateddirectly from the measuredan-
gleandthatthecorrectionis simplya linearscalingwith anoffset
dependanton trajectoryandhip inclinationangles.Theequation
alsosuggeststhatif

������

is usedinsteadof theangle



itself asa

measure,thena biometriccanbeextractedwithout knowledgeof
thetrajectoryandhip inclinationangles.
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Equation2 is a modifiedFourier serieswherethe amplitudes
of the higherharmonicshave beennormalisedby the amplitude
of the fundamental.Combiningthe anglecorrection,equation1,
andequation2 suggeststhatphaseandhighorderamplituderatios
form a gait signaturethatis independentof pose.

3. Simple Angle Correction

Thetruethighangle



, is definedby theanglebetweenthehip
andkneepoints, > and ? respectively. We assumethat people
walk periodicallyin straightlinesalonga trajectory � degreesto
theX axis,with a small inclinedhip angle � andthecameraele-
vatedby @ degreesfrom thegroundplane.

In a simpleprojective camerasystem,measuredgait angle
�

is computedfrom theprojectedpositionsof theposetransformed
hip, andkneepoints, >BA and ?BA respectively for acameraC with
focaldistanceD .



(a)FrontView (b) PlanView (c) SideView

Figure1: Frontview shows thetruegait angle



, measuredrela-
tive to theHip (H) andKnee(K) positions.Theplanview shows
thetrajectoryangle� , correspondingto thedirectionof motionand
thesideview showsthethighinclinationangle� from thevertical.
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The posetransformis definedby rotating the hip and knee
pointsby the trajectory � andelevation @ anglesthentranslating
alongthedirectionof motion. If thecamerais assumedto be far
awayfrom thesubjectthedepthvaluesCTX � > AX and CTX � ? AX are
muchgreaterthan the componentsof position so the Y[Z]\ trans-
lationalcomponentscanbeneglectedandthetrueangleequation
canbeexpressedin termsof themeasuredandrotationangles.������
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(4)
This equationis invariantto subjectpositionandcamerafocal

distance,thereforalsoinvariantto cameraview angle.

Figure2: Multiple periodsof syntheticgaitsignaturefor trajecto-
riesat 0 and-20 degreeswith a 30 degreecameraelevationangle
anda 6 degreethigh inclinationangle.

Figure2 shows multiple periodsof syntheticgait signaturefor
subjectswalking at 0 and-20 degreetrajectorieswith a 30 degree
cameraelevationangle.It alsoshows thatthefundamentalperiod
of gait is unaffectedby the poseandprojectiontransforms,and

thatequation4 is a goodcorrectioncloseto theopticalaxisof the
camerawherethe error of neglecting the positionalcomponents
is minimal, i.e: a tracking camerasystem. However, corrected
anglesdeviategreatlyfrom the truereferencesignatureat greater
distancesfrom theopticalcentre.

4. Off Axis Correction

Obviously the positionof the subjectcan’t be ignored,this is
dueto the translationalcontribution to the perspective distortion.
Themodelmustthereforbeadjustedto incorporatethepositional
components.For simplicity we formulatea correctionfor trajec-
tory � andelevation @ without theinclinedthighangle� , but note
thatageneralcorrectionis possibleusingthesamemethod.

The posetransformedthreespacepoints > A Z�? A , definedby
rotating the >BZ$? pointsby the trajectory � andelevation @ an-
glesthentranslatingalongthedirectionof motion,aremappedby
projectionof the camerato the imagecoordinates_ and ` . The
measuredangleequationcanthenbe rewritten in termsof these

imagecoordinatesby substituting F�a NH Z a WH Ucb for thetransformed

points FdRTLNO:P�Q R LP Z R LWO:PKQ R LPVU b .
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Thecorrection,equation5, containsthecamerafocal length D ,
thereforunlike thesimpleanglecorrectionof equation4 is depen-
danton the cameraviewing angleaswell asposition. The cor-
rectionhasno simplelinearapproximationthatallows a measure
to bedirectly extractedasin equation2 without knowledgeof the
trajectoryandelevationangles.

4.1. Laboratory Experiments

A testpatternwith groupsof pointswasplacedon a rigid sur-
face. Theanglecorrectionin equation5 wasappliedto themea-
suredclusteranglesand the correspondencesplotted for similar
anglegroupsat differentdistancesalongthetrajectory.

Figure 3: Test group patternsshown at -30 degree trajectory
and30 degreeelevation angles,capturedusinga Hitachi KP-111
surveillancecameraplaced6 metresfrom thetarget.



Sincetheorientationof thetestpatternis known andthefocal
length D is constantthe cameraneednot be calibrated.The true
anglecorrespondingto the anglecombinationacrossthe groups
canbe found by minimising the varianceof the correctedangles
over therangeof D .

(a) Corrected angle
groupsfor similarangles
displaced along the
trajectory

(b) Root meansquarederror be-
tweentrueandcorrectedangles

Figure4: Anglecorrectionanderrorplotsonarealdataimagefor
similarpointsacrossgroupsat -30degreetrajectoryand30degree
elevationangles.

Figure4 showsthatsimilarangleswith differingdisplacements
modifiedby thetrajectoryandthecameraviewing transformscan
successfullybecorrectedby usingthis method.

Equation5 canbegeneralisedto includethehip inclinationan-
gle � . On formulatingthegeneralcorrectionandsubstitutingthe
frontoparallelparameters� �sr Z$@ �sr into theequationleadsto
thecorrectionrequiredfor hip inclinationangle� in frontoparallel
motion. ���	��
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Anglewarpingis greatestfurtherfrom theopticalaxissoimage
sequenceswherethesubjectis filmed traversingacrossandclose
to thecameracouldsuffer from this distortion.

Figure5 shows an error correspondingto a maximumdiffer-
enceof 3.7 and 1.9 degreesseenfurthest from the optical axis
in the 5 and 10 metrecameradistanceplots respectively. This
may ultimately limit the recognitionratesobtainedin laboratory
experiments[1, 5] if not takeninto account.

5. Conclusions

We have shown thatthesmallangleassumptionfor neglecting
positional u Y[Z$\cv informationin the generalisedsimpleanglecor-
rectionholdsfor positionscloseto theopticalaxisbut quickly be-
comesdistortedevenundermoderatecameradistances.Thesim-
ple anglecorrectionmay have an applicationin trackingcamera
systemswherethesubjectis alwaystargetedat theopticalcentre.

Figure5: Absoluteerrorsmeasuredbetweenthe truegait signa-
tureandthemeasuredanglesfor camerasplacedat5 and10metres
from thesubjectin frontoparallelsyntheticmotion data. Thehip
inclinationanglehasbeensetto 6 degreesto generatetheplots.

It has beenshown that the new angle correction technique
works underknown orientationto the camera. We have shown
thatsimilaranglesacrosspointgroupsin testpatternimageswhen
transformedandprojectedcanbe corrected.This is directly ap-
plicable to humangait wheresimilar anglesin subjectspaceare
definedat positionsof equalphaseandat integermultiplesof the
period.

The resultspresentedherecouldhave implicationson current
techniquesthatusepointsandanglesasa basisof biometriciden-
tification for subjectswalking at anglesto thecamera.Themodel
and the correspondingcorrectionindicatesthat thigh inclination
anglescontribute to the distortionacrossfrontoparallelmotions,
causingdissimilarsignaturesfor nearandfar motionsof thesame
subject.Experimentswith realworld multi periodgait datais re-
quiredto backup the theory in this work, especiallyconcerning
theerrorin projective distortionin frontoparallelmotion.
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