85 1 In tro duction W alking is one of the basic motor skills whic h h uman b eings can p erform unconsciously . Ho w ev er it is v ery di�cult to explain clearly ho w w e can p erform suc h skills. W alking needs v ery complicated m uscle co ordination. The h uman b o dy con tains around 500 m uscles and 200 b ones. W e ha v e to select the appropriate com binations of these to w alk. If w e dev elop an y disorders in w alking, a length y rehabilitation pro cess in v olving considerable e�ort is necessary to reco v er normal w alking skill. W e can p erform high lev el motor skills unconsciously once w e build a motor program. The motor program is the structure supp osed to carry out actions whic h are planned in adv ance and carried out with little or no p erceptual input. Skill can b e divided in to \op en" and \closed" cate- gories [Sc hmidt, 1991]. Op en skill denotes a skill for whic h the en vironmen t is t ypically unpredictable, so that adv ance organization of mo v emen t is lim- ited. In con trast, closed skills are found in stable, predictable en vironmen ts whic h allo w a greater degree of prior organization for mo v emen ts. Pla ying comp etitiv e sp ort lik e so ccer is an example of an en vironmen t requiring op en skills. T yping or pla ying m usical instrumen ts are go o d examples of closed skills. Here w e fo cus only on closed skills. The autonomous stage where pla y ers p erform without conscious atten tion to mo v emen t is only reac hed after length y rep etitiv e practice. Recall that w e cannot explain ho w to con- trol m uscles in order to w alk. W e cannot explain ho w to con trol m uscles to pla y m usical instrumen ts w ell either. These observ ations sho w that our rep etitiv e motor b eha vior can b e p erformed at the lev el of tacit kno wledge. Musicians, dancers and athletes acquire high-lev el skills in the pro cess of motor learning. The ordinary strategy for memorizing motor programs is to rep eat the same motor pattern. Ho w ev er, it is v ery hard to construct motor programs unless one p erforms actions rep eatedly in a v ery similar w a y . In addition, w e are apt to acquire bad habits in con trolling instrumen ts if our motions do not tak e in to accoun t the structure of the h uman b o dy and mo v emen t constrain ts based on ph ysical la ws. This suggests that w e should understand the c haracteristics of the b o dy from the p ersp ectiv es of anatom y and dynamics. If w e understand the relev an t anatomical and ph ysical constrain ts then this ma y b e useful in impro ving skills. Moreo v er it can also b e helpful in prev en tion of injuries arising from in- correct m uscle usage [Sazer, 1995, Bruser, 1997, T urner-Strok es et al., 1998]. 2 Redundan t F actors in the Human Bo dy Let us consider our arms and shoulders. In comparison with rob ot arms, h uman arms and shoulders ha v e redundan t degrees of freedom. This means that w e cannot obtain a unique solution for problems of in v erse kinematics, ev en for simple tasks suc h as grasping. F or example, the connection b et w een scapula and thorax at the bac k has redundancy . These b ones are connected b y bac k m uscles (e.g. the trap ezius and serratus an terior m uscles). This is a sp ecial and virtual join t b ecause there are no join t parts suc h as the articular capsule b et w een b ones [Castaing et al., 1984]. The real problem is that the upp er arm is connected to the scapula whic h mo v es freely on the thorax. In sum, the h u- man upp er extremit y has highly redundan t connections whic h other animals do not ha v e. Suc h redundancies presen t di�culties for understanding skilled mo v e- men t. The motion analyst m ust kno w whic h parts of b o dily mo v emen t are

86 essen tial or not for the p erformance of particular skills. The Russian ph ys- iologist Bernstein describ ed suc h problems in observ ation of skill in driving nails b y exp erts [Bernstein, 1967]. He found that exp erts p erformed w ell when the hammer w as close to the nail, although there w as no repro ducibil- it y of this skill when it w as far from the nail. This observ ation suggests that it is imp ortan t to select the essen tial parts of b o dy mo v emen t relev an t to the skill that w e w ould lik e to analyze. 