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ABSTRACT

Photogrammetry and recognition of gait patterns are valu-
able tools to help identify perpetrators based on surveillance
recordings.

We have found that stature but only few other measures have
a satisfying reproducibility for use in forensics.

Several gait variables with high recognition rates were
found. Especially the variables located in the frontal plane
are interesting due to large inter-individual differences in
time course patterns.

The variables with high recognition rates seem preferable
for use in forensic gait analysis and as input variables to
waveform analysis techniques such as principal component
analysis resulting in marginal scores, which are difficult to
interpret individually.

Finally, a new gait model is presented based on functional
principal component analysis with potentials for detecting
individual gait patterns where time course patterns can be
marginally interpreted directly in terms of the input vari-
ables.

In this presentation, the above methods will be discussed
exemplified with forensic cases.

1 INTRODUCTION

Recognition of gait patterns has been studied $ntely
during the last decades both with respect to examiiiffer-
ences between groups in biomechanical gait anadysisto
identify perpetrators based on surveillance reogsli

At the Unit of Forensic Anthropology, University Gfopen-
hagen, the police provide us with surveillance réicgs
from crime scenes and of suspects. Based on theselings
we conduct forensic image analyses such as derhity

» o

Figure 1 — Inverted ankle during stance.

2. STUDIES

21  Gait analysisin Forensic medicine

In the first study we described how biomechanicait g
analysis could be applied to use in forensics [1].

We have combined the basic human ability to recmgni
other individuals with functional anatomical andorbie-
chanical knowledge, in order to analyze the gajterpetra-
tors as recorded on surveillance video. The peaafuet are
then compared with similar analyses of suspects.

Using a structured checklist, which addresses thgles
body segments during gait, we give a statemeriteigoblice
as to whether the perpetrator has a charactegiatigattern
compared to normal gait, and if a suspect has gamable
gait pattern. We have found agreements such agingn
varus instability in the knee at heel strike, larg¢eral flex-
ion of the spinal column to one side than the otimeerted
ankle during stance (Figure 1), pronounced saditésd-
movements, and marked head-shoulder posture.

Based on these characteristic features, we stad¢hethsus-
pect and perpetrator could have the same identityitbs
not possible to positively identify the perpetratdeverthe-

measures by use of photogrammetry, matching ofalfacijesg we have been involved in several cases whereourt

characteristics and biomechanical analyses of §aé.work

results in statements to the police which are aseelvidence
in court.

In a series of studies we have examined photogramaed

gait analysis in order to develop and validateube of pho-
togrammetry and gait analysis in forensics.

© EURASIP, 2010 ISSN 2076-1465

has found that this type of gait analysis, esplotambined
with photogrammetry, was a valuable tool.

The primary requisites are surveillance cameraerdat
with sufficient frequency, ideally about 15 Hz, sfhiare
positioned in frontal and preferably also in prefiiew.
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Figure 2 — Box-plots of the differences between dsterminations

of points. The whiskers show the"Land 98 percentile. Notice the

low reproducibility of all points compared to a Wwaéfined point on
the floor (except the intra-observer location @ #pex).

2.2 Variability of bodily measures using photogram-
metry

Photogrammetry is used in forensics to help idgm#rpe-
trators from crime scenes by way of surveillanatesi but
the reproducibility of manually locating hidden lyeggbints
such as the joints remained to be established.

In the second study [2], we therefore quantifiegl ititerob-
server variability (between two observers) of loggtody-

points and deriving bodily measures (height to rflamd

1.5 cm and the height from the acromion to flooulddbe
reproduced with about + 2.5 cm.

The differences in placement of the points usedetermine
segment lengths are shown in figure 2. Only theregfce-
point on the floor has good reproducibility. All dyepoints
show larger deviations and variability, and thenpoigener-
ally have lower reproducibility in the inter-observstudy
than the intra-observer study. The points at tipeanid knee
have the lowest reproducibility, especially in p&sghere no
flexion is present in the joints. Flexion only sestm result in
markedly better reproducibility in the ankle anc&rjoint in
the intra-observer study.

