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In h u m  m v w t  studies, i:: order to deterdm tbe my in which tbe'various micles cooperate to generate 
the mtion, tLe etiiaats ot the inertial and gravitatioaal force contributions are required. The f i rs t  step 
toward a quantitative description of a phenomon is always represented by the use of an adeqwtedel .  The 
design of such a &el necessitates both the assessment of tbe mass distribution of the body segments and the 
estmtion of the translational and rotational displacemt, velocities and accelerations of these latter. Nso 
the e.rterna1 forces involved in the mtion must be knm. 

Once the aforwntioned variables are assessed and the body Podel bas ken desiqned, the solution of the 
indirect d w i c  problem i s  possible and other variables, such a8 load distribution within mcloskeletal 
components, joint mwnte, energy, pover ad so a, k computed. 

The mlti'actarial analysis of t h ~  ti&? course of all these rari&les ca'~ lead to nmtor control 
interpretation md oemal activiky investigation. In order to carry out SLT~ a ~ l y s i s ,  Several body laMks 
psitions, according to tho- &model, are wesured at discrete time instants. Tbe. neasuring process, whatever the 
w?ns used, i s  quite ermr prone. kcam of +&sa errors, tie biowchanist tackles everyday the problem of 
a proper s i e l  ~rocessiq,  Since data are accpli-A, in fact, the recorded sip31 m t  be processed in so% way 
in order to  obtain correct ~rfomtion about Uie ennt to be analysed 1i.e. the space calibration prfoned to 
obbin the p u m t e r s  to be used !or space intersection from the reco:Ced 20 imges). Wreover signal processing 
is mndat?ry to co~pute further sarizhles from a data set 1i.e. the ccanputirq of velocities and accelerations of 
dispiace~nt or anqular data!. Finally, wrc informatian my be extracted frcm the data by a proper pr~esj ing 
such as frjr exnlip:e the Pover S p c t ~ a  Censity (FSD) estimate describiq the pulsation course of siqna! pove: 
and vhich can be ined tc deternine tk frequency content of th.? signal. 

The aim of this p p r  is t3 present a personal computer prqraz based J n  an original a lgori t r~ 'ihich 
aliws to obtain from n set o: data, in a siwle run, the follovirq: 

-tSe PSD of the s i a ~ l .  via autore'jressiva ( A i l )  d e l l i n 9  
-t!e frquency &lch 'binds !he signal to a qlven p e r  or to a given signal to noise rat10 [sNR).  
-the filtered s iqx l  
- b e  interplatad sjqml ( to  ,hatever sacglinq rate different froe the original) 
- 3 e  inieqral ard derivatives (first and second order]. 

All these results are obtained without oprak: intervention, i.e. tke procedure is coc~letly autoutic. 
Particular attention h s  been pay& t o  the processing speed in order to minimize tne ti= spnt  for the 
computations, feature very impnrtant in routine analyses. 

* Is pretlcusly introduced, the instrumentaticn used to collect data introduces sow amount of error 
mrrupting the useful signal. This fact obliges ts treat the data in order to remve, as possible, the noise 
superinposed on the signal i n  order to perform subseqwnt processiq. Some critical operations, such as 

I differentiaticn, magnifies, i n  fact, noise in this case, the measurement error can be amplified to such an 
extent which floocis the useful signal. Hore details abu t  this problem can be fourd in Wood (1382), Uoltrirq 
(19851, D'Anico and P e r r i p  [1988, 1990). 

The sources of errors can be various (Wood, 1982, tanshamear,l982], but in general can k suklivided i n  
systemtic ones (intrdPced by inage distortions or marker ill-psitionkq as happens at knee joint level) and 
:andom ones (mainly due to  quantisation nsise). ?he latter are the rare insidious because of their videband 
pxtm. pr t i cu l~r ly  c2uigemus for the coaputation of derivatives. 

Several wthods to solve the problem of noise mqnification in processing biomechanical date have been 
described i n  l iteratux, relyirq on tk  and frepency domains abproach. In D'Amico and Ferrignc, 1985 an 
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original techniqw characterised by a freqwncy doaain approach was propcsed. A new and extended version of this 
ms later described in D' Adco and Perriqno, 1990. 