3 Motor Skill as Constrain t Satisfaction 3.1 Motion In tegrit y Constrain ts Redundancy is the most di�cult p oin t in analyzing skills. F or example, in measuring the lo cus of one p erformer, w e cannot obtain exactly the same data in rep eated tests due to the redundancy problem. Our fundamen tal metho dology therefore is to extract the motion in tegrit y constrain ts (MIC) whic h most exp erts exhibit. Let us de�ne MIC here. MIC will con tain anatomical constrain ts and spatio-temp oral constrain ts. Anatomical constrain ts include range-of-motions (R OMs), deviation from functional p osition [Castaing et al., 1984], visco elas- ticit y of m uscles and so on. R OMs pla y a v ery imp ortan t role when w e ex or extend lim bs. W e can easily mo v e lim bs in the middle of the R OM of a join t. Ho w ev er, it is v ery hard to mo v e lim bs at the b oundary of the R OM. The exion re ex 1 is one of the mec hanisms whic h automatically prev en t the m uscle and join t disconnection caused b y to o strong h yp er-extension. The functional p osition is the easiest p osition from whic h to mo v e b ones in an y direction. It is often de�ned in the middle of the R OM. W e can mo v e our arms with least force if the motion starts at this p oin t. Spatio-temp oral constrain ts con tain the relativ e p osition among join ts and instrumen ts, and v elo cit y (acceleration) of their mo v emen ts based on Newton’s la w. It is crucial to satisfy these constrain ts in order to ac hiev e the b est p erformance. Appropriate spatial preparation allo ws us to real- ize stable p erformance. F or example, the relativ e p osition of the m usical instrumen t to the b o dy constrains the p erformer’s motion space. In an earlier biomedical data acquisition exp erimen t w e found anatomi- cal constrain ts during cello b o wing action through electrom y ograph y (EMG), whic h measures m uscle activit y [Ueno et al., 1997]. It w as found that in- exp erienced cello pla y ers sometimes used an tagonist m uscles during agonist m uscle activ ation, whereas professional cellists used these m uscles di�er- en tly . Agonist m uscles are the main m uscles used to ac hiev e mo v emen t to w ards a goal p osition, whereas an tagonist m uscles resist motion in the goal direction. When b oth m uscles are used at the same time the join t sti�ness lev el will increase and greater force is required to ex join ts. F or example, the biceps brac hii m uscle is the agonist and triceps brac hii is the an tagonist m uscle in exion of the elb o w join t. This means that exibilit y of the elb o w join t decreases when these m uscles are used at the same time. When this o ccurs the pla y er m ust rely mainly on using the shoulder join t in order to ac hiev e b o wing mo v emen t. This mo v emen t disrupts the appro- priate spatial relation b et w een the b o w and the string, whic h reduces the qualit y of the sound pro duced. Spine p osture ma y a�ect the p erformance. This is a factor dep enden t on b oth anatomical and spatio-temp oral constrain ts. F rom the p oin t of view 1 This is not a v olun tary mec hanism.

87 of spatio-temp oral constrain ts a b en t spine p osture restricts the b o wing motion. In a b en t spine p osture the b o wing range can b e narro w er than that in a straigh t spine p osture. In addition, the bac k is the ro ot segmen t of the whole b o wing motion. Therefore it is v ery imp ortan t to k eep the spine straigh t in order to transmit m uscular force from the bac k to the righ t arm. In a straigh t spine p osture w e do not ha v e to use extra force at the upp er part of the bac k m uscles. Only sligh tly more m uscular force at the w aist is required in the straigh t p osture than in the b en t [Ueno et al., 1998]. As w e men tioned ab o v e, the upp er arm connects to the scapula. The scapula connects to suc h bac k m uscles as the trap ezius. The upp er arm also connects to the bac k and c hest m uscles suc h as the latissim us dorsi, p ectoralis ma jor and so on. These connections explain wh y bac k p osture a�ects the skill executed b y shoulders and arms. 3.2 Conscious Skill Helps Unconscious Skill Giv en a skilled task to p erform, w e use m uscles to con trol our b o dy in a w a y suited to the task. Although distal 2 mo v emen t suc h as wrist rotation is imp ortan t, pro ximal 3 mo v emen t is actually more critical to the execution of sequen tial closed �ne skills. F or instance spine p osture is v ery imp ortan t in obtaining go o d p erformance without excessiv e m uscular force. The reason for this is that the pro ximal parts of the b o dy dominate the distal parts from the p oin t of view of top ology and anatom y . Mic hie has suggested that there are t w o agen ts in our b o dies whic h collab orate with eac h other to realize ph ysical p erformance [Mic hie, 2000]. One is called the \zom bie" and is resp onsible for repro ducing what