The following segment lengths were determined basdide
body points: head height, trunk, shoulder widthydo arm,
upper arm, lower + upper arm, calf, thigh and ¢aliigh. To
examine whether any of the segment lengths couigsed to
distinguish between people of similar stature, tiwemal
variation in body segment lengths was determinesdan
39 men with the same stature (177 £ 1 cm). Anthmogtdc
measurements of these men were obtained from ttienldh
Institute of Occupational Health (NIOH) in Denmdi¥.

The standard deviation x 2 of these measuremergsused
as the prediction limits of how much a given bodgraent
length may deviate between men of the same stdfuitee
95% upper prediction limit (UPL) of a given bodygegent
length found in this study was less than half thgation in
the reference group, this segment length was dkfaea
possible contributor to distinguish between mersidfilar
stature.

The height of the head had the lowest LPL/UPL drete:-

segment lengths) based on these points using 3Bo-phofore the highest degree of reproducibility in bptises. The

grammetry (PhotoModeler Pro 5, EOS systems) oéfift
everyday clothed male subjects (mean stature: 187
standard deviation: 5.5 cm) Each subject was recbird two
different poses: each subject’s normal standingupegpose
1) and a posture with marked flexion in the joiotdhe ex-
tremities (pose 2). One of the observers repeategrocess
two months later to establish the intra-observeratdity
based on eight of the subjects. These eight sghjeete se-
lected so the stature of this sub-group and thginaii group
were evenly distributed.

Body segment lengths were calculated with ordineagtor
calculation using the 3D-coordinates of the twanpodefin-
ing each segment. Heights to floor were calculatsihg
only the vertical coordinate of the points definthg height.
The difference between the first and second detetion of
each bodily measure in the same pose was calculated
each subject and the mean difference for all stbje@s
found. The reproducibility of a given measure wggressed
as the 95% lower and upper prediction limit whiepresents
the largest expected difference (worst-case sagriagiween
two new determinations on a new subject.

The stature and the height from the eye to floadatbe re-
produced in both the intra- and inter-observer ystwith +

last column shows that the normal variation of tread
height is within + 1.8 cm based on a heterogendd\%
male population [4]. The prediction limits for mee=d dif-
ferences of the head height were in pose 1 lesshhb the
predicted normal variation and is therefore a pdsston-
tributor to distinguish between people of differémights.
The trunk was identified as a possible contributodistin-
guish between people of similar stature based erNiOH
study in pose 2. The lower arm and the measuréseoleg
seems to be markedly better reproduced in posenpaed
to pose 1. These measures could nearly fulfillctiiteria for
being a possible contributor to distinguish betwesn of
similar stature.

All segment lengths had lower reproducibility limiin the
inter-observer study than in the intra-observedytand no
measures could contribute to distinguish betweeplpeof
similar stature.

Two studies [5,6] have shown excellent agreemensée-

eral body segment lengths and height measuremetwgén

perpetrator and suspect in case studies. Howewegut

knowledge, no one has examined the reproducitufitiow

body-points are placed or the length of other yaaiéasures
than the stature.
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We found that the position of a clearly definederefice
marker on the floor could be reproduced within €nh The
same degree of accuracy has previously been repoitie a
similar method [7]. In this study, all body-point&re more
difficult to reproduce than the reference pointeTpoints,
which were located on the surface of the body (abye and
acromion), were the best-reproduced points andrepeo-
ducibility was equally good in the intra- and intdaserver
study.

When the points were placed in the joints hidderlbthes,
the reproducibility generally decreased, especiallthe in-
ter-observer study. We found highest variabilitiytfte points
at the hip joint and the straight knee joint inggdswhere the
joint position was very difficult to locate becausfeahe loose
fitting trousers in this pose. We therefore expbat the re-
producibility of the points not covered by clotheghe head
would decrease if a perpetrator covered the heatlid case,
we propose to use the most pronounced parts datieeas
measurement points; e.g., the eyes if they candam s
through holes in a balaclava or a possible prontimese
seen in profile.

