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quantitative kinematic analysis of sprthq wverents i s  particularly critical and stressing for the 
masurirq devices and the processing alqoritha. Past mvueats and hardly detectdhle, slight differences anong 
performances contribute to make this task mre difficult. Braover the speed of wmt tbroqh the field of 
masuremt, f repn t ly  allows to record only few sm@les on uhich wrely for the analysis. Tbe pr0bleDS vhich 
arise fron this condition include tbe cbice of the device ured to collect data together with a proper saqling 
rate and th design of procedures for data processing, such as f i l t a r iq  and derivate assessment. 

Several equipcents for kinelatic studies have been developed relying on different physical principles 
(ultrasound, resistive electrcqoniomters, accelerometers, cinemtography and optwlectronic transducers). The 
less interfering wasurirq instrments are cinecameras and optwlectronic devices, but only these latter can 
guarantee tbe proper ~ a n u e a e n t  accuracy. The system based on optwlectronic sensors rely on the measurewnt 
of tbe dis?l&cement of a limited set of cdrkers fixed to the body l ~ k s  ( Y o l t r ~ , l ~ 8 4 ,  Lansb3omar,139:). 
These latter wt mt  interfere vith the wvwnts of the subject under analysis. For this reason sj.stem 
mploying passive small lightwight mrkers are preferable vbile those using LECs (active rparkers) create 
problems due to wires and powr supply packs. 

The accuracy of the srasurement and the sampling rate are strictly connected with the jxComnces sf t:e 
data ~rocessiq alqorithrs. The evaluation of joint aqles and linear ard anqular velocities anl acceleraticns 
are heavi:y affected by acccuracy and sampling frequency (Gustaffson and Lnshammar, 1977). 

A f i rs t  attempt to establish the frequency content of some of sportinq wveaents i n  order t~ s b t e  
a correct saqling rate was made by these authors (D'hico et al., 1989). The plnpose of this paper is t g  

csncentrafe the attention on a specific mvemer,t and tc aralyse its frequency conten: by a s t a t i i t iu l  ~f 
viev. S i x  trained ramers of differat sex and beiqht have been a~lysed  vhile runninq on a treadnil1 a'. 15 h 
per bour. This basic novewnt has been chosen because of i ts  repeatability, necessary for the creatim of  
a consiste?t statistical dab base. The kinemtic data coilection has been perfomel riL$ the ELITE syj:sn a: 
t?e Bioe~qinering Centre of tilan. 

The Power Spectrum Density (PSCJ of the displacewnts of several landmarks has been estimated by a f;r.ar! 
backward autoreqresjive (AR) &el fitted to tne data. This operation has been carried out or the X :adu:.xinq 
direction) ard Y (ver t ia l  direction ) co-ordinates 3f 8 mrkers placed on the main reference pints  of tbe 
suhjects My. The choser: reference point are t h e  necessary to identify t.. main joint angles and the - .e..trej - . 
of sass. 

The frequency cmtent has keen estinated as the frequency boundinq the 99.5\ of the pver in the f re~~ercy  . dcmain. 
The sbdy has been also used to evaluate the appropriateness of the choice of the cut-of frqency of the 

filterinq technique propcsed by D' Atico and Ferriqna, 1990. 
The data were sampled at 100 Hz and successively undersaapled at  50 Ez i n  order to test the sufficiency c: 

8 this last saqling rate for the analysed motion, qiven the s i w l  to noise ratio (SNR). 
P i ~ l l y  some considerations are done on the possibility of using the frequency content of selected My 

landurk displacement to identify motor patterns related to different classes of athletes. 