has b een memorized. F or example the zom bie can repro duce �ngering skills uncon- sciously (at the sub-cognitiv e lev el) b ecause the necessary motor programs are in some sense compiled in the p erformer’s brain. The companion to the zom bie is a conscious agen t ha ving the abilit y to con trol the spine, the scapula, and the arms. The conscious agen t helps the zom bie to ac hiev e its b est p erformance b y arranging the b est en vironmen t for the task. This idea is v ery natural from the asp ect of nerv e conduction v elo cit y . The required p erformance sp eed for the zom bie is m uc h faster than that for the conscious agen t. The zom bie theory giv es us some clues that w e ha v e to separate motions in to t w o kinds of skills: a distal motion conducted b y the zom bie and a pro x- imal one conducted b y the conscious agen t. There are quite a few studies analyzing motion b y the zom bie b ecause it is more directly related to the �ne mo v emen t necessary for realizing skilful p erformance. Nev ertheless, in this pap er w e fo cus on pro ximal motion b ecause of the pro ximal domination c haracteristics men tioned ab o v e. Exp erts seem to kno w the natural w a y to use pro ximal parts. This probably results from the searc h for optimal usage of whole b o dy con trol whic h is part of the pro cess of acquisition of their exp ertise. Our conjecture is that mo v emen t of the pro ximal parts can help the zom bie p erform stable repro duction of motor programs. Note also that the pro ximal parts mak e the mo v emen t more dynamic b ecause the pro xi- mal mo v emen t pro ceeds and induces the distal one. In fact MIC pro vides us with the clues to obtain optimal pro ximal mo v emen t. Pro ximal motion can b e optimal when MIC is satis�ed b ecause MIC is the sign of an optimal relationship b et w een distal motion and pro ximal motion. In other w ords 2 far from torso 3 close to torso

88 MIC pro vides the co ordination b et w een the pro ximal and the distal part of the b o dies. In the remainder of this pap er w e describ e an approac h to extract MIC from p erformance measuremen ts, fo cusing on di�erences b et w een exp erts and no vices. 4 Extracting MIC with Biomedical Sensors The aim of extracting MIC from an exp ert’s p erformance is to disco v er critical factors for high lev el p erformances. Once w e iden tify the critical MIC, w e prop ose that it ma y pla y a cen tral role in teac hing ph ysical skills to studen ts. No vice-lev el p erformers probably cannot satisfy some of the critical MICs. Also, if a p erformer su�ers from di�culties in his or her skill impro v emen t (sometimes kno wn as a slump), w e ma y b e able to diagnose these faults. W e ha v e man y built-in sensors in our b o dies to monitor the e�ects of our o wn mo v emen ts. These include real-time sensors to monitor the pro duced sound (the auditory cen ters), ho w far the m uscle �b ers are extended (m uscle spindles), ho w strongly tendons are strained in R OM (Golgi tendon organ) and so on. Of course visual p erception pla ys an imp ortan t role in skill acquisition. Ho w ev er, w e can not w atc h our b o dies con tin uously during p erformance. In closed skill acquisition, kinesthesis (proprio ception), whic h monitors in- ternal b o dy motion, is one of the most imp ortan t inner sensors as w ell as hearing. The problem here is that w e can not directly acquire the kinesthetic data b y biomedical sensors. F ortunately w e can measure the action p oten tial of m uscles b y using Electrom y ograph y (EMG). This helps us in monitoring the status of m uscles instead of the kinesthetic information. The EMG data pro vides us with the information on ho w a monitored m uscle is con tracted. Ho w ev er, w e can not decide whether relev an t b ones ha v e mo v ed or not. There are 3 t yp es of m uscle con tractions: concen tric con traction, eccen tric con traction and isometric con traction. The m uscle is shortened during concen tric con traction, lengthened during the eccen- tric, and has no c hange during the isometric ev en if all con tractions sho w amplitudes in EMG. Therefore w e ha v e to measure motion data in three dimensional co ordi- nates with a motion capturing system together with EMG. With this system w e can trace the join t p ositions in time sequences. It is p ossible to disco v er ho w m uscles mo v e lim bs with the m uscular forces detected b y EMG. 5 Preliminary Exp erimen t as a Case Study 5.1 Outline of the Measuring System A preliminary exp erimen t to disco v er MIC w as carried out and is describ ed in this section. The aim of this exp erimen t w as to in v estigate ho w elemen ts of MIC could b e disco v ered b y simple metho ds of traditional analysis. Note that our �nal goal is the automatic disco v ery of MICs. W e constructed the data acquisition system as follo ws. A three di- mensional infra-red motion capturing system and EMG sensor w ere used sim ultaneously in this exp erimen t. W e measured EMG b y wireless trans- mission in order not to in terfere with p erformers’ motion. An electronic