?be idea underlyiq the proposed new technipue is to perform the noise suppression by using 
a batch-adaptive filter. The cut-off frequency of this latter is set by assessing the PSD of the zeasuremenr 
(signal plus noise) via AR podelling. 

Pip-e 1 shows the a i q o r b  block scheme describing the pluses troqh which the dab are pmessed wd the 
various f e a k e s  are ohtainsd. This a l g s r i b  represents an extended version of the procedure presentsd i n  
C ' h i c o  and Feurigno, 1990. hteqral ccmputiltion has bee;l, in fact, added, as. &e:i as the t h e  dcmin filter 
vidovirq has been mcdified. PBe inteqslatloc has been alsc eglored by usinq a continuous inverse P o ~ i e r  
Trmsfomtian. 

By exaaininq IR ww detail the fiqure, th first. step of cbe prxetuze is to f i t  an A3 &o~sl. to the 
reasurewnt in order to perfma eithe: a e  PSD estiiwte, h i c h  leads t c  M$ kndvidth selection, or the signal 
prediction (extraplation) to avoid edge effects. After p r e l i h f  oper~tions the data are Fourie: 
h~nSf0nEd by W- PPPF algorim. Successively, a low-pass linear-pke f iq i i te  inpulse response (FIB) filter is 
desiped by vindovinq in time donain the inpulse response of the idea! law-pass (Cppnheia ad ndkfer, 1975) .  
Tbe filtering is perforred in frqoncy dsain by m1tip:yin; tibe Fourier Transform of the imp~lse response t y  
the PR of the preprccessed dah. lhe result oi this uultipliiation pves the flltered ddta h' invarse fast 
Fourier m ~ f 0 ~ t i 0 n  (EFT). Ti p ~ r i o ~ i  Uriplira:ion of the rP by i/jw . j u and - d e a d ;  t o  the 
integral, the f i rs t  and second derivaties. 

Asreafter we shall briefly describe each step i n  detdil 
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Flyure 1: Alqorithm Block Schew 

Very often to better understand the characteristics under!yinq a physical prwess it is useful to intrdxe 
the spectral analysis of the data re~resenting the phenomenon under study. 

There are several methods to obtain a PSD estimate and they can be divided in tvo large classes: Classical 
Spectral Estimtion and Parametric Spectral Estimation (see Kay and Karple, 1981, for a review). The f i rs t  one 
is basically baed on Fourier Transform either of the data (Pericdqam setbod) or on the correiaticn functix 
(Correlation method). Bower this apprmh present. several problems related to ttle poor frequency resclutisr. 
for short data records [as in the mse of sports movements), aid Ule undesirable effect of leaage due to tacit 
time domain vindowing vhimdistorts the PSD. Ye remmber that in this case t5e frequency resoluticn is 
approximately the reciprocal of the observation interval dependinq on the aain lobe of the window t r m s f m ,  
vhiie the leakage phenownm :i.e. the signal power spread into adjacent frequency region) is due t o  the 
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sidelobes. 
The sac& wthcd reiies on signal modelling. Three inportant classes of swh Podels are known as U, 

wvinq averaqe (M) and autoregressive roving average (m). Each class is suitable for different kinl of 
siqmls, but AR d e l s  show better perforwas from a conpltational p i n t  of view. Ln fact, differently from 
the other IPodele, they requirs only the solution of l h a r  equations to obtain the paramten estimate. brewer 
tk Rid deeqs i t ion  theorem relates (My and Harple, 1981) these three kinds of mcdel asserting that AR Podel 

9 can be used instead of A M  and Ki ade l  at the cost of an increased order. Por a l l  these reasons our choice 
fell in M 3eld and, amg the variws available techniques for p r m t e r s  estimtion, w used the l a s t  q ' r e  
version of the fonmrd-bachrd linear prediction, also called medified covariance alqoritha (Ulrych and 
Ciayton, 1976, Nuttall, 1976). '&is technique a l 1 0 ~  to obtain a very sharp ED estiudte, vitbut  shoving the 
problen of s w t a l  iine splittinq (Kay and Harple, 1981), but the colgputatio~l costs are greather 'h for 
ot!ie: ~ t h o d s .  POL this reason ve optimised repuirernts tak& advantage from the s h t r i e s  (real s i p l s )  and 
lrcn the relationships betveen the elements of tbe mtrix of the linear systen to be solved. 