The k.nw,tics of the wvewnt.s has ken recorded vith ELITE System (ferriqno and Pedotti, 1985) a fully 
auto~dtic wtim analysa. T%e instruwnbtion arasures the displaceaent of reflective heais~heric landmts 
appiied t? the subjest, t9e size and ~ i q h t  of the kirkers do not interfere vith t!e execution of the wvexnt. 
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The sysyrter amfiguration adopted bas b a d  an two CCD TV wmru placed 6 1 far Iron tba adwing plaac 
of tbe subjects. This maqement allovs the c o r n t i o n  of tbe thrae h i m 1  dis la-t of tbe larten. g optical axis of sach Tb' carera was approximately boriwntal an3 inclined of +\- 35 on tbe perpndieolar to 
the advancing plm. 5s field of viev vas 4 a an3 tbe accuracy of tbe masuremts -1 to 1.42 n, kirq tbe 
accmacy of the system 1\2800 of tbe field of v i a .  

Tbe camras are el-lly shuttered to be sensitive for 1 ullisecord per frame, thus allovinq a sbKp 
saaplinq of the imp. B e  wing rate was 100 irages per secwrd Md tbe subjects w e  lit up by infrared 
flashes, syndxoniscd mth tbe electronic shutter. 

?he threedimarioml coordinates of the wken we cm@d by using tbe stewopbotogrametric 
p r m t e r s  of th cauas. Tb prmtera, praviculy cow during the calibration p d u r e ,  are obtained by 
the acpuisition of a control grid of landearks of how gemtry placLd on different positions of the field of 
viev. 

Nl tbe data verr acquired and stored on a penom1 aaputer Olietti XP3, IM compatible vith a 80386 
nicropmcesor ad m ~ t i c a l  co-processor. 

Subjects of tbe eyperimts were six trained runners (average M y  veigbt = 598 1, beiqbt = 1.71 1, 
ages24.l years) a l l  practising athletics at r q i o ~ l  level. lhree athletes usually run i n  coqetition 4OOm while 
the other three were devoted to 1500-5000 n. 

On each athlete eight markers were placed on the folloving anatodcal landaarks: temple, shoulder, elbw, 
vrist, hip, b w ,  k-kle, 5th wtatdrsal head. 

After 20 unutes of varmirq up, tile suk jects run on the treadnill a t  the fixed sped of 4.15 a\s . Yhen the 
pace vas reached, b e  acquisitions, mnsistirq of 12 records of 3 sec., e r e  performed. 

each record contained, at least 2,  coaplete cycles of m i n q .  
data so collected underdent a f w e r  software process: the tracking procedure and the three dimensiml 

reconstruction. 
The frequency analysis bas hen carried on the X (horizontal antero-posterior) and Y (vertical) 

m-ordinates of each mrker by mns of a propr computing program. 

Ibe results so obtained vere (see below for defli!~): 
-freqwcy r q l e c t i q  3.5 1 of the signal pover; 
- cut-off f r q m x y  at  vhich the signal to noise ratio falls under 50 (at 50 and 100 Bz). 

SPECTRAL ESTIlUrICN 

Hakhoul, 1975 zrd Fay and Harple, 1991, made exhaustive revier; on the techniques vhich can be used tor the 
estimtion o! tbe PS3 of a deterministic signal or of a stationary stochastic process. 

hang these techniques, the use of AR d e l s  guarantees q d  PSD estinates and a lot of vell proven 
algorithms. The advantages of these are the availability of continuous PSDs and the psibi l i ty  to vork vith 
short data recordinqs, not unusual condition in sporting wvwnt data collection. 

Ammong the available algorithms, our cboice bas heen oriented to the'fomrd backvard least square technique 
(also called adified covariance0 uhich allovs to obtain very sbarp PSD estimates (Ulrych and Clayton, 1976, 
b t t a l l ,  1976) withut sbovirq spectral line splitting or biases (Kay and Harple, 1981, Ihrple, 1987).  

A description of bow this algorithm has been implemented and used for our purposes can be found i n  C ~ ~ C O  

and Fenipno, 1993 and DIAaico et  al. ,  1989. 
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Three bandwidth values have been d e t e ~ n e d  for the plnposes of this p p r .  Ibe f i rs t  one represents the . freqoury content of the signal. Tbe he racond third are the cut-off frequencies of the above cited f i l ter  with 
q l e  rate of 100 and 50 Ez respectively. 