89 metronome pulse w as also measured in order to sync hronize the p erformers’ motion, the motion-capture data and the EMG data. 5.2 T asks for Sub jects The task for cellists w as to pla y a simple D Ma jor scale con taining 16 sounds in 16 seconds in accordance with the metronome pulse. This task consisted of an up scale ( D , E , F ] , G , A , B , C ] , D ) and a do wn scale ( D , C ] , B , A , G , F ] , E , D ). W e fo cused on righ t arm b o wing skill during the do wn scale in this analysis. During the do wn scale sub jects �rstly p erform a do wn-b o w motion, secondly a b o w-returning motion, and �nally an up-b o w motion. W e had 3 sub jects in this exp erimen t. Sub jects w ere m usic-college stu- den ts (the exp erts) and a non-m usic studen t who is an amateur pla y er (the no vice). The exp erts ha v e more than 10 y ears cello-pla ying exp erience, while the no vice has only 3 y ears exp erience. 5.3 Data Pro cessing 5.3.1 Motion Capture Data W e de�ned a 4-segmen t 3-link mo del to represen t p erformance data from the motion capture system. Fiv e mark ers w ere put on v arious parts of the sub ject’s b o dy and the b o w: articulatio sterno cla vicularis (1), acromion (2), epicondylus lateralis (3), b o w ro ot (4), and b o w top (5) as sho wn in Figure 1. F our infra-red cameras w ere used. The frame rate of eac h camera is 60 Hz. The 2D data obtained b y all cameras w ere in tegrated and calculated to giv e 3D co ordinates using the DL T metho d [Marzan et al., 1975, Shapiro, 1978] whic h is a standard algorithm for 3D transformation. The 3D data con- tained noise due to skin shift. W e applied a 3.0 Hz Butterw orth I IR lo w pass �lter to the data to remo v e this noise. Figure 1: mark ers for motion capture In some related studies wrist rotation and �nger motion during vio- lin pla ying w ere measured [Kihara et al., 1995, Sak ai et al., 1996]. Ho w ev er the metho ds used in their w ork cannot capture pro ximal motion. Here w e adopted the articulatio sterno cla vicularis (the join t b et w een the breast b one and the cla vicula) as the ro ot of the link mo del. The cla vicula motion sho ws the relationship b et w een the torso and arm motion as it is connected to the torso and scapula at eac h end. W e calculated three join t angle c hanges: righ t shoulder angle ( � ), elb o w angle ( � ), and forearm-b o w angle ( ) from the 3D motion capture sequen tial

90 data. An increase of the shoulder angle implies that the upp er arm is b eing raised in a righ t w ard direction. An elb o w angle increase sho ws that the forearm straigh tens with resp ect to the upp er arm. A forearm-b o w angle c hange con tains man y other angle c hanges including wrist rotation and �nger join t angles. 5.4 Exp erimen tal Results 5.4.1 Join t Angle Changes In the � graphs there are few angle range di�erence b et w een the no vice and the exp erts. The no vice tends to use shoulder join t angle in a wide range (Figure 2). Figure 2: � for Exp ert A (Upp er Left), Exp ert B (Lo w er Left) and No vice C (Righ t) The � pattern of the no vice is v ery di�eren t from that of the exp erts. It seems that the no vice used the elb o w join t based on a di�eren t principle from that of the exp erts (Figure 3). There are some di�erences among sub jects in . The no vice’s c hart has a curv ed line, while the exp erts’ c harts are almost straigh t lines (Figure 4). 5.4.2 Join t Angle Co ordination In addition to see the angle c hanges w e also plotted the � � p oin ts to in v estigate the factor of join t angle co ordination b et w een shoulder angle and b o w-forearm angle (Figure 5). In the � � plots w e can see the di�erence b et w een the no vice and the exp ert data. In the �rst stage the no vice tends mainly to use � dominan tly . Ho w ev er, the exp erts use � and sim ultaneously . This di�erence sho ws that their principles for co ordination at their shoulder join ts and b o w-forearm join ts are not the same. This suggests that exp erts satisfy the MIC for the co ordination b et w een shoulder join t and b o w-forearm join t.