We could reproduce the stature to within aboutch so,
other bodily measures may only be relevant if theyide
additional information. Therefore, the reprodudibiof other
bodily measures has to be good enough to detdetatites
within normal variation in body segment lengthswsn
subjects of similar stature.

We found that the only the trunk in pose 2 couldubed to
give additional information in the intra-observardy. How-
ever, with the joint of the extremities flexed iose 2, several
other body segment lengths seemed to be bettevcheqed
than in pose 1 and they could nearly fulfill théesia for
being a contributor to distinguish between men ipfilar
stature.

The height of the head was determined on basismg of
most reproducible points and showed the lowest UPL/in
this study. Still, it was only in one of the poseghe intra-
observer study this measure could be used to gliissh be-
tween men of different heights. This indicates thaen
though the points at the head are reproducible ntrenal
variation in measures of the head is so small fnito-
grammetric measurements are too imprecise to détect
differences.

In the inter-observer study, no body segment lengtbre of
such reproducibility that they could detect diffeces within
men of similar stature. This poses a problem becass of
photogrammetry in forensic medicine must be inddpah
of the observer. However, the better reproducibilit the
intra-observer study suggests that it is possibl@riprove
the inter-observer variability if better guidelin&s plotting
and identifying points are developed. Furthermdfeywo

different observers had to determine body segneswgth of
perpetrator and suspect, respectively, they worddymably

come to similar conclusions because this wouldameinde-
pendent intra-observer situations.

It has also been suggested to use an approach ebates
and calculates the 3D position of points autombyidzased
on a single 2D image [8-11]. However, these methedsire
the use of a biomechanical model combined with mber
of control points on the body that have to be plas®nu-
ally, so the problem of locating the body-pointswaately
remains to be solved.

If more images from the crime scene are availablepuld
be possible to measure several poses and use tie ase
proposed by other studies [7,12]. In this casepufld be ex-
pected that the mean difference of the severatrdatations
of each measure would also approach zero. The fuge o
mean may probably result in a more accurate detation
so all the body segment lengths presented in tiniy/ possi-
bly may be used to distinguish between men of Hmes
stature if several images are available.

In model-based approaches in computer vision sedi3
the joint centers are located by use of algorittamg joint
angles are estimated. It would be interesting teestigate
whether such techniques could be applied to impree
estimation of segment lengths.

Measuring stature and segment lengths of the patpet
from surveillance video has the possibility of badny a

valuable forensic tool because the measures areeggmated
part of the offender. At present, the method candesl effec-
tively to exclude a suspect if the anthropometreasures of
the suspect and perpetrator are entirely diffe@ntthe other
hand, if the perpetrator and suspect do have simissures,
we can only state in court that we cannot exclbhéestispect
as the perpetrator. However, if both perpetratat suspect
are very short or tall, this can also be a valuatdeement. To
give a more specific statement of the value of evigt, a
database for the population of subjects has to vk

(Lucy, 2005) such as the reference base usedsrstidly. If

the reproducibility of localizing body-points caa bnhanced
it could be possible to provide the court with arenspecific

value of the evidence — given that the person istion is

known to belong to the same group of people asidet in

the database.

2.3  Gait recognition using biomechanical variables
Recognition of gait patterns has been studied sntety
during the last decades. Different gait strategjiage been
elucidated by applying different waveform analysesh-
nigues to biomechanical gait data and it has beewrs that
individuals can be identified using joint angleghe sagittal
plane. However, little is known about additionatighles for
gait recognition.

In the 3 study [14] we therefore examined which biome-
chanical variables (joint moments, joint angles aagment
angles from the lower extremities) obtained in 8iclini-
cal gait lab (using the marker setup and 3D invdsgemics
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approach according to [15] could be used to diststgbe-
tween 21 subjects on two different days.

Six trials were recorded for each subject, norredlizo
100% step cycle and averaged for each test day.tifriee
course pattern of each variable for each of thesiijects
from the first day was used as reference. The rimgjolrari-
ables from the second day for each subject wernedes
against the 21 references in order to identifysdmme subject
on the second day.