1 

PReqm a m  OF TEE SICWAL 

A theoretical b a n d l i t  to the biolechanical data does m t  exist (Slcpian, 1976). The bandvidth of the 
displacenent data exterd up to very high frequencies, altbougb with negligible power. Bovever it is reasonable 
to bound the PSD of a signal vbere the SNR falls under a given value (Lansbauar, 1982). The ffrerluency content 
has thus teen approximted at  the freguency by which the 99.5t of tbe total ponr i n  tbe frequent/ domain is 
tomled. Tbe 0 Bz copnent has been renoved before the coqutation because i t  d e w  on the absolute position 
of tbe landnark ir! the space. Once this doninant ccmpnent has been re~mved, the left 0.5t of the PSD can be 
reaso~bly tbouqht to he gainly wise. 

In a previous wrk (D'hico et al., 19891, w toci into acount also the frequency boundiy tbe 99't of the 
eSC pver. He fowd, by exanining tbe differences ktveen tbe 99% and tbe 9 9 . 3  frequencies, that the pwer of 
the PSD of our s i g ~ l s  rolls off sawthly i n  those regions. The study sbowd that the 99.51 frequency gives 
a k t t e r  a~~roximation than tbe 991, without suffering for the typical oscillations that PSCs of noisy signals 
est imtd vitb high order (15) AR lpDdels show at high frequencies. The 99.51 frq~ency was i n  fact consistently 
correlated vith and not randonly different iron the 991 one. Beyond the 99.5% of the total p e r  the above cited 
problem arise. I t  is difficult to set a further threshold (let say 99.71 for example) over vhich the bounding 
frquenc.: increases without radon asci!lations. 

FILTER CT-CFP FREG2?+C:S 

The filter cut off freqwnc~es at 50 and 100 Hz respectively are set (D'hico and Ferrigm, l3;0! at t ? ~  
frequency tor vhlcb the SHR falls klov 50 (-I(  a]. The noise pver is estimated as k e  KI?dn pver in the l ~ j t  
201 of b e  Nyquist !reqwncy, where, practically, the noise is predominant (D'Amico and Ferrip,,  1193). Smce 
t9e data have been sampled a t  103 Br, the 53 Rz cut-off frequencies have been obtained irom the sax data, c j  

sizple undcrsacplinq: i.e. the data record have teen reduced to one half discardirq one saqle every t i a .  

The 99.3 frquexies for X and Y co-ordinates o! a i l  the markers (mean and standard deviationsj averaqe? 
on a l l  tk,e sstbjects and trials are reported in Piqure 1. The mean values ranged betveen 2.49 and 6.28 Hz with 
loii stands::! deviations ( 4  to 31t of the wan vahe). With exception of 1X and SX, that as ve vill see hereafter , 
suffer from inter-individual differmies, the rattering of the 99.5t of all the other mrkers is extrezely 
sm!l.This means 'At the obtained statistics are reliable and can te taken for reference i n  decidinq the 
bandwidth of edcb l~dmark displacemt dab set. 

The 139 Hz cat-off frequencies of the f i i ter  i:e blinded betideen 4.5 and 11.6 Hz with standard deviations 
ranqing between 7 acd 231  of the wmedn value (Pig2). Co~par~q  these values with those of Figure 1 we can see 
tb: toe f i l ter  cut-off frequencies always exceed the 99.5t pver boundary. This means that the cut-of: 
frequency practically ex'~acts a l l  the possible information fro1 the signal, althoqh maintaining an high SNR 
vhich allows to obtain gmd quality derivatives. 
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figure 1: Hem standart deviation of 99.51 Fiqure 2: )lean ard stardard deviations of tbe 
frequency of X an] 1 coordinates filter cut-off frequency at  100 Hz 
of al l  a a r k u t  of X ard Y coordi~tes  of a l l  parkers 

- 
-;- m ;,:a 

Figure I :  llean and stakrt deviation of t& filter cut-off frequency at SO& of X and Y coordinates od d l !  
larkers 

Piyre 3  shot6 the fflter at-off frequency values on the s m  data wdersanpled at 50Rz. Also in this a s s  
the filter saves mre than 39.3 of the signal p w r .  