91 Figure 3: � for Exp ert A (Upp er Left), Exp ert B (Lo w er Left) and No vice C (Righ t) 6 Discussion Exp erts can pla y m usical instrumen ts without violating MIC as describ ed ab o v e. In addition, pla y ers ha v e to satisfy dynamic constrain ts as w ell as MIC in order to p erform w ell. In this section w e discuss this in more detail using exp erimen tal results and observ ations from our past exp erimen ts. 6.1 Muscle Usage and Ph ysical Constrain ts Muscle usage is the main activit y in realizing motor skill. Therefore it is reasonable to conjecture that b etter usage of m uscles should pro duce b etter motor skill. In this pap er, w e consider the con v erse: w orse usage of m uscles should pro duce w orse motor skill. Then w e will consider ho w to a v oid it. First, let us sho w some examples of incorrect m uscle usage. � Complete b eginners are apt to apply to o m uc h force to mo v e the b o w ev en in simple con tin uous b o wing on the same string. � Ev en quite exp erienced amateur pla y ers often use more force on the higher strings, whic h actually require less force from the righ t hand th um b. � They commonly ha v e di�cult y in jumping a large distance to a high p osition with their left hand while pla ying a legato phrase with vi- brato. � They sometimes ha v e di�cult y in mo ving left hand �ngers indep en- den tly in a fast passage. � Most of them cannot pla y fast passages with b oth righ t hand and left hand freely . Most of the ab o v e phenomena can b e explained b y incorrect usage of m uscles. In the trivial case, this comes from the sim ultaneous activ ation of

92 Figure 4: for Exp ert A (Upp er Left), Exp ert B (Lo w er Left) and No vice C (Righ t) an tagonist m uscles. It happ ens ev en during suc h a simple task as con tin uous b o wing on the same string for complete b eginners. Also, quite exp erienced amateur pla y ers commit the error when the task b ecomes complex, suc h as jumping a large distance to a high p osition while pla ying a legato phrase, mo ving the left hand �ngers indep enden tly in a fast passage, rapidly c hang- ing b o wing direction, and so on. Let us explain the case of jumping a large distance to a high p osition while pla ying a legato phrase. It o ccurred to one of the authors (K.F.) while pla ying Elgar’s small piece called \Salute d’Amour". This requires a jump from D to B on the A string. Since this legato phrase requires vibrato, one has to k eep generating sound as long as p ossible b efore the jump and this is b est realized b y �xing the left hand p osition. Then a sudden p osition c hange is required. The rapid state tran- sition causes the ab o v e di�cult y since the an tagonist m uscles tend to w ork sim ultaneously during the transition phase. V ery recen tly , he has also found a problem with the righ t hand; the con ict of m uscle usage b et w een pla ying on a single string and c hanging strings. The former requires con trol of the righ t arm to k eep on the same horizon tal plane asso ciated with eac h string whereas the latter requires a rapid v ertical mo v emen t from one plane to another. Another kind of di�cult y is the last one in the ab o v e list: pla ying a v ery fast passage. Let us consider the righ t hand mo v emen t when pla ying a fast passage requiring rapid rep etitiv e c hanges in b o wing direction. Since the arm mo v emen t can b e mo deled b y a p endulum oscillation, a natural oscillation frequency asso ciated with the arm p endulum determines its fre- quency . Sometimes the frequency is to o lo w to ac hiev e a rapid rep eated up and do wn mo v emen t. This causes the problem. In this case, w e need to c hange the arm p endulum’s natural oscillation frequency . Both of the di�culties can b e describ ed as constrain t satisfaction prob- lems. In the former case, the constrain t to b e satis�ed is to a v oid the sim ul- taneous use of b oth an tagonist m uscles and those whic h prev en t the natural coun ter-mo v emen t against the main mo v emen t due to the action-reaction

