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Quantitative Kkinematic analysis of sporting movesents is particularly critical and stressing for the
measuring devices and the processing algorithms. Past movesents and hardly detectable, slight differences among
performances contribute to make this task more difficult. Moreover the speed of movepent through the field of
peasurement, frequently allows to record only few samples on which werely for the analysis. The problems which
arise froa this condition include the choice of the device used to collect data together with a proper sampling
rate and the design of procedures for data processing, such as filtering and derivate assessment.

Several equipments for kinematic studies bave been developed relying on different physical principles
(ultrasound, resistive electrogoniometers, accelerometers, cinematography and optoelectronic transducers). The
less interfering measuring instruments are cinecameras and optoelectronic devices, but only these latter cen
guarantee the proper measurement accuracy. The systems based on optoelectronic sensors rely on the measurezent
of the displacement of a limited set of wmarkers fixed to the body landmarks { Woltring, 1984, Lanshammmar,1332).
These latter must not interfere vith the movezents of the subject under analysis. FPor this reason systems
enploying passive small lightweight markers are preferable while those using LEDs (active markers) create
probless due to wires and pover supply packs.

The accuracy of the measurement and the sampling rate are strictly connected with the performances of the
data processing algerithms. The evaluation of joint angles and linear and anqular velocities and acceleraticns
are heavily affected by acccuracy and sampling frequency (Gustaffson and lLanshasmar, 1977).

A first attempt to establish the frequency content of some of sporting movesents in order to state
a correct sampling rate was made by these authors (D'Amico et al., 1989). The purpose of this paper is to
concentrate the attention on a specific movement and to analyse its frequency content by a statistical peint of
viev. Six trained runners of different sex and height have been analysed while running on a treadaill 2t 15 ka
per bour. This basic movement bhas been chosen because of its repeatability, necessary for the creaticn of
a consistent statistical data base. The kinematic data collection has been performed with the ELITE systes at
the Bioergineering Centre of dilan.

The Power Spectrunm Density (PSU} of the displacements of several landmarks has been estimated by a forard
backward autoregressive (AR) model fitted to the data. This operation has been carried out or the X {advancing
direction) and Y (vertical direction ) co-ordinates of 8 markers placed on the main reference points of the
subjects body. The choser reference point are those necessary to identify the main joint angles and the centres
of pass.

The frequency content bas been estimated as the frequency bounding the 99.5% of the power in the frequency
domain.

The study has been also used to evaluate the appropriateness of the choice of the cut-of frequency of the
filtering technique propesed by D Amico and Ferrigno, 1990.

The data were sampled at 100 Hz and successively undersaspled at 50 Hz in order to test the sufficiency of
this last sampling rate for the analysed motion, given the signal to noise ratio {SNR).

Pinally some considerations are done on the possibility of using the frequency content of selected body
landnark displacement to identify motor patterns related to different classes of athletes.

INSTRUMENTATICH

The Xinematics of the movements has been recorded with ELITE Systea (Ferrigno and Pedotti, 1385) & fully
autcmatic motion analyser. The instrumentation measures the displacement of reflective hemispheric landmarks
appiied to the subject, the size and weight of the markers do not interfere with the execution of the movezent.
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The systes confiquration adopted was based on two CCD 7V caseras placed 6 3 far from the advancing plane
of the subjects. This arrangesent allovs the computation of the three dimensional disglacenent of the markers.
he optical axis of each TV camera was approximately borizontal and inclined of +\~ 35° on the perpendicular to
the advancing plane. The field of view vas ¢ m and the accuracy of the measurements equal to 1.42 ma, being the
accuracy of the systes 1\2800 of the field of view.

The cameras are electronizally shuttered to be sensitive for 1 millisecond per frame, thus allovwing a sharp
sampling of the imige. The sampling rate was 100 images per second and the subjects were 1it up by infrared
flashes, synchronised vith the electronic shutter.

The three-dimensional coordinates of the markers were computed by using the stereophotogrammetric
paraseters of the cameras. The parameters, previously computed during the calibration procedure, are obtained by
the acquisition of a control grid of landmarks of known geometry placed on different positions of the field of
viev.

All the data vere acquired and stored on 2 personal computer Olivetti XP3, IBN compatible with a 80386
INTEL microprocesor and mathematical co-processor.

