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Multifactorial movement analysishas been largely adopted, both in sport and
clinical applications, for theeva uation of variousmotor performancessuchas walking,
running, jumping, and soon. A number of vary sophisticatedmation anayzersare, in
fact, able to provide automatically a completeset of data for three-dimensiond (3D)
representation of ay complexmotor performance (Woltring, 1984; Ferrigno, Borghese,
& Pedotti, 1990).

However, the discussion of the obtained resultsand the comparison among the
trials of agiventype of performance, either from asingle subjector from differentgroups
of subjects, are generaly supported by a purely visud interpretation of the pattern
morphology or, at least, by takinginto account just alimited number of parametersfor
each variable (Winter, 1987).

The purpose of this wark was to describe the crucia steps of an anaytica
procedure which has been specidly deve oped for apoint to poi nt comparison between
different groupsdf movement data. A practical exampledf thefinal resultsprovided by
suchaprocedure will be presentedas S mply synthesized through anIndex of Estimated
Differences(IED) and will concern the objectivecomparisond trials obtained from a
group of differently trained runners.

METHODOWGY

Thecrucia stepsaf theproposed procedurewill bediscussedinthe followingsub-
headings. From a generd point of view, the acquired data were

a) the threeorthogona componentsaf the ground reaction force generated by a
force platform during the ground contact phase;

b) and the threedimensiona coordinates of a number of markers, placed on
suitableanatomical landmarks, which are detected by meansd amotion
analyzer.

Itisquiteobviousthat the qudity of the acquired data (dependingon theadopted

sensors, sampling rate, filtering method,accuracy of 3-D reconstruction,and soon) can
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strongly affect the rdiability of the comparison process. Thereforethe content of the
acquired dat a shall besupposed as being adequate and consi stent. After dataacquisition,
a‘“pre-treatment” phaseindudedall those proceduresdedicated to thecomputetion of
derived variablessuch as thetwo componentson the harizontd planed thedisplace-
mentd theground reactionforceapplicationpoint, thecoursed suitable anglesbetween
thesticksjoining markers, the three componentsof theve ocity and accel erationof eech
marker. as well astheangular velocitiesand accelerations.

Check of Steady-State

A congtant experimentd uniformity of the various tridsis mandatory in order to
perform a reliablecomparison. The criteriafor evauating such uniformity depend in
generd onthemovementtobeanayzed. For thepurposed thiswork, whereonly cyclic
runningat constant speed isconsi dered, thesteady statecriterionisused. Suchacriterion
requires that the anayzed performance can reasonably be supposed in arangedefined
as dtationary condition (Santambrogio. 1989). Thisis accomplished by integratingin
time, over a completestep cycle, the horizontal component in the advancing direction
o both theground reaction forceand theacod eration of aclosebarycenmcmarker (for
examplethe marker a the hip). Because seedy-dtate (S) criterion implies that such
integralsmug be prectically nil, theacceptancedf thetrial wasbased on verificationof
thefollowing formula:

S={LBJI{X)Bl} Ip<S<l+p

where B representseither the horizontal ground reection forceor theaccd eration, the
summations are extended over the step cycle, symbols* and - indicate the poditive
and negativevadues o b respectively and p isa suitableaccepting threshold.

Normalization

Normadlization procedure, both in time and amplitude, is necessary in order to
comparedata setsthat arerdativeto different subjects performing the ssmemovement
ordifferenttria sof thesamesubjectandyzedindifferentconditions Timenormalization
consistsof aninterpolation/approximation procedurethat isnecessary toobtain thesame
number of sampl esfrom differentdataaquisiti ons, such astwodifferentrunning cycles.
Amplitude normdization is involved when various data sets, featured by the same
sampling rateand by differentbiasva ues, havetobecompared. In orderto perform both
the two kinds o normdization on the whole set of movement data and to prevent
magnificationdf noisedueto differentiating process, anew filteringand interpolating/
goproximating procedure, called LAMBDA (D’ Amico & Ferrigno, 1990). hes bemn
used.

LAMBDA (Linear-phase Autoregressve M odd -Based Derivetive Assessment)



isan autometic filtering dgorithm thet. by fitting an Autoregressive (AR) modd to the
noisy measures. determines for gach dat a sett he parametersdf asuitableFinitelmpulse
Response(FIR) filter. Fortheam d thisstudy. two man blockscan beidentifiedin the
proposed procedure: thefilter and the Continuous Inverse Fourier Transform (CIFT)
interpolator/approximator, CIFT acted as an interpolator if no pre-processing is per-
formed by filter block; CIFT workedas approximator if the wholeagorithmisapplied.
Thefilter block inputisthetimeseriesdf t he dat a to be processed whileitsoutputisthe
related filtered Discrete Fourier Transform (DFT).