93 Figure 5: � � plots for Exp ert A (Upp er Left), Exp ert B (Lo w er Left) and No vice C (Righ t) la w. The latter constrain t is to satisfy the natural ph ysics of oscillation of the ph ysical system consisting of our b o dy and arm. 6.2 Ho w to Satisfy Constrain ts Eac h task has its asso ciated constrain ts to b e satis�ed. F or the c hange of string, one has to b e careful not to violate sim ultaneous usage of an tagonist m uscles. One easy w a y is to lo osen the arm force. Ho w ev er, this causes another problem for the b o wing itself: a discon tin uit y of tone arises as a side e�ect of the lo osened force. Another solution is to use the wrist to c hange the string. This seems quite reasonable and e�ectiv e. Ho w ev er, it is not ideal b ecause it b ecomes di�cult to main tain the b o w direction to b e orthogonal to the string due to the unnecessary wrist rotation. The real solution is to lo osen only those m uscles whic h are an tagonistic to the m uscles b eing used for c hanging the string, and mo v e the en tire arm. Up/do wn b o wing and string c hanging can b e regarded as horizon tal and v ertical mo v emen ts, resp ectiv ely . Therefore, if one uses a di�eren t set of m uscles for horizon tal mo v emen t from that for v ertical mo v emen t, one can lo osen only some of those m uscles for v ertical mo v emen t. This a v oids the problem of to o m uc h lo osening of force whic h causes the tone discon tin uit y . Another example of an easy (but incorrect) solution for a simple task is jumping to a distan t high p osition b y in tercepting vibrato and con tin uous sound generation. This problem can also b e solv ed b y di�eren tiating those m uscles necessary for jumping to a high p osition from those for making vibrato and �ngering. Both of the ab o v e problems can b e solv ed b y applying a straigh t spine p osture [Ueno et al., 1998], as describ ed b elo w. F or the problem of pla ying a v ery fast passage, w e need to c hange the

94 b o dy-arm p endulum’s natural oscillation frequency , as stated ab o v e. Ho w can this b e ac hiev ed? Imagine w e stretc h b oth our righ t arm and our bac k- b one, and k eep our bac kb one straigh t. Then the length of the p endulum b ecomes longer. On the other hand, if w e adopt a round p osture, then the length b ecomes shorter and the natural frequency increases. If one retains the same straigh t p osture in pla ying a fast mo v emen t, one fails to satisfy the ph ysical constrain t of natural frequency . A common pattern for those di�culties men tioned ab o v e comes from the necessit y to satisfy constrain ts asso ciated with complicated tasks. Also in some cases this happ ens sequen tially; mo ving from one task to another, eac h of whic h require a di�eren t set of constrain ts. Our conjecture is that adopting adequate p ostures to solv e eac h set of constrain ts for complex tasks will pro vide a solution to these problems: a straigh t spine p osture is v ery helpful for the righ t hand string c hange and for the left hand jump to a high p osition; on the other hand, a round p osture helps to increase the natural oscillation frequency and therefore in pla ying a fast phrase. It should b e noted that pre-motion is v ery imp ortan t particularly when complex tasks app ear as sequences of di�eren t simple tasks. Ev en in v ery simple con tin uous do wn/up b o wing pre-motion is essen tial. Since discon tin- uous mo v emen t often causes problems in realizing a smo oth p erformance, pre-motion should b e done smo othly . F or example, it is v ery di�cult to con trol the tip of one’s hand precisely . The general idea is to use the global mo v emen t of the b o dy to start our hand motion. A sligh t c hange of cen ter of gra vit y in the b o dy ma y help in triggering the pre-motion. In satisfying dynamic constrain ts whic h c hange according to the require- men ts of the m usical p erformance, planning and practice is v ery imp ortan t. 6.3 Learning, Practice and Skill Acquisition Generally , to impro v e our skill for m usical p erformance, w e need to tak e extensiv e lessons. W e can learn from lessons ho w to satisfy constrain ts, but usually teac hers do not pro vide an y con vincing explanations wh y their metho ds are go o d. They kno w from their exp erience that one should k eep a straigh t spine p osture during pla ying in general, but this kno wledge ma y not apply in the situation where w e need to pla y a fast passage, whic h requires a round p osture to increase the natural frequency of our b o dy-arm p endulum. One of the aims of our researc h is to analyze professional pla y ers’ skill and to pro vide scien ti�c explanations of ho w to pla y . Practice is a conscious activit y