SUBJECTS

Subjects of the experiments were six trained runners (average body veight = 598 N, height = 1,71 w,
age=24.1 years) all practising athletics at regional level. Three athletes usually run in competition 400m while
the other three were devoted to 1500-5000 a.

PROTOCCL

On each athlete eight markers were placed on the following anatomical landmarks: temple, shoulder, elbow,
wrist, hip, Imee, ankle, 5th netatarsal head.

After 20 minutes of warming up, the subjects run on the treadmill at the fixed speed of 4.15 m\s. When the
pace was reached, the acquisitions, consisting of 12 records of 3 sec., were performed.

Each record contained, at least 2, complete cycles of running.
The data so collected undervent a further software process: the tracking procedure and the three dimensional
reconstruction.

The frequency analysis has been carried on the X (horizontal antero-posterior} amd Y [vertical)
co-ordinates of each marker by means of a proper computing progras.

The results so obtained were (see belov for details):

~frequency neglecting 0.5 § of the signal pover;
- cut-off frequency at vhich the signal to noise ratio falls under 50 (at 50 and 100 Bz).

SPECTRAL ESTIMATICN

Makhoul, 1375 and Kay and Marple, 1981, made exhaustive reviews on the techniques vhich can be used for the
estimation of the PSD of a deterministic signal or of a stationary stochastic process.

Among these techniques, the use of AR models guarantees good PSD estimates and 2 lot of well proven
algorithns. The advantages of these are the availability of continuous PSDs and the posibility to work with
short data recordings, not unusual condition in sporting movement data collection.

Among the available algorithms, our choice has been orjented to the’ forward backward least square technique
{also called modified covarianced which allows to obtain very sharp PSD estimates (Ulrych and Clayton, 1976,
Muttall, 1976) vithout shoving spectral line splitting or biases (Ray and Marple, 1981, Marple, 1987).

A description of hov this algoritha has been implemented and used for our purpeses can be found in C'Amico
and Ferrigno, 1993 and D'Amito et al., 1989,
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SIGHAL BANDWIDTH ESTIMATION

Three bandvidth values have been determined for the purposes of this paper. The first one represents the
frequency content of the signal. The sacond and third are the cut-off frequencies of the above cited filter with
sample rate of 100 and 50 Hz respectively.

FREQUENCY CONTENT OF THE SIGNAL

A theoretical bandlimit to the biomechanical data does not exist (Slepian, 1976). The handvidth of the
displacesent data extend up to very high frequencies, although vith negligible power. Bowever it is reasonable
to bound the PSD of & signal where the SNR falls under a given value {Lanshamsar, 1982). The frequency content
bas thus been approximated at the frequency by which the 99.5% of the total pover in the frequency domain is
bounded. The 0 Bz component has been removed before the computation because it depends on the absolute position
of the landmark in the space. Once this dominant component has been removed, the left 0.5% of the PSD can be
reasonably thought to be mainly noise. .

In x previous work (D'Amico et al., 1989), ve took into acount also the frequency bounding the 99% of the
PSD power. We found, by examining the differences between the 99% and the 99.5% frequencies, that the power of
the PSD of our signals rolls off smoothly in those regions. The study shoved that the 99.5% frequency gives
3 better approximation than the 99%, vithout suffering for the typical oscillations that PSDs of noisy signals
estinated with high order (15) AR wodels show at bhigh frequencies. The 99.5% frequency was in fact consistently
correlated with and not randoaly different from the 39% one. Beyond the 99.5% of the total power the above cited
protleas arise. It is difficult to set a further threshold (let say 93.7% for example) over vhich the bounding
fraquency increases without random ascillations.

FILTER CUT-CFF FREGUENCIES

The filter cut off frequencies at 50 and 100 Hz respectively are set (D'Amico and Ferrigno, 1330} at the
frequency for which the SNR falls below 50 (-3¢ dB]. fthe noise power is estimated as the mean pover in the last
20t of the Nyquist frequency, where, practically, the noise is predominant (D'Amico and Ferrigno, 1930). Since
the dats have been sampled at 100 Hz, the 50 Az cut-off frequencies have been obtained Irom the same datz, by
sizple undersampling: i.e. the data record have been reduced to one half discarding one sample every two.