A standard inverse DFT would give afiltered dat a set sampled at the sametime
instantsas theinput dat a were. By using a CIFT sampled a absolutely arbitrary time
indants, the data can be expanded or compressed (Virtual Sampling) to a whatever
number of points. Thedat a flow schemed thedgorithm isshown in Figurel.
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Figure 1. Algorithm block scheme

An AR modd wasfitted to the measured dat a in order to estimatethesignd PSD
and to extrapolatethe signd beforeand after the record to avoid edgedigtortions. The
AR modd parameters were computed by the forward backward prediction Modified
Covariancea gorithm. Thisdgorithmalowed for obtaining of sharp PSDs without bias
or spectral line splitting (Marple, 1987). By andyzing the PSD, the cut-off frequency
wassd ected asthe bequency at which theSignd to NoiseRatio(SNR) falsbdow apre-
set threshold. The noiseisedimated as the average d the PSD in the high kegquency
region o it, under the assumption that the signd is 'reasonably’ band-limited. The
extrgpol ateddat a werethen Fouriertransformedin thefrequency domain and filtered by
alow-passHR filter a thecut-off frequency previoudy determined. The interpolation
between dat a samples was performed during CIFT:

x(M)=Re[X(1)]+X (M/2+1)eoum m 2‘{3‘(@)0;.““,.&”%
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wherex(n) isthetime-domain outputdf theCIFT interpolator/approximator, X(k) isthe
k-th DFT coefficient,M isthe number of DFT samples, Ex isthe length of the data
extension (namdy theextrapolation performed witht he AR modd parameters), Nisthe
number of samplesof theorigind signal, N1 isthe number d samplesd theinterpolated
sgna. N and N1 can gand in whatever ratio between them.

Data stratification and testing

Cdled m and g the number of narkers placed on the athlete's anatomica
landmarks and the number d computed angles respectively, the normdlization proce-
dure |eadston=9m+9q+5 seriesof NI vaues, theseriesrefer tothefollowingvariables:
t he threetraj ectori esof each marker and therel atedfirst and second derivatives, t het hr ee
time-courses of each angleand the related first and second derivatives. and the time-
coursesof thethree ground reaction force components plus the displacement on the
ground planeaf theforceapplicationpoints. By denoting: j=1,2,3 thegenericaxis (x,y,z)
of movement,K(k) (k=1,2,...,8) thegenerickinematic/force variable 1=0,1,2,....m+q the
generic marker/angle, a set of typical series where the i-th dement is formed by the
stratified averaging identified ascross-mean valueand rel ated Sandard devigtion o the
origina data

WK, M), o(K,,,()}, where r=12,....u.

uisthenumber d mal sperformed by asubject; thelimitsimposedto theindexesk, jand
lare: 1=0 when k representsaforceor an appli cationpoint component whilej skipsz axis
when k refersto an application point component.

Itisimportant to notethat in practi cetheval ueucannot bearbitrarily imposed but
it has to satisfy suitable expressions [ Santambrogio. 19891 checking the stability of
gandard deviations,; such stability provides, in fact, a snoothing in the single ma
features and enhances the individual trend. Under such conditions all the samples
formingthei-th normdized instantaneousvalue of atypica seriesreferredto mal sfrom
either asingleor asuitably arranged homogeneousgroup of athletesare gpproximeately
normdlly distributedaround their own mean valueand can then beeasily trestedthrough
datistics. Thearrangementof each new set formed by thesingleathlete's typical series
into the most proper homogeneousgroup creates/up-dates the statistical content of that
group; thesetd d| thegroupsformsthebasal datacollection that is used for comparison.
Each homogeneousgroupcontainsall thosetypicd seriesprovided by individua swith
smilar anthropomemc festuresand associ ating,from astatistical pointof view, witha
given motor performance. Thedifferencesoccurring between two homogeneousgroups
of data can beegtimated by applying a two-tailed t-test to eech dement o the rdated
typicd series. The t-test resultsare synthesized by the IED vauedefined as.

ED= (NI 5,85 whee 6 =3, t(K @),
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each on-off addend being set equa to zero or one correspondingto verification or
non-verification, respectively, of the null hypothesis. IED can then assumen
multiplied by N1 discrete vaues between zero (when no differencesoccur) and one.

RESULTSAND DISCUSSION

In order to providean exampledf application,agroup d six differently trained
runners were considered to arrange the basal data collection. For each athlete the
kinematicsdf 11 running trials, performed on atreadmill at aconstant speed of 15Km/
h, was acquired by using the BLI TE motion andyzer. The athlete's anatomical
landmarks, previoudy marked by means o suitable passve markers, were: head,
shoulder,elbow, wrigt, hip, knee, ankleand 5th metatarsal head. For smplicity,only the
results concerning the trgjectoriesdf such markers will be considered here Table 1
reportsthe resulting IED vaues (computed at alevel of  significancedf 1 % and as-
sociated with each marker, each axisd movement and thegloba one) pointing out the
differencesfoundbetweentheref erencedataandthosefrom anotherrunner notincluded
in the group forming the basic statigtics.

Tablel
IED(head) = 1.82% IED(shoulder) = 26.56% IED(elbow)= 6514 ED= 42.71%
IED(hip)= 9.11% IED(knee)= 32.81% IED{(ankle)= 9.894 IED(foot)= 28.644
IED(x)= 21.87% IED(y)= 1230% IED(z)= 25.10% IED(global)=19.76%

Asit can be clearly seen, the globa TED vdue proved a significant kinematic
smilarity involving about the 80% d an entire run dride. Referring to the 3-D
coordinatesof each marker, themgor differenceoccurredat thewristand thekneejoints.
Taking into condderation the resultsalong the axes of motion, thelargest differences
involved lateral displacement (z axis).

CONCLUSION

The proposed statigtical anadysis, which can include a combined evauation of
kinematicand ground reactions, providesa powerful multidimensiona description of
the motor performance. In the future, the addition of parameters extracted from the
EMGs will further complete thegenerd picturedf the motor performancedf asubject
under study. The genera procedure described here represents afurther step toward an
automatic multifactoria movement analysis to provide an objective and quantitative
comparisonamong different subjects and thedistinctiveparametersdt statistical classes
o normality and pathologies.
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