requiring pa ying atten tion in order to satisfy constrain ts. F or a sequence of constrain ts needed to p erform a m usi- cal note, careful planning is necessary to prepare the b est p osture for eac h comp onen t task. During practice, one ma y �nd some phrases whic h are di�cult to pla y . In most cases, the di�culties come from the fact that there are complex tasks with man y constrain ts to b e satis�ed, sim ultaneously or in sequence, to pla y the m usic. Careful consideration and planning is then required to ac hiev e the target of the p erformance while satisfying the asso ciated constrain ts. Skill acquisition is the result of rep eated p erformance practice while ensuring satisfaction of constrain ts unconsciously or sub consciously . Pro- fessional pla y ers ha v e acquired suc h skills for dynamically satisfying con- strain ts. The unconscious pro cess of ac hieving dynamic constrain t satis- faction suggests that it is stored in the brain as a set of basic motor skill programs. Note that un b eliev able skill comes from only rep eated training

95 while satisfying asso ciated constrain ts. Amateur pla y ers often imagine that they will b e able to acquire suc h skill b y simple rep eated training but in most cases this do es not happ en. This emphasizes the imp ortance of iden tifying and satisfying the required set of constrain ts. 7 Conclusion and F uture W ork In this pap er, w e prop osed a uni�ed view of skill for pla ying string instru- men ts in terms of constrain t satisfaction. W e p oin ted out the role of lessons and practice as fundamen tal w a ys to learn ho w to satisfy constrain ts, and acquire skill as a result. W e found empirically that the results of EMG measuremen ts strongly supp ort our approac h. F or the future, w e are planning to collect data from extensiv e exp erimen- tation and to extract professional skill b y applying data mining algorithms. W e regard the extraction of professional skill as disco v ering constrain ts from p erformance data. W e also aim to v erbalize the tacit kno wledge of skill b y mac hine learning [F uruk a w a, 1999]. F or this purp ose, Inductiv e Logic Pro- gramming (ILP) seems v ery promising b ecause constrain ts can b e expressed as a set of (negativ e) logical form ula using bac kground kno wledge. Using ILP to learn constrain ts leads us to consider an extension of b e- ha vioural cloning [Bratk o et al., 1996]. W e en visage using this framew ork to detect di�erences in skill b et w een p erformers, for example comparing a teac her with a studen t. The teac her acts as a pro vider of p erformance data from whic h a constrain t theory is induced. Data for the same piece is then obtained from a studen t. Where the studen t’s p erformance data violates the constrain ts w e detect a departure from the mo del of skill exempli�ed b y the teac her. Although m usicalit y is b ey ond our researc h target, it is v ery related [Widmer, 1997]. T o assess the m usicalit y of p erformance, aesthetic fea- tures are more imp ortan t than simple skill. Ho w ev er, aesthetic features are strongly supp orted b y b etter skill. In that sense, �nger mo v emen ts are v ery imp ortan t b oth in righ t and left hands. W e are more concerned in our curren t researc h with mo v emen ts of arms, shoulders and the torso and less with �ngers. The reason wh y w e concen trate more on these parts is that they are essen tial to ac hieving b etter con trol of the �ngers. Ho w ev er there are man y more asp ects to ph ysical con trol up on whic h go o d p erformances dep end. F or example breathing is another imp ortan t basic activit y during p erformance. Breathing is also con trolled b y m uscles. It is related b oth to skill and to m usicalit y . In the future brain science will also b ecome v ery imp ortan t. References [Bernstein, 1967] Bernstein, N.A.: \The Co-ordination and Regulation of Mo v emen ts". P ergamon Press, 1967. [Bratk o et al., 1996] Bratk o, I., Urban � ci � c, T., Samm ut, C.: \Beha vioural Cloning of Con trol Skill". In Mic halski, R.S., Bratk o, I., Kubat, M. (Eds.) Mac hine Learning and Data Mining:Metho ds and Applications, Wiley , p.335-351, 1996. [Bruser, 1997] Bruser, M.: \The Art of Practicing". Bell T o w er, 1997. [Castaing et al., 1984] Castaing, J., San tini, J.J.: \Anatomie F onctionnelle de l’appareil Lo comoteur". Vigot F reres S.A., 1984.