The high boqeneity o! t?e pogulatian, evidentiated by the lov standard deviations of tie data in Pigilres 
1, 2 and 3 ,  shovs tk existexe of similar motor co-ordination patterns in b e  exadned subjects. This Iac: i s  
related t o  the good mtor strategy achieved by tbe athletes in order t o  optimise the efficiency of the motion. 

Pigure (a ard b reports tte nean values and standard deviations of the 99.51 frequency averaged, for each 
subject, on all the mrkers end trials. Ilo inter-individual differencies among the athletes seen to arise fro3 
these data, tut while on t !  Y co-ordinate the standard deviations are smll ,  these become more important on the 
x co-ordinate. Bir f x t  seem to indicate that, king the prcqression the task of t!e run, the vertical 
mvemnts of each m:Ls are ke;t as lov and smooth as possible, vhile i n  the advancinq direction Oiyqer 
variability is tolerated. 

Figure h. ad b repoc tbe behaviour of selected markers (those presenting the maxinuin variability i n  
Pigure 1). Considering the antemposterior movement ( X )  of the head marker, ve can see that the three.athletes 
mrked with a star, s b ~ v  a lover 99.5t frequency than the others. This three athletes are long distance runners, 
uhile the others are 400 r m r s .  
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Figure 4: Hean and standard deviation of the 99.5t frequency for al l  the markers of each subject 
X coordinate (a )  and Y coord i~ te  ( b )  

Figure 5b reports the 99.5% frequency of the horizontal movement of hip marker. In this case the subjects 
are ordered by height (from 1 to 6 ,  5 is the taller). The correlation of the frequepfy vith height is evident 
with a linear correlation cwfficient of -0.17 and vith a probability of 0.024. 
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Plgurt 5: Xe*n ralce JE the 99.59 frequencies of X cmrdinate o: marker 1 ( a )  and 5 ( b ) .  
Stars indicate ?he long distance runners. 

The frequency content analysis per:orxd stois the necessiv to process each co-ordinate of each airker 
with 3 proper cut-of: frequency. 7siq aii uniqe at-sff vaiue should cause oversmoothlng of some Co-OrdmnatS 
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ilad lndesirable noise a t f e c b  on OM. Tbe proporad 99.51 frspwncy, for edch m a r k  co-ordhte, npruentr 
a good approxination vben only angles and displacuents ust be assessed and i s  valid for a vide tange of 
l c a ~ u m e n t  systcrs. 

In the case in vhich f i r s t  and second derivatives nust be coaputed, the problea requires m r e  atteation. 
lb cut-off f r e p m q  p m M  depends, in fact, an the SNE and samplinq rate of tbe leasuring syste8s, a s  
stated by hnrtaffran ud -1, 1977. An assarucnt of tbo raruring oyster is thus .andatory before 
rtlrtiq tbe data pr-ing. -re one wst k sure to eitract tbe marinn allouable infonation fnn the 
data, becaw small dif ferencies i n  displacements can muse affective deviations in tbe final perforsrance. For 
exaaple, differencia be- Pclocities and acceleratiwcr can easily te msked by the choice of an erroneous 
&-off f r q w q .  

Although this papar m nR oriented t o  the interpretation of tbe frec~ucncy m t e n t  as characterising the 
individual mtor  pattern, tbe obsarvations a& about tbe data nported s t h l a t e  a deeper analysis on 
inter-individual d i f f e r e n t i a t k .  
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