RESULTS

The 99.5% frequencies for X and Y co-ordinates of all the markers (mean and standard deviations) averaged
on all the subjects and trials are reported in Figure 1. The mean values ranged between 2.48 and 6.28 Hz vwith
low standard deviations {4 to 31t of the mean value). With exception of 1X and 5X, that as we will see hereafter
suffer fros inter-individual differencies, the scattering of the 99.,5% of all the other markers is extremely
small.This peans that the obtained statistics are reliable and can be taken for reference in deciding the
bandwidth of each landmark displacement data set.

The 100 Hz cut-off frequencies of the fiiter are hounded between 4.6 and 11.6 Hz vith standard deviations
rarging between 7 and 23% of the pean value (Pig2). Comparing these values with those of Figure 1 we can see
that toe filter cut-off frequencies always exceed the 99.5% pover boundary. This means that the cut-off
frequency practically extracts all the possible information from the signal, although maintaining an high S¥R
which allows to obtain good quality derivatives.
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Pigure 3: Xean and standart deviation of the filter cut-off frequency at 50Hx of X and Y coordinates od all
markers

Pigure 3 shows the filter cut-off frequency values on the same data undersaampled at 50Hz. Also in this case
the filter saves more than 39.5% of the signal pover.

The high homogeneity of the population, evidentiated by the low standard deviations of the data in Piqures
1, 2 and 3, shows the existence of similar motor co-ordination patterns in the examined subjects. This fact is
related to the good motor strategy achieved by the athletes in order to optimise the efficiancy of the motion.

Figure 42 and b reports the mean values and standard deviations of the 99.5% frequency averaged, for each
subject, on all the markers and trials. No inter-individual differencies among the athletes seem to arise from
these data, but vhile on the Y co-ordinate the standard deviations are small, these become more important on the
X co-ordinate. This fact seess to indicate that, being the progression the task of the run, the vertical
movesents of each marker are Xept as low and smooth as possible, while in the advancing direction bigger
variability is tolerated.

Pigure 5a and b repor: the behaviour of selected markers (those presenting the maximum variability in
Pigure 1). Considering the antero-posterior movement (X} of the bead marker, we can see that the three.athletes
mrked vith a star, shov a lower 99.5% frequency than the others. This three athletes are long distance runners,
vhile the others are 400 m runners.
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Fiqure 4: Maan and standard deviation of the 99.5t frequency for all the markers of each subject
i coordinate (a) and Y coordinate {b)

Piquze 5b reports the 93.5% frequency of the horizontal movement of hip marker. In this case the subjects
are ordered by beight (from 1 to 6, 6 is the taller). The correlation of the frequency with height is evident
with a linear correlation cosfficient of -0.87 and with a probability of 0.024.

.

a Y —
E L
3r ' a!
? ! * i - ‘
T b el D b :
. o J— b : v . | i i
ar '%17% e T RS SN T N A R A O ;
} Pl R o = T = N I
e e R N . oo o P
ooy I A X Lo P Pl
ih H i b ; i | - Lo [ : 1
SRS N U T A N iR N
i H : b I v H i |
I RS ; L I RS
2 H N i PR - 9 H ‘A
3uB SUR2 568 SUB & SuB 3 suts s sua suB2 SUB3 sUB < suB 3 suas

Figure 5: ¥ean value of the 99.5% frequencies of X coordinate of marker 1 {a) and 5 {b).
Stars indicate the long distance runners,

.

CONCLUSICNS

The frequency conten: analysis perforsed shovs the necessity to process each co-ordinate of each sarker
with a proper cut-off frequency. Using an unique cut-off value should cause overspoothing of some co-ordinates
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and undesirable noise effects on others. The proposed 99.5% frequency, for each sarker co-ordinate, represents
a good approximation when only angles and displacements must be assessed and is valid for a wide range of
measuresent systems.

In the case in which first and second derivatives sust be computed, the problem requires more attention.
The cut-off frequency presented depends, in fact, on the SNR and saspling rate of the measuring systess, as
stated by Gustaffson and Lanshammar, 1977, An assesssent of the measuring system is thus mandatory before
starting the data processing. Furthermore one must be sure to extract the maximm allovable information from the
data, because small differencies in displacements can cause effective deviations in the final performance. For
exasple, differencies between welocities and accelerations can easily be masked by the choice of an erroneous
cut-off frequency.

Although this paper vas mot oriented to the interpretation of the frequency content as characterising the
individual motor pattern, the observations made about the data reported stimulate a deeper analysis on
inter-individual differentiatiors.
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