The use of a paranetric technique inplies tbe pr~blgl: of the &el order choice, i.e. the definition of the 
FroFer ou&r a: p a r m . t e  for the &el necessary to obtain a relbble PSO e s t h t e .  Too few para te r s  lead 
tc i iov detailed PSD es t i s t e ,  btile an overabtndmt order introduces spurious p e a k .  In D'Amiimim and Perriqno, 
i313, a dirnssian sr C i s  topic been presented, bwver for the ais o! this paper, it is sufficient to 
re!uI+. t h d t ,  z l te r  having aalysei! m y  Biowchkdcal d i s p l a ~ m t  data, w set the arder at 15,  I: 3 i s  way we 
ce::ted the passibilitji to Ffom reliable PSD pstiutes for a broad clas; sig~als. 

C i l c i  +&F, PST; of the signal h3s ken obtained, not only it is ued for the further steps of tie aiqoritha, 
bu: i t  is ertiil  t o  analysr the pnenonenos under study fro8 a frequency donain ~ i n t  cf viev. h? eeasc!e of sgcb 
LJ ~i i i sdt ic . . :  is reprted in t'Anico e t  a!., 1989, 193:. 

mL ,..< :(?wdijLj seiaclion proccdwe, sets the cut-off frequency PJ o f  the lov-p~ss filter. 'P2e se!dctio> is 
~2:.m.?nz:ira!ly acccrpi,shd. n.e !io:u (supsed uCi:e) pve! 1s lnit!'a!!y estimated by the 5 3 .  The Tier  is 
21.rpxr,: 8s tk,e a'ieri;? v:l:ie s t  U? PS3 in Zi jh  :rq;c:xy r g i o ~ s ,  naxely 'wt.i?en 3 . 8  Psi2 an3 ?st! r3ere Ps!: 
:s die liyquis: f:ecuer:cy :;s ir t".2 sarpiinq frq~eficy: i n  this r~qion Ue contribuiion of t?e j i p ~ l  ts tee ?S3 
is r!eq!igiS!e sit!) ri:icecr 2. the noise. 7'::s la txr  asimption is rot a constraint if the error fsm.: 
;:+sented t y  bnshiixe:, 1931 Is xrsidered. .kmr&inq t3 LCs rclatizn, a srmpling rate hiqbe: can >ice h e  
treqencv content o r  t?k j::?:i m ~ s t  te chosen III order to  avoid rfr&+?ic effects on the derivatives.. v'xe %he 
rdi,e pier ( 3 )  ei':iz::.e i s  kc.3, t?.e frapler,q a t  which t?e PS: f3lls belsw 50 B is f m d  a2d taken 2; 

c~t-cff  Eieqxncy. 

In crle: tir advcid klle odqe distarticns dur. t 9  Lle peridic continuation implicit in the corputat:m of %3e 
t n ,  an ektraplation cE  the dat3 keyond the record eals is perfiirmed. P3r this Flipie, the parawters of t j e  
U &el are used. In order to aptimise the prmdcre, tne fordard and kckvard parameters are separately used 
for t le  data after and kfcre the reccrd resplctively. The lenqt3 oi the extraplation depnds on the selected 
f i l ter  bndwiith. i t  e$vals the -1zber of saaplas of the inpilse respnse of L5e filter in order to E S S U ~ ~  tbt 

'L al: the ddatj in the record are not dlstsrted by edqe effect due to filter loading. 
T!ie ~rediition is p r f o n e d  ac:ordinq to t h e  standa:d fomlas of AR models: 

here , ak are 3 e  x d e !  prawters (foridrl arid hckvard respectively), s is tke signdl and ef and eb are 
bcw as uodeiilnq erron. The s'rnddrd deviation oi 21ese latter is estimated by applying the eqns. 1 to  t!!e 
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m i a b l e  data and coaputing the residual error. 