96 [F uruk a w a, 1999] F uruk a w a, K.: \A framew ork for v erbalizing unconscious kno wledgebased on inductiv e logic programming". In F uruk a w a, K., Mic hie, D., Muggleton, S.H. (Eds.) Mac hine In telligence15, pp.18{24, Oxford Univ ersit y Press, 1999. [Kihara et al., 1995] Kihara, M., Ryu, J., Han, J.S., Ro w en, B: \W rist Mo- tion Analysis in V oilinists". Medical Problems of P erforming Artists, V ol.10, No.3, p.79-85, 1995. [Marzan et al., 1975] Marzan, G.T., Karara, H.M.: \A computer program for direct linear transformation solution of the collinearit y condition, and some supplications of it". Pro ceedings of the Symp osium on Close- Range Photogrammetric Systems, F alls Ch urc h, pp.420-476, American So ciet y of Photogrammetry , 1975. [Mic hie, 2000] Mic hie, D.: \Disco v ery as collab oration". Electronic T rans- actions of Arti�cial In telligence, Link� oping Univ ersit y Electronic Press, to b e app eared. [Sak ai et al., 1996] Sak ai, N., Liu, M.C., Su, F.C., Bishop, A.T., An, K.N.: \Motion-analysis of the �ngers and wrist of the pianist". Medical Prob- lems of P erforming Artists, V ol.11, No.1, p.24-29, 1996. [Sazer, 1995] Sazer, V.: \New directions in cello pla ying". Ofnote, 1995. [Sc hmidt, 1991] Sc hmidt, R.A.: \Motor learning and p erformance: from principles to practice". Champaign, IL.: Human Kinetics, 1991. [Shapiro, 1978] Shapiro, R.: \Direct linear transformation metho d for three-dimensional cinematograph y". Researc h Quartery , V ol.49, pp.197- 205, 1978. [T urner-Strok es et al., 1998] T urner-Strok es, L. and Reid, K. \Three � di- mensional motion analysis of upp er lim b mo v emen t in the b o wing arm of string-pla ying m usicians". Clinical Biomec hanics V ol.14, No.6, pp.426{ 433, 1999. [Ueno et al., 1997] Ueno, K., Higuc hi, F., F uruk a w a, K.: \T o w ards the un- derstanding of the tec hnique for pla ying string instrumen ts". 6 th IF A C Symp osium On Automated Systems Based On Human Skill, 1997. [Ueno et al., 1998] Ueno, K., F uruk a w a, K., Nagano, M., Asami, T., Y oshida, R., Y oshida, F., Saito, I.: \Go o d p osture impro v e cello p er- formance". Pro c. of the 20th Ann ual In ternational Conference of the IEEE Engineering in Medicine and Biology So ciet y , V ol.20, pp.2386{ 2389, 1998. [Widmer, 1997] Widmer, G.: \Applications of mac hine learning to m usic researc h: Empirical in v estigations in to the phenomenon of m usical ex- pression". In Mic halski, R.S., Bratk o, I., Kubat, M. (Eds.), Mac hine Learning and Data Mining:Metho ds and Applications, John Wiley& Sons Ltd, 1997.