Four different statistical measures were used topawe the
time course patterns of each variable. The firstehvere
relative reliability measures: 1) The Intra classrelation
coefficicient (ICC 2,1) [16], 2) the lower bound thie 95%
confidence interval of the ICC and 3) Pearsonisetation

normally result in marginal scores which are diffico in-
terpret individually.

Subject 1 Subject 5

AA joint angles AA joint angles

o
e
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0 50
% gait cycle

Figure 3 — Joint angles (degrees) for six trialghe frontal
plane for two different subjects to illustrate wiven inter-

50
% gait cycle

100 100

analysis The fourth measure was a measure of absolute re subject variability (hip: solid curve, knee: slagitted curve,

ability, the mean square residual from the repeatedsures
ANOVA [17].

In several cases we found a systematic “DC-offbetiveen
the two days, presumably due to variation of magiace-
ment. This systematic bias resulted in lower rettmgnrates
obtained with the ICC and the lower bound of theC,|C
which are affected by such systematic bias, condptarehe
Pearson’s correlation analysis and the mean sgeaigual
from the repeated measures ANOVA which are unaftebty
systematic bias [18].

This off-set could be removed by taking ttie derivative to
the displacement data. Especially tiederivative of the
joint angular and segment angles in the sagittel feontal
plane provided high recognition rates and it wassjtbe to
recognize all subjects by combining three of thesgables.
This is in concordance with other studies [19-21jick
found that combining more variables leads to beliwarimi-
nation.

The variables in the sagittal and frontal planerssgkto pro-
vide higher recognition rates than the variablethentrans-
verse plane. The relatively high recognition rabe éach
variable is encouraging for the use of gait analysiorensic
medicine where less optimal setup of surveillanggtesns
often restricts the number of gait variables that be ana-
lyzed [1] and the frontal plane (front-view) is particular
interesting because surveillance systems commaelyde-
signed to record subjects in this plane [22].

Furthermore, the joint- and segment angles in thetdl
plane showed high inter-individual variation (FiguB),
which make them interesting for use in waveformlyses
such as Fourier transformation or principal compor@aly-
Sis.

24 New approach for gait data modelling

The variables with high recognition rates foundhe previ-
ous study seem preferable for use in forensic ayaatysis
and as input variables to waveform analysis tealescsuch
as principal component analysis. However, thesenigoes

ankle: dotted curve).

We therefore developed a new gait model [23] based
functional principal component analysis with poigistfor
detecting individual gait patterns where time ceupatterns
can be marginally interpreted directly in termsttoé input
variables. The model has potential for recognizimdjvid-
ual gait patterns as shown in Figure 4.

The study is based on the same data as studgah lie seen
in figure 4 that this model might have a poterféalrecogni-
tion but the day to day variation have a remarkablgative
effect illustrated by the subject depicted in bllteés uncer-
tain whether this between-day variation is causgdadria-
tion in the subjects’ gait or it can be explaingddifferences
in the experimental setup such as differences enntlarker
placements as described in study 3. Markerlessagaitysis
could be applied in an attempt to eliminate thigaomaource
of error.

3. CONCLUSION

At present biomechanical gait analysis is a vakiabbl in
forensic medicine especially when combined witheoth
analyses such as photogrammetry. However, the ityagir
bodily measures have questionable reproducibilind a
should be used with caution.

Especially the angular rotation data in the froptahe have
an interesting potential for recognizing individugit pat-
terns and we have proposed a new gait model, atbope-
tential for recognition purpose, where the outcarae be
interpreted in terms of the input variables.

1663



® Day1
& Day2

Eigenfunction 3

20

Eigenfunction 2

: 'ﬂﬂ HI’

Eigenfunction 1

Figure 4 — Projection of gait data (ankle, knee ipdoint angles in
the sagittal plane) onto the first three eigenfiamst from five indi-
viduals with 8 individual measurements measurethardifferent
days. Points with the same color indicate obsermatirom the
same individual.
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