The ir@alse response of an ideal lov p s s  filter set a t  Pu i s  expressed by the function sin(ka)/l, vhsre i s  
k is the q l e  (w dtb T=~/Ps) ard a is the ~ ~ l i s e d  Pu plsation (2  ?urn). ?he n r w s  of this f a t i o n  l i e  2 
a t  k = ii/a,fh/a,...,tn/a . nrnter of sanples bormded betvw! tbe f i r s t  tvo (positive and q t i v e )  zeroes 
are Ps/?u. He have chosen to  use for the f i l t e r  a nunber of q l e s  multiple of this ratio. In this my it i s  
possible to  we tbe desired nudw of lobes of the impulse responu?. This n u n h  has been defined as shaping I 
factor (PS) because, the bigber it is, the shaqer is tbe transition band Mdviour. SP equal one is indicated 
:or rapid transient analysis. h this case, in fact, only tbe ( a l l  positive) llain lobe is used, avoiding the 
arising of oscillatiolls or rim$& on t k e  secord derivativei. For stanlard bicwbanical data an SP of 3 has 
shorn gmd results. 

Once the i y ~ l s e  respcnse ot the ideal low pass f i l te r  has ken designed, a wirnlovirq to the desired finite 
nuater of sanples i s  required. In a previous work (D'kaico and Penigno, 1993) a I m i ~  window i ns  used. 
A better bebavisur of the derivaties has been obtained by usinq a new window expressly d e s i p d .  In order t o  
have a sharp transition band tehaviw (given SF) it i s  necessary to hive a mnov frerpaicy domain =in lobe 
(Hanmirq wirdov satisfies tkis cantiition), and in order to avoid ~roblrms of noise ~gnif icdt ion a t  tigh 
trepencies it i s  desirable to have sidelobes continuously rollirq of with a sufficient s l c p  (this is not the 
case of Hami* wirdow vbich presents constant value siaelobes). These characteristics have ken ot ta i~sd 
desiqninq a plymnomial wirdow as follovs: 

L t r im the wldth of the main lobe and the roll  of! slop! of th2 sidr!obes. For our application L has been i u e i  
a t  2. Pi,";re 2 shows the behaviom of tvo uindo;is desiqned with e p .  2 ,  the Hawing vido'i and a Krijer v i - i i ~ i  
v i ~  the p r a t e r  equal to 3.5. 

Cnce the desiqn of t?,e filte: has been coq!e'.ed, i t  is trli.sf-irxd e d ~ :  th? i:q~e?f.l Oowin ar.d m~'!::;l.ct 
by the extended signal PFT. 

WffiRAL ANrl DERIVATIVES COwrnATION I 
Integral and derivatives are computed in frequency domaln by using the proprties of the Pwrier transfx: 

as described above. IFfT conpletes the alqoritta. 

4 

b 
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Pipre 2: The upper t i  panels sbow the frequency domain transtom of tbe polynomial vindoi (eqn. 2)  for L=2 and 

L.3 respectively. The lover left panel shovs tk Kaiser window ( p 3 . 5 )  and the lowr right tSe Haminq 
window. A11 the window transfom have ken computed from 51 samples in time doarain 

Figure 3: The upper panels shov the f i rs t  (thin line) and second (thick line) derivatives of the vertical 
displacement of a free falling call including the throwinq phase obtained vith our procedure (left) and 
vith WQS (right). The lover panels report second (thin line) and third (thick line, true value=-5) 
de:ivatives of a synthetic data set 
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Figure 3 shovs a comparison bebeen the results obtained with the procedure berein described and by the 
generalised cross validatory quintic splines (GCVQS) (Voltring, 1986), believed to be tbe best smthing and 
differentiatinq technipw (Ruqdq and H ~ M ,  1987). Ibe upper panels refer to a free falling ball sampled a t  30 
Bz vith the ELITE systea. !.be h r n d  derivative obtained vith ou algorittu are rare clean and do not sbv 
ringing near tbe pk. The leer panels show the results dtained frm sklated data reported by Woltrinq, 
1985. In th is  case the differem i s  d r m t i c  on the third derivative. breover the time spent Sy the iCV0.S for 
tbe processing uas of 110 aW 21 seconds for tbe bail 4 rd ssislated data respectively, vhile our algorim 
spent 3 and 2.5 seconds